
	   1	  

 

	  

 

Modulation of Nuclear Receptor Activity by FHL Proteins in the Regulation of 
Muscle Mass and Phenotype 

 

 

 

Dede Oritseundede Lori 

 

 

 

Thesis submitted for the Degree of Doctor of Philosophy 

	  

 

 

 

National Heart and Lung Institute 

Imperial College London, 

South Kensington 

SW7 2AZ 

 

 

 

 



	   2	  

Copyright Declaration  

 

The copyright of this thesis rests with the author and is made available under a 

Creative Commons Attribution Non-Commercial No Derivatives licence. Researchers 

are free to copy, distribute or transmit the thesis on the condition that they attribute it, 

that they do not use it for commercial purposes and that they do not alter, transform 

or build upon it. For any reuse or redistribution, researchers must make clear to 

others the licence terms of this work. 

 

Declaration of originality 

 

I hereby declare that this thesis is my own work, which has not been submitted in any 

form for another degree at any higher education institution. I have truthfully 

documented all methods, data and operational procedures. I have identified and 

acknowledged information derived from collaborations and the published and 

unpublished work of others in the text and reference list. 

 

Dede Oritseundede Lori  

 



	   3	  

Acknowledgements 

	  
As I reflect on all the circumstances and people right from the beginning of my PhD 

journey, I would firstly like to thank my primary supervisor Dr Paul Kemp, for giving 

me the opportunity to learn under his tutelage, which has inspired me to continue 

down the academic path. I would also like to thank my secondary supervisor Dr Ruth 

Mayor for enabling me to create links to researchers in the US. I am grateful to have 

had a great mentor in Professor Tony Magee who has always had words of 

inspiration for me. I am indebted to members of the Kemp Lab both past and present 

who I came to know well over the PhD years. 

 

During the three months period I spent in the US, I was able to meet wonderful 

scientists at GlaxoSmithKline (GSK). Thank you Steve Stimpson for meeting me at 

the airport and introducing me to my first thanksgiving meal with your family. My 

happy memories of GSK, was largely due to your contribution and support. My 

thanks would not be complete if I were not to mention Fritz Kramer, Tulla Milliken, 

Alan McDougal and the other members of the muscle metabolism DPU who all 

inspired me in their own special way. 

 

I would also like to thank my friends who have been very supportive of me; Sophia 

Rahman who I met at GSK (we will always have North Carolina) and Dr Jake Bundy 

who has been helpful to me. Last but not the least, Amy Lewis; You have been a true 

and invaluable friend. 

 

I would like to thank my entire family, both here and abroad for the support they gave 

me whilst on this tremendous journey towards achieving my PhD. My Dad who has 

been great to live with and has undoubtedly steered the course of my life for the 

better. I register my sincere thanks to my siblings who are also my best friends. In 

most cases, they have been the reason why I was very inspired to finish my 

doctorate.  

 

Finally I would like to thank my sponsors BBSRC and GSK for funding my PhD. 

 

 

 



	   4	  

Abstract 

 
Skeletal muscle wasting or atrophy is an important public health problem associated 

with aging and a number of mortality related diseases including, chronic obstructive 

pulmonary disease and cancer. Muscle wasting is a reflection of an imbalance in the 

regulation of muscle mass and phenotype and is controlled by a number of factors in 

mammals including the level of physical activity, hormonal status and the activity of 

signaling molecules and pathways.  

 

The aim of this thesis was therefore to understand better the muscle wasting 

pathway by focusing on the four-and-a-half lim protein family of which one member 

has been shown to be a key regulator of muscle mass (FHL1).  

 

Results showed that FHL1 could cause an increase and decrease in myotube size in 

a skeletal muscle cell line by increasing hormone activity through activating the AR 

and GR respectively. Furthermore over-expression of FHL1 in the tibialis anterior 

(TA) muscle of mice caused hypertrophy in the absence of dexamethasone 

treatment, however this muscle phenotype was negated by treatment of the mice 

with dexamethasone.  

 

Another family member named FHL3, investigated due to its high expression in 

skeletal muscle was found to alter AR and GR activity in vitro, however these 

observations did not translate to in vivo results as, unlike the effects of FHL1 on 

muscle size, there was no increase in the size of TA muscles over-expressing FHL3 

nor did dexamethasone treatment of FHL3 expressing muscles cause a significant 

reduction in muscle size compared to TA muscles extracted from saline treated 

muscles.  

 

Together these data support FHL1 as a key regulator of skeletal muscle mass and 

phenotype. 

 

 

 



	   5	  

Contents   

 

Modulation	  of	  Nuclear	  Receptor	  Activity	  by	  FHL	  Proteins	  in	  the	  Regulation	  
of	  Muscle	  Mass	  and	  Phenotype	  .....................................................................................	  1	  

Copyright	  Declaration	  ......................................................................................................	  2	  

Declaration	  of	  originality	  ................................................................................................	  2	  
Acknowledgements	  ...........................................................................................................	  3	  

Abstract	  .................................................................................................................................	  4	  
Contents	  ................................................................................................................................	  5	  

List	  of	  figures	  .......................................................................................................................	  8	  

List	  of	  tables	  .....................................................................................................................	  10	  
Abbreviations	  ..................................................................................................................	  11	  

Chapter	  1	  -‐	  Introduction	  ...............................................................................................	  15	  
Muscle	  function	  and	  structure	  .............................................................................................	  15	  
Skeletal	  Muscle	  Mass	  and	  phenotype	  ................................................................................	  18	  
Physical	  Activity	  .....................................................................................................................................	  19	  

Changes	  in	  muscle	  mass	  in	  disease	  and	  ageing	  ..............................................................	  21	  
Ageing	  .........................................................................................................................................................	  22	  
Example	  of	  muscle	  wasting	  in	  COPD	  ............................................................................................	  22	  

Mechanisms	  regulating	  muscle	  mass	  ................................................................................	  24	  
Muscle	  Synthesis	  ......................................................................................................................	  24	  
Satellite	  Cell	  Recruitment	  ..................................................................................................................	  24	  
Protein	  Synthesis	  ...................................................................................................................................	  26	  
IGF-‐1-‐induction	  of	  skeletal	  hypertrophy	  by	  the	  PI(3)K/Akt/mTOR	  	  pathway	  ..........	  27	  

Muscle	  Degradation	  .................................................................................................................	  29	  
Cell	  Death	  ....................................................................................................................................	  29	  
Apoptosis:	  Programmed	  cell	  death	  ...............................................................................................	  29	  
Necrosis	  .....................................................................................................................................................	  33	  
The	  autophagy-‐lysosome	  system	  ...................................................................................................	  34	  

Protein	  Degradation	  ...............................................................................................................	  38	  
The	  ubiquitin	  proteasome	  system	  (UPS)	  ....................................................................................	  38	  
TGFβ-‐myostatin	  signalling	  pathway	  .............................................................................................	  41	  

Nuclear	  Receptors	  and	  their	  ligands	  in	  the	  regulation	  of	  muscle	  mass	  and	  
phenotype	  ...................................................................................................................................	  45	  
Class	  1:	  Steroid	  Receptor	  Family	  ........................................................................................	  46	  
Androgen	  Receptor	  (AR):	  FXXLF,	  LXXLL	  ....................................................................................	  47	  
Glucocorticoid	  Receptor	  (GRα):	  LXXLL,	  LXXLL	  ........................................................................	  50	  

Class	  1	  receptors	  in	  ageing	  and	  chronic	  disease	  ...........................................................	  51	  
Class	  2:	  Thyroid/Retinoid	  Receptor	  Family.	  ...................................................................	  53	  
Thyroid	  Receptor	  (TRα,	  TRβ):	  LXXLL	  ..........................................................................................	  54	  
Vitamin	  D	  Receptor	  ..............................................................................................................................	  55	  

FHL1	  in	  the	  regulation	  of	  muscle	  mass	  .............................................................................	  56	  
LIM	  proteins	  ...............................................................................................................................	  57	  
FHL1	  and	  skeletal	  muscle	  structure	  .............................................................................................	  57	  
FHL1	  and	  skeletal	  muscle	  differentiation	  ...................................................................................	  57	  
FHL1	  and	  skeletal	  muscle	  hypertrophy	  ......................................................................................	  58	  
FHL1:	  Skeletal	  muscle	  myopathies	  ................................................................................................	  61	  



	   6	  

Recent	  FHL1	  mouse	  models	  ..................................................................................................	  62	  
FHL1	  Knock-‐out	  .....................................................................................................................................	  62	  
FHL1	  Knock-‐in	  model	  upon	  a	  FHL1-‐null	  mouse	  background	  (2013)	  ............................	  64	  

FHL1	  and	  a	  possible	  role	  in	  muscle	  atrophy	  ...................................................................	  65	  
Four-‐and-‐a-‐Half	  Lim	  protein	  family	  interactions	  with	  the	  NRs	  ................................	  65	  
FHL3	  ..............................................................................................................................................	  66	  
Thesis	  outline	  and	  summary	  of	  aims	  .................................................................................	  66	  

Chapter	  2	  -‐	  Methods	  .......................................................................................................	  69	  
Recipes	  for	  Buffers	  and	  Media	  .............................................................................................	  69	  
General	  Cloning	  ........................................................................................................................	  71	  
Polymerase	  Chain	  Reaction	  (PCR)	  .................................................................................................	  72	  
Site	  directed	  mutagenesis	  using	  Mega-‐primer	  PCR	  ...............................................................	  72	  
Ligation	  ......................................................................................................................................................	  73	  
Preparation	  of	  supercompetent	  cells	  ...........................................................................................	  73	  
Transformation/selection	  .................................................................................................................	  73	  
Plasmid	  prep	  ...........................................................................................................................................	  74	  
Small-‐scale	  and	  large-‐scale	  plasmid	  preparations	  .................................................................	  74	  
Restriction	  digestion	  ............................................................................................................................	  75	  
Alkaline	  Phosphatase	  Treatment	  ...................................................................................................	  75	  
Purification	  of	  DNA	  agarose	  gel	  electrophoresis	  .....................................................................	  75	  
Sub-‐cloning	  into	  expression	  vector	  ...............................................................................................	  76	  
Determination	  of	  DNA	  purity	  and	  concentration	  ....................................................................	  76	  

Cell	  culture	  protocols	  ..............................................................................................................	  76	  
Growth	  Medium	  .....................................................................................................................................	  76	  
Trypsinisation	  .........................................................................................................................................	  77	  
Freezing	  cells	  for	  long-‐term	  storage	  .............................................................................................	  77	  
Thawing	  cells	  ..........................................................................................................................................	  77	  
Stages	  of	  C2C12	  Differentiation	  ......................................................................................................	  77	  
Dialysis	  of	  serum	  ...................................................................................................................................	  77	  
Drug	  Treatment	  .....................................................................................................................................	  78	  
Transfection	  of	  committed	  and	  proliferating	  C2C12	  myoblast	  cells	  ..............................	  78	  
Luciferase	  Assay	  ....................................................................................................................................	  79	  
Hypertrophy	  Assay	  utilising	  Myotubes	  .......................................................................................	  79	  

Protein	  protocols	  .....................................................................................................................	  79	  
Immuno	  precipitation	  from	  Muscle	  lysate	  .................................................................................	  79	  
Immunoprecipitation	  from	  C2C12	  cell	  lysate	  ...........................................................................	  80	  
Determination	  of	  protein	  concentration	  .....................................................................................	  80	  
SDS	  Poly	  Acrylamide	  Gel	  Electrophoresis	  (SDS-‐PAGE)	  ........................................................	  81	  
Western	  Blotting	  ....................................................................................................................................	  82	  

RNA	  protocols	  ............................................................................................................................	  83	  
RNA	  Extraction	  .......................................................................................................................................	  83	  
Determination	  of	  RNA	  purity	  and	  concentration	  ....................................................................	  83	  
Deoxyribonuclease	  (Dnase)	  Treatment	  ......................................................................................	  83	  
Complimentary	  DNA	  (cDNA)	  Synthesis	  ......................................................................................	  84	  
RT-‐PCR	  (Reverse	  transcriptase-‐polymerase	  chain	  reaction)	  ............................................	  84	  

Animal	  Procedures	  ..................................................................................................................	  85	  
Ethical	  Statement	  ..................................................................................................................................	  85	  
Mouse	  Strain	  ............................................................................................................................................	  85	  
Housing	  of	  Animals	  ...............................................................................................................................	  85	  
Body	  Composition	  Measurement	  Method	  ..................................................................................	  85	  
In	  Vivo	  Gene	  Transfer	  in	  Mouse	  Skeletal	  Muscle	  .....................................................................	  86	  
Dosing	  .........................................................................................................................................................	  86	  
TA	  Contractile	  Properties	  ..................................................................................................................	  86	  



	   7	  

TA	  Extraction	  ..........................................................................................................................................	  87	  
Histology	  protocol	  ....................................................................................................................	  87	  
Cryosectioning	  ........................................................................................................................................	  87	  
Hematoxylin	  and	  Eosin	  stain	  (H	  and	  E)	  .......................................................................................	  88	  
FHL	  Expression	  ......................................................................................................................................	  88	  
Fibre	  Typing	  ............................................................................................................................................	  89	  
Succinate	  Dehydrogenase	  Activity	  (SDH)	  ...................................................................................	  90	  

Statistical	  /Computer	  Analysis	  ............................................................................................	  91	  
Chapter	  3	  ...........................................................................................................................	  92	  
Introduction	  ...............................................................................................................................	  92	  
Hypothesis	  ..................................................................................................................................	  93	  
Experimental	  Design	  ...............................................................................................................	  95	  
Results	  ..........................................................................................................................................	  98	  
FHL1	  and	  FHL3	  contain	  conserved	  nuclear	  receptor	  interaction	  motifs	  .....................	  98	  
AR	  ..............................................................................................................................................................	  100	  
GR	  ..............................................................................................................................................................	  109	  
TRα	  and	  TRβ	  .........................................................................................................................................	  118	  
VDR	  ...........................................................................................................................................................	  126	  

Discussion	  ................................................................................................................................	  128	  
Conclusion	  ...............................................................................................................................	  138	  

Chapter	  4	  .........................................................................................................................	  140	  
Introduction	  ............................................................................................................................	  140	  
Preliminary	  gene	  transfer	  study	  ..................................................................................................	  148	  

Experimental	  Design:	  Overexpression	  of	  FHL1	  into	  skeletal	  muscle	  ..................	  149	  
Results	  .......................................................................................................................................	  151	  
Discussion	  ................................................................................................................................	  172	  
Conclusion	  ...............................................................................................................................	  177	  

Chapter	  5	  .........................................................................................................................	  178	  
Introduction	  ............................................................................................................................	  178	  
Experimental	  Design	  ............................................................................................................	  179	  
Results	  .......................................................................................................................................	  180	  
Discussion	  ................................................................................................................................	  204	  

Chapter	  6	  -‐	  Main	  Discussion	  ......................................................................................	  209	  
Limitations	  and	  omissions	  of	  experimental	  work	  .....................................................	  214	  
In	  Vitro	  ....................................................................................................................................................	  214	  
In	  Vivo	  .....................................................................................................................................................	  214	  

Future	  Work	  ............................................................................................................................	  215	  
Clinical	  subjects	  ...................................................................................................................................	  215	  
Use	  of	  MicroRNAs	  ...............................................................................................................................	  216	  

Conclusions	  .............................................................................................................................	  217	  
	  



	   8	  

List of figures 

 

Figure	  1:	  Schematic	  of	  pre-‐initiation	  complex	  important	  for	  protein	  synthesis	  ....................	  26	  
Figure	  2:	  The	  UPS	  ..........................................................................................................................................	  39	  
Figure	  3:	  Class	  I	  nuclear	  receptor	  family.	  .............................................................................................	  46	  
Figure	  4:	  Class	  II	  Nuclear	  receptor	  family	  ............................................................................................	  53	  
Figure	  5:	  Apparatus	  used	  to	  measure	  force	  generated	  in	  mouse	  TA	  muscle.	  ..........................	  87	  
Figure	  6:	  Schematic	  of	  experimental	  design	  involving	  cell	  culture	  and	  cloning	  

methodologies.	  ....................................................................................................................................	  94	  
Figure	  7:	  Principle	  of	  a	  dual	  non-‐secreted	  luciferase	  reporter	  assay.	  ........................................	  97	  
Figure	  8:	  Nuclear	  Receptor	  interacting	  motifs	  are	  conserved	  in	  FHL	  family	  members	  .......	  98	  
Figure	  9:	  Schematic	  representation	  showing	  the	  nuclear	  receptor	  motifs	  found	  in	  NRs	  of	  

interest	  in	  muscle	  phenotype	  and	  FHLs.	  ....................................................................................	  99	  
Figure	  10:	  FHL	  functional	  interactions	  with	  the	  AR	  under	  androstanolone	  treatment.	  ...	  101	  
Figure	  11:	  FHL1	  and	  FHL3	  interacts	  with	  the	  AR	  in	  vivo.	  .............................................................	  102	  
Figure	  12:	  Generation	  of	  FHL	  Motif-‐Knock	  Outs	  using	  site-‐directed	  mutagenesis.	  ............	  104	  
Figure	  13:	  FHL1,	  FHL1-‐MKO,	  FHL3	  and	  FHL3-‐MKO	  functional	  interactions	  with	  the	  AR	  

under	  androstanolone	  treatment.	  .............................................................................................	  105	  
Figure	  14:	  Representative	  images	  of	  androstanolone	  induced	  skeletal	  muscle	  hypertrophy	  

enhanced	  by	  FHL1	  after	  48	  hours.	  .............................................................................................	  107	  
Figure	  15:	  Overexpression	  of	  pCAGGS-‐FHL1	  increased	  the	  size	  of	  Androstanolone	  treated	  

myotubes	  after	  96	  h.	  .......................................................................................................................	  108	  
Figure	  16:	  FHL	  functional	  interactions	  with	  the	  GRα	  under	  dexamethasone	  treatment.	  .	  110	  
Figure	  17:	  FHL1	  and	  FHL1-‐MKO	  functional	  interactions	  with	  the	  GRα	  under	  

dexamethasone	  treatment.	  ..........................................................................................................	  111	  
Figure	  18:	  FHL3	  and	  FHL3-‐KO	  functional	  interactions	  with	  the	  GRα	  under	  dexamethasone	  

treatment.	  ..........................................................................................................................................	  112	  
Figure	  19:	  FHL1	  and	  FHL3	  interacts	  with	  the	  GRα.	  ........................................................................	  114	  
Figure	  20:	  Representative	  images	  of	  dexamethasone	  induced	  skeletal	  muscle	  atrophy	  

after	  48	  hours.	  ..................................................................................................................................	  116	  
Figure	  21:	  Skeletal	  muscle	  atrophy	  is	  enhanced	  by	  FHL1	  interaction	  with	  the	  GR	  in	  the	  

vehicle	  treated	  muscles	  but	  not	  in	  dexamethasone	  treated	  muscles	  after	  48	  h.	  .......	  117	  
Figure	  22:	  FHL	  functional	  interactions	  with	  the	  TRα	  under	  T3	  treatment.	  ...........................	  119	  
Figure	  23:	  FHL	  functional	  interactions	  with	  the	  TRβ	  under	  T3	  treatment.	  ...........................	  120	  
Figure	  24:	  FHL	  and	  FHL-‐KO	  functional	  interactions	  with	  the	  TRα	  under	  T3	  treatment.	  ..	  121	  
Figure	  25:	  FHL1	  but	  not	  FHL3	  interacts	  with	  the	  TR	  in	  vivo.	  ......................................................	  123	  
Figure	  26:	  T3	  induced	  skeletal	  muscle	  atrophy	  was	  not	  altered	  by	  FHL1	  interaction	  with	  

the	  TR.	  .................................................................................................................................................	  125	  
Figure	  27:	  Neither	  FHL1	  nor	  FHL3	  interact	  with	  the	  VDR	  under	  D3	  treatment.	  ..................	  127	  
Figure	  28:	  Schematic	  of	  interactions	  between	  nuclear	  receptors	  and	  FHL1/3	  and	  their	  

possible	  functional	  outputs.	  ........................................................................................................	  139	  
Figure	  29:	  In	  vivo	  gene	  transfer	  of	  pCAGGS-‐EGFP	  expression	  constructs.	  ..............................	  148	  
Figure	  30:	  Schematic	  diagram	  of	  the	  experimental	  design	  .........................................................	  150	  
Figure	  31:	  Generation	  of	  pCAGGS-‐FHL1	  (FHL1)	  Expression	  Construct	  	  ..................................	  152	  
Figure	  32:	  Body	  composition	  parameters	  of	  vehicle	  treated	  mice	  were	  maintained	  over	  the	  

course	  of	  the	  study.	  .........................................................................................................................	  153	  
Figure	  33:	  Effect	  of	  FHL1	  overexpression	  on	  TA	  muscle	  weight.	  ...............................................	  154	  
Figure	  34:	  Schematic	  representation	  of	  TA	  muscle	  highlighted	  in	  red	  and	  the	  section	  of	  the	  

TA	  muscle	  highlighted	  in	  yellow	  that	  was	  selected	  for	  histological	  analysis.	  ............	  155	  
Figure	  35:	  FHL1	  overexpression	  increased	  skeletal	  muscle	  fiber	  size	  ...................................	  157	  
Figure	  36:	  Over-‐expression	  of	  FHL1	  in	  mouse	  tibialis	  anterior	  muscles	  resulted	  in	  

significant	  FHL1	  overexpression	  and	  an	  oxidative	  phenotype	  after	  11	  days.	  	  	  ..........	  160	  
Figure	  37:	  FHL1	  overexpression	  caused	  a	  shift	  towards	  an	  oxidative	  phenotype	  ..............	  163	  
Figure	  38:	  Body	  composition	  parameters	  of	  dexamethasone	  treated	  mice.	  .........................	  164	  
Figure	  39:	  Dexamethasone	  treatment	  did	  not	  alter	  control	  overexpressed	  TA	  muscle	  mass	  

but	  did	  prevent	  FHL1-‐induced	  hypertrophy	  of	  the	  TA	  muscle.	  .......................................	  165	  



	   9	  

Figure	  40:	  	  Effect	  of	  dexamethasone	  treatment	  on	  muscle	  weights	  of	  control	  and	  FHL1	  
injected	  TAs.	  ......................................................................................................................................	  167	  

Figure	  41:	  	  FHL1	  effect	  on	  TA	  fibre	  size	  in	  the	  presence	  of	  dexamethasone	  treatment	  ....	  169	  
Figure	  42:	  Dexamethasone	  had	  no	  effect	  on	  fibre	  type	  expression	  .........................................	  170	  
Figure	  43:	  Centralised	  nuclei	  quantification	  ....................................................................................	  171	  
Figure	  44:	  Generation	  of	  pCAGGS-‐FHL3	  (FHL3)	  Expression	  Construct.	  ..................................	  180	  
Figure	  45:	  Body	  composition	  parameters	  of	  vehicle	  treated	  mice.	  ..........................................	  181	  
Figure	  46:	  There	  was	  no	  effect	  of	  FHL3	  overexpression	  on	  TA	  muscle	  weight.	  ...................	  182	  
Figure	  47:	  	  FHL3	  overexpression	  did	  not	  alter	  skeletal	  muscle	  fiber	  size	  .............................	  184	  
Figure	  48:	  FHL3	  overexpression	  did	  not	  alter	  the	  percentage	  of	  skeletal	  muscle	  fibers	  

greater	  than	  35	  μM.	  ........................................................................................................................	  185	  
Figure	  49:	  	  Gene	  injection	  and	  in	  vivo	  electroporation	  of	  FHL3	  in	  mouse	  tibialis	  anterior	  

muscles	  resulted	  in	  FHL3	  overexpression	  and	  an	  oxidative	  shift	  viewed	  after	  11	  days.
	  ...............................................................................................................................................................	  188	  

Figure	  50:	  FHL3	  overexpression	  did	  not	  alter	  fibre	  type	  composition.	  ..................................	  190	  
Figure	  51:	  Body	  composition	  parameters	  of	  dexamethasone	  treated	  mice	  showed	  a	  

reduction	  in	  total	  body	  mass	  attributed	  to	  a	  decrease	  in	  the	  total	  lean	  mass.	  ...........	  191	  
Figure	  52:	  Dexamethasone	  treatment	  did	  not	  alter	  control	  or	  FHL3	  overexpressed	  TA	  

muscle	  mass.	  .....................................................................................................................................	  194	  
Figure	  53:	  Dexamethasone	  did	  not	  alter	  skeletal	  muscle	  fiber	  size	  in	  control	  or	  FHL3	  

overexpressed	  mice	  ........................................................................................................................	  196	  
Figure	  54:	  Dexamethasone	  did	  not	  alter	  the	  percentage	  of	  skeletal	  muscle	  fibers	  greater	  

than	  35	  μM	  in	  control	  or	  FHL3	  overexpressed	  mice.	  ..........................................................	  197	  
Figure	  55:	  Dexamethasone	  had	  no	  effect	  on	  pure	  fibre	  type	  proportion.	  ..............................	  198	  
Figure	  56:	  Quantification	  of	  the	  percentage	  of	  centralised	  nuclei	  in	  the	  TA	  muscle	  of	  

electroporated	  mice.	  ......................................................................................................................	  199	  
Figure	  57:	  FHL1	  overexpressed	  TA	  muscles	  subjected	  to	  vehicle	  treatment	  had	  greater	  

twitch	  and	  tetanic	  force	  than	  any	  other	  FHL	  expressing	  TA	  muscles.	  ...........................	  201	  
Figure	  58:	  Combined	  data	  of	  all	  experimental	  mice	  showing	  the	  analysis	  of	  weight,	  SDH	  

activity	  and	  fibre	  diameter	  of	  TA	  muscles.	  .............................................................................	  203	  
	  	  



	   10	  

 

List of tables 

Table	  1:	  General	  characteristics	  of	  type	  I	  and	  type	  II	  muscle	  fibres	  ...........................................	  17	  
Table	  2:	  List	  of	  plasmid	  constructs	  and	  promoters	  used	  in	  this	  study	  .......................................	  71	  
Table	  3:	  List	  of	  drug	  reagents	  ...................................................................................................................	  78	  
Table	  4:	  Antibodies	  and	  dilutions	  used	  for	  western	  blotting	  ........................................................	  82	  
Table	  5:	  Comparison	  of	  vehicle	  treated	  control	  muscles	  in	  the	  experimental	  data	  to	  the	  

literature.	  ...........................................................................................................................................	  207	  
 



	   11	  

 

Abbreviations  

 

A Alanine 
ACT Activator of CREM in testes 
AICAR Aminoimidazole carboxamide ribonucleotide 
AIDS Acquired Immunodeficiency Syndrome  
AIF Apoptosis Inducing Factor 
AKT Protein Kinase B (alternative name) 
ALK Activin receptor-Like Kinase 
AMPK Adenosine-Monophosphate-activated Protein Kinase 
AR Androgen Receptor 
ARKO Androgen Receptor Knockout 
ATG Autophagy Related Genes 
ATP Adenosine triphosphate 
BAX BCL2-associated X protein 
BID BH3 interacting-domain death agonist 
BCAT Branched Chain Aminotransferase 2 
BCl-2 B-cell lymphoma 2 
bHLH basic-Helix-Loop-Helix  
BLAST Basic Local Alignment Search Tool 
BMI Body Mass Index 
bp base pair 
BSA Bovine Serum Albumin 
CAD Caspase Activated DNase 
CD Cluster of Differentiation 
cDNA complementary DNA 
CIP Alkaline Phosphatase, Calf Intestinal 
COPD Chronic Obstructive Pulmonary Disease 
COX Cytochrome oxidase 
CREB cAMP Response Element Binding 
CREM cAMP Responsive Element Modulator 
CS Citrate Synthase 
CSA Cross Sectional Area 
CTL Cytotoxic T Lymphocytes 
CyoD Cyclophillin D 
D Deiodinase 
Dex Dexamethasone 
DHEAS Dehydroepiandrosterone (also known as androstenolone) 
DISC Death Inducing Signalling Complex 
DMEM Dulbecco's Modified Eagles Medium 
DMSO Dimethyl Sulfoxide 
DNA Deoxyribonucleic acid 
DNase Deoxyribonuclease 
dNTPs deoxynucleotide-Triphosphate (dATP, dCTP, dGTP,dTTP) 
DR Direct Repeat 
DTT Dithiothreitol 
E Enhancer binding factors 
E.coli Escherichia coli 
ECL Enhanced chemiluminescence 
EDL Extensor digitorum longus 
EDTA Ethylene Diamine Tetraacetic Acid 



	   12	  

EGFP Enhanced Green Fluorescent Protein 
eIF eukaryotic translation initiation factor 
ER Estrogen Receptor 
ER Endoplasmic Reticulum 
F Phenylalanine 
F-Actin Filamentous-Actin 
FADD Fas Associated Death Domain (FADD) 
FasL Fas Ligand 
FasR Fas Receptor 
FCS Fetal Calf Serum 
FEV1 Forced Expiratory Volume in 1 second 
FGF Fibroblast Growth Factor 
FHL Four-and-a-Half LIM-domain 
Fox01 Forkhead box protein O1  
FoxK1 Forkhead Box K1 
g gravitational force 
G-Actin Globular-Actin 
GDF Growth and Differentiation Factor 
GFP Green Fluorescent Protein  
GLUT Glucose Transporters 
GR Glucocorticoid Receptor 
H and E Hematoxylin and eosin stain 
HGF Hepatocyte Growth Factor 
HIV Human Immunodeficiency Virus 
HMG2 High Mobility Group Protein 2 
HRE Hormone Response Elements 
HRP Horseradish Peroxidase 
HSA Human α-Skeletal Actin 
HSP Heat Shock Proteins 
HSV-1 Herpes Simplex Virus-1 
IGF-1 Insulin-like Growth Factor-1 
IL Interleukin 
IPTG Isopropyl-β-D-Galactoside 
IRS Insulin Receptor Substrate 
kb kilobase 
KLF Krüppel-like factor 
L Leucine 
LAMP Lysosome Associated Membrane Protein 
LB Luria-Bertani medium 
LBD Ligand Binding Domain 
LC3 microtubule-associated protein 1 Light Chain 3 
LCM Laser Capture Microdissection  
LIM Lin-11, Is1-1, Mec3 
LMK-1 LIM Kinase I 
MADs MCMI, Agamous, Deficiens 
MAFbx Muscle -specific F-box (also known as atrogin) 
MCL Myeloid Cell Leukaemia 
MHC Myosin Heavy Chain 
miRNAs microRNAs 
MKO Motif Knock Out 
MMTV Mouse mammary tumor virus  
MMTV-luc MMTV luciferase reporter 
MND Myonuclear Domain 
MPC Myogenic precursor cells 



	   13	  

MPT Mitochondrial Permeability Transition  
MRF Myogenic Regulatory Factors 
MRI Magnetic resonance imaging (MRI) 
mRNA Messenger ribonucleic acid 
MRTF Myocardin Related Transcription Factor 
mTOR Mammalian target of rapamycin 
mTORC Mammalian Target of Rapamycin Complex 
MuRF1 Muscle RING-FINGER protein-1 
MWCO Molecular Weight Cut off 
MyBPc Myosin-Binding Protein C 
MyF Myogenic regulatory factors 
MyHC Myosin heavy chain isoforms 
MyoD Myoblast Determination Protein 1 
myomiRs Muscle specific miRNAs 
NBT Nitroblue tetrazolium 
Nec-1 Necrostatin-1 
NFAT Nuclear Factor of Activated T-cells 
NFATc Nuclear Factor of Activated T-cells, cytoplasmic 
NFkB Nuclear Factor kappa-light-chain-enhancer of activated B cells  
NP-40 Tergitol-type NP-40, which is nonyl phenoxypolyethoxylethanol. 
NR Nuclear Receptor 
NuMa Nuclear Mitotic Apparatus protein 
OD Optical Density 
OPA One-Phor-All buffer 
Opti-MEM modification of Eagle's Minimum Essential Media  
PAGE Polyacrylamide Gel Electrophoresis 
PAL Palindromic 
PARP Poly (ADP-ribose) polymerase 
Pax Paired box 
PBS Phosphate Buffered Saline 
PBST Phosphate Buffered Saline Tween-20  
PCR Polymerase Chain Reaction 
PDK-1 Phosphoinositide-dependent kinase 1 
PFA Paraformaldehyde 
PGC1α Peroxisome Proliferator Activated Receptor Gamma Coactivator 1 alpha  
PI3K Phosphoinositide 3-kinase 
PIP2 Phosphatidylinositol 4,5-bisphosphate 
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate 
PKB Protein Kinase B (also known as AKT) 
PPAR Peroxisome Proliferator Activated Receptor 
PR Progesterone Receptor 
PVDF Polyvinyl difluoride 
Q-RT-PCR Quantitative Real-Time Polymerase Chain Reaction 
QMR Quantitative magnetic resonance 
rAAV Recombinant adeno-associated virus 
RAR Retinoic Acid Receptor 
RBM Reducing Body Myopathy 
RCL Replication Competent Lentivirus 
REDD Regulated in development and DNA damage response 1 
Rheb Ras homolog enriched in brain  
RIP Receptor-interacting protein 
RNA Ribonucleic acid 
RNAi RNA interference 
RNase Ribonuclease 



	   14	  

ROCK Rho-associated Coiled-Coil Containing Protein Kinase 
ROS Reactive Oxygen Species 
RPLPO Ribosomal Protein Large PO-like 
rpm Revolutions per minute 
RT Room Temperature 
RUNX1 Runt-related transcription factor 1 
RXR Retinoid X Receptor 
S6K1 S6 kinase 1 
SDH Succinate Dehydrogenase  
SDS Sodium Dodecyl Sulphate 
SDS-PAGE SDS polyacrylamide gel electrophoresis 
SEM Standard error of the mean (SEM) 
siRNA Small interfering RNA 
SLIM Skeletal Muscle Lim-protein 
SM 22α Smooth Muscle 22α 
SM α-actin Smooth Muscle α-actin 
SMAD Drosophila mothers against dpp (Mad) and C.elegans Sma 
SMC Smooth Muscle Cells 
SRF Serum Response Factor 
STARS Striated Muscle Activator of Rho Signalling 
T3 Triiodothyronine 
TA Tibialis Anterior 
Taq Thermus aquaticus 
TBS-T Tris-Buffered Saline with Tween 
TCFs Ternary Complex Factors 
TEM Transmission Electron Microscopy 
TEMED Tetramethylethylenediamine 
TGF Transforming Growth Factor  
TGFβ Transforming Growth Factor β 
TK Thymidine Kinase 
TNF Tumour Necrosis Factor 
TORC Target of Rapamycin complex 
TR Thyroid Receptor 
TRADD TNF Receptor – Associated Death Domain 
TREX Three Prime Repair Exonuclease 1 
tRNA transfer ribonucleic acid 
UCP Uncoupling Proteins 
UPS Ubiquitin Proteasome system 
UV Ultra-violet 
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Chapter 1 - Introduction 

Muscle function and structure 

Skeletal muscle is the most abundant tissue in the body of vertebrates, with a 

plethora of functions such as maintenance of body posture, voluntary movement, 

force generation and energy metabolism (DeFronzo, 1988). The muscle tissue is 

usually attached to bone by strong connective tissue tendons, which form around 

skeletal muscle in a single layer creating a sheath named the epimysium (epi = 

above; my = muscle). The muscle itself consists of numerous subunits or bundles 

called fascicles that are surrounded by their own connective tissue sheath, called the 

perimysium (peri = around). The connective tissue in muscle is predominantly 

composed of type I and type III collagen proteins that are important for the elastic 

behaviour of skeletal muscle. In addition to the contractile components muscles 

contain blood vessels and are innervated by motor neurons that form specific 

junctions with the fibres (the neuromuscular junction)(Yamagata et al., 2003).   

 

Microscopic analysis of a fascicle reveals it is composed of many muscle fibres or 

myofibres. Muscle fibres are bound by a plasma membrane named the sarcolemma 

and a basement membrane containing the basal lamina (Vaxillaire et al., 2009). 

Skeletal muscle fibres are multinucleated single muscle cells that form from the 

fusion of muscle stem cells ‘myoblasts’ into multi-nucleated myotubes and 

subsequently myofibres, which have an elongated cyndrical shape. In addition to 

myofibres, muscle tissue contains satellite cells located adjacent to the fibres under 

the basal lamina (Mauro, 1961). These cells are stem like cells that proliferate, 

differentiate and fuse with the muscle fibre to repair damage or in response to growth 

signals (Mauro, 1961, Russell et al., 1992, Rodrigues Ade and Schmalbruch, 1995). 

 

Skeletal muscle fibres are known for their striated appearance produced by 

alternating dark anisotrophic A bands and light isotrophic I bands observed 

underneath the microscope. Light I bands contain thin dark Z lines (MacIntosh et al., 

2006). The terms A, I, and Z describe the functional architecture of muscle fibres.  

Briefly, A bands are composed of thick filaments made up of protein myosin whilst I 

bands are composed of thin filaments made up of the protein actin. Alternating thick 

and thin filament units are named sarcomeres and each sacromere is separated from 

another sacromere by dense matter called Z lines composed of actinins which are 

microfilament proteins necessary for the attachment of actin filaments to the Z lines 
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(Takada et al., 2001, Stromer, 1995). In the relaxed state the ends of thick and thin 

filaments overlap slightly and the Z lines are far apart. Whole muscle contraction 

commencing with an increase in Ca2+ results in the sliding of thin and thick filaments 

past each other until their ends almost touch and Z lines end up closer to each other 

due to sarcomere shortening, this process is primarily mediated by the myofilament 

proteins actin and myosin. This description of muscle contraction requires adenosine 

triphosphate (ATP) and is known as the sliding filament theory of contraction (Huxley 

and Hanson, 1954, Huxley and Niedergerke, 1954). 

 

In adult mammals there are 4 different myosin heavy chains (MHC), commonly found 

in the contractile apparatus of skeletal muscle with individual “pure” fibres normally 

only containing a single MHC isoform in comparison to “hybrid” fibres which express 

two MHC isoforms and are regarded as undergoing a transition between respective 

pure fibre types. The transition period of fibres lasts for weeks due to the slow 

turnover of myofibrillar proteins (Neunhauserer et al., 2011, Hogan et al., 2003, 

Hamalainen and Pette, 1995). The myosins differ in their rate of ATP hydrolysis, 

which dictates the speed of contraction of the fibre. Three of the myosin heavy 

chains are described as fast myosins with high rates of ATP hydrolysis and therefore 

high speeds of contraction. These myosins are MHC -2A, -2X and -2B, which 

express myosin heavy chain isoforms (Myhc) Myhc-2, Myhc-1 and Myhc-4 

respectively. The other myosin found in skeletal muscle is slow skeletal myosin 

MHCI expressing Myhc-7 and Myhc-7b isoforms, which hydrolyses ATP much more 

slowly and as a consequence muscles containing this myosin have a slower rate of 

contraction.  In man although the gene for MHC2B is present, it is not expressed 

(Marx et al., 2002, Chen et al., 2013).  

 

Pure muscle fibres can be characterised based upon the single myosin heavy chain 

they express (Table 1). Type I fibres, which express MHCI, are referred to as slow 

oxidative fibres based on their contraction speed (slow-twitch) and high oxidative 

capacity for aerobic respiration, making them resistant to fatigue in response to 

repetitive or sustained contractions (Schiaffino and Reggiani, 2011). To enable the 

high oxidative capacity, type I fibres have a high mitochondrial content, rich capillary 

supply and a high concentration of myoglobin (which is why Type I fibres are referred 

to as red fibres). This high mitochondrial content reduces the area for contractile 

elements so reduces the potential power output of the fibre but enables them to use 

lipids as a major fuel source as well as glucose. Type IIA fibres, are also known as 

fast oxidative fibres as they have fast-twitch speeds due to the expression of a fast 
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myosin (MHC2A), but contain mitochondria giving them a significant oxidative 

capacity and a moderate resistance to fatigue (Schiaffino and Reggiani, 2011). Type 

IIA fibres also have a rich capillary supply but compared to type I fibres have a 

greater glycolytic capacity and a reduced myoglobin content (which is why they are 

often called white fibres). Type IIX fibres have a fast-twitch contraction speed with 

low oxidative capacity and low resistance to fatigue. They have a poor capillary 

supply with relatively few mitochondria and a high glycolytic capacity so rely 

predominantly on anaerobic respiration. Type IIB fibres are the fastest fibres with the 

lowest mitochondrial density and use anaerobic metabolism so also have a low 

resistance to fatigue (Chen et al., 2013).   

 

Type%1%
%(MHC1)%

Type%IIA%
(MHCIIA)%

Type%IIX%
(MHCIIX)%

Type%IIB%
(MHCIIB)%

Myosin%heavy%chain%% MYH7% MYH2% MYH1% MYH4%

Contrac:on%speed% Slow% Fast%% Fast%% Very%fast%

Size%of%motor%
neuron%

Small% Medium% Large% Very%Large%

Resistance%to%
fa:gue%

High% Fairly%High% Intermediate%% Low%

Force%Produc:on% Low% High%% Very%High%% Very%High%

Capillary%supply% High% Intermediate% Low% Low%

Oxida:ve%
metabolism%

High% High% Low% Intermediate%

Mitochondrial%
number%%

Very%High% High%% Medium% Low%

Glycoly:c%capacity%% Low% High%% High% High%
 

Table 1: General characteristics of type I and type II muscle fibres 
 

Individual skeletal muscle groups are composed of distinct proportions of the 

different fibre types enabling them to perform their normal function (Marx et al., 

2002). Thus in man the soleus muscle (which is needed for standing and walking and 

needs to be active for extended periods of time) has a high type I fibre content, the 

quadriceps muscles (which are required for walking and running so must generate 

significant power and maintain activity) are composed of both fast and slow twitch 

fibres (fast-twitch fibres predominate in younger individuals whereas slow-twitch 

fibres predominate in the active healthy elderly) and the triceps brachii (in man) 

predominantly consists of type II fibres so that it can perform high intensity 

contractions.  
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Skeletal Muscle Mass and phenotype 

Optimum functionality of skeletal muscle relies on physiological regulation of the 

mechanisms controlling its mass and phenotype.  

 

Each muscle is adapted to enable it to function optimally with its size and fibre type 

proportions giving it the appropriate balance between power and endurance for the 

tasks that it must perform. However, the amount and type of activity that a muscle 

must be able to perform is not constant throughout life due to changes in 

requirements. Furthermore, muscle is used as a source of energy and protein during 

times of starvation. Consequently muscles must be able to change the proportion 

and size of fibres to allow the muscle to adapt to changing workload or energy 

requirements of the body. 

 

Plasticity is a term often used to describe the ability of skeletal muscle fibres to adapt 

their phenotype for example converting from one fibre type to another and/or altering 

their size in response to prolonged changes in contractile activity.  Such changes in 

contractile activity occur in response to both increases and decreases in physical 

activity (e.g. increased activity with endurance and strength training and decreased 

activity with immobilisation, weightlessness and denervation) (Pette and Staron, 

1997, Hogan et al., 2003).  

 

Changes in fibre type tend to occur in a progressive manner switching from the initial 

form to the next slowest or next fastest form.  As a result in the human quadriceps 

hybrid fibres can be identified that express type I and type IIA MHC or type IIA and 

type IIX MHC but not type I and type IIX.  However, transitions between type I and 

type II fibres appear to occur much more slowly than changes between the different 

type II fibres. In part this slower rate of transition may result from the fact that 

innervation frequency is an important regulator of muscle fibre type and the nerves 

innervating fast and slow twitch fibres differ in their innervation frequency. Lømo et al 

demonstrated this effect by denervating slow twitch muscles in a rat and replacing 

the slow neural stimulation pattern from the muscle with a fast stimulation pattern by 

implanted electrodes (Lomo et al., 1974).  This stimulation resulted in a shift towards 

fast twitch fibre characteristics, which returned towards slow fibre characteristics 

upon the reintroduction of the slow twitch innervation pattern. This slow to fast 

transition appears to occur much faster than changes in the opposite direction (Eken 

and Gundersen, 1988). One example of a shift from the slow to fast fibre type can be 
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seen in response to changes in the amount of innervation either as a result of loss of 

nerve input due to damage or as a result if inactivity. 

 

In addition to changing muscle fibre proportions, changes in activity modify the 

amount of muscle. In a normal adult, muscle mass is relatively constant but 

increases in response to increased physical activity and reduces in response to 

reduced physical activity. Muscle mass is maintained because the rate of muscle 

synthesis (governed by the rate of protein synthesis and satellite cell recruitment) is 

equal to the rate of muscle degradation (determined by the rate of protein 

degradation autophagy and apoptosis). Changes in muscle mass therefore reflect a 

relative shift in net muscle synthesis and net muscle degradation. Thus gain of 

muscle mass (hypertrophy) results from a net increase in the rate of protein 

synthesis/satellite cell recruitment that is greater than any increase in the rate of 

protein degradation/apoptosis/autophagy, with reduction in muscle mass (atrophy) 

being due to a shift in the balance in the opposite direction. During muscle 

hypertrophy both fibre size and fibre number can increase whereas in atrophy both 

fibre number and size can be reduced.  

 

During hypertrophy the volume of the muscle cell increases and as a result the 

volume of the cell that any one nucleus controls increases.  This volume has been 

described as the myonuclear domain (MND) and studies of the MND in response to 

hypertrophy have suggested that the size this domain is limited (Pavlath et al., 1989, 

Hall and Ralston, 1989). As muscle fibres are multi-nucleated cells and the nuclei are 

post mitotic, hypertrophy beyond a certain point requires the acquisition of new 

myonuclei through fusion of myogenic cells to the fibre thereby increasing the 

number of nuclei and reducing the MND. Conversely, fibre atrophy causes a 

reduction in the MND resulting in the loss of myonuclei by apoptosis/necrosis. 

However a number of studies have challenged the concept of a constant nuclear 

domain with their findings demonstrating no change or a change in the opposite 

direction expected in the proportion of myonuclei following hypertrophy or atrophy in 

skeletal muscle (Wada et al., 2003, Verheul et al., 2004, Zhong et al., 2005).  

 

Physical Activity  

One of the main factors affecting muscle phenotype is the level of physical activity.  

According to the World Health Organization physical inactivity is the cause of six 

percent of deaths (Edom et al., 1994). Physical activity is “any bodily movement 

produced by the skeletal muscles that uses energy” and includes endurance and 
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strength training. These training methods have different effects on fibre type and fibre 

size.  Endurance training, which involves doing many repetitions of an exercise so by 

definition must be performed at a level below maximal contractile force, increases 

fatigue resistance. Strength training is usually a high-force activity with few 

repetitions of an exercise that induces a measurable increase in muscle strength 

or/and hypertrophy. Studies have shown that endurance training can increase the 

proportion of type I fibres thereby enhancing fatigue resistance whilst strength 

training increases the number of type IIX fibres (Costill et al., 1976). Additionally, 

strength training has been shown to increase the size of type II fibres (Faulkner et al., 

2007).  

At the other end of the physical activity spectrum is muscle disuse or inactivity due to 

immobilization, absence of loadbearing and denervation that result in atrophy, 

weakness and fatigue. The extent of atrophy due to immobilization depends upon the 

type of physical restrictions with muscle atrophy greater in the shortened versus a 

neutral or lengthened position. For example, in rats subjected to these three modes 

of immobilisation for 4 weeks, atrophy of the soleus and medial gastrocnemius 

muscles measured by muscle weight, length and fibre cross-sectional area (CSA), 

was greatest when immobilized in the shortened position, less following 

immobilization at the natural length and least after immobilization of muscle in the 

lengthened position as (Spector et al., 1982). The effects of the absence of 

loadbearing in man have been demonstrated by studies using bed-rest or 

spaceflight. For example soleus and gastrocnemius biopsies from the crew of the 

International Space Station revealed a substantial loss of fibre mass, force and 

power following prolonged (~180 days) weightlessness but the effects were 

dependent on the fibre type and muscle identity. The soleus which is predominantly 

comprised of type I fibres was the most affected with a 20 % reduction in fibre 

diameter and a 35 % reduction in peak force. Whilst the predominantly type II 

gastrocnemius muscles were the least effected by weightlessness with a 1 % 

reduction in fibre diameter and a 7 % reduction in peak force, with the hierarchy of 

effects on fibres being soleus type I > soleus type II > gastrocnemius type I > 

gastrocnemius type II (Fitts et al., 2010). Denervation by surgical section of the 

sciatic nerve in rats has been shown to cause a 36 % and 49 % reduction in the 

muscle mass of the extensor digitorum longus (EDL) and soleus muscles 

respectively after 7 days and an 80 % reduction in the mass of both muscles 50 days 

after denervation. Fifty days following denervation there was also a 30 % to 75 % 

increase in the proportion of hybrid fibres in the EDL (IIB/X) and soleus (I/IIA) with a 
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decrease in the proportion of pure fibres expressing one myosin heavy chain isoform 

accompanied by a 50 % decrease in specific force in all fibre types (Patterson et al., 

2006). 

Changes in muscle mass in disease and ageing 

Changes in skeletal muscle mass and phenotype are clinically important for a 

number of reasons. Firstly in ageing individuals there can be a marked loss of 

muscle mass, that can lead to frailty, loss of mobility and a lack of independence 

(Campbell et al., 1973, Visser, 2009, Gielen et al., 2012, Evans, 1995). The number 

of people living to greater age is increasing the prevalence of individuals requiring 

assistance with these problems, placing a significant burden on the care 

infrastructure.  Secondly, a loss of muscle mass is a common co-morbidity in many 

chronic disease states including cancer, chronic obstructive pulmonary disease 

(COPD) and heart failure (Hansen et al., 2006, Al-Majid and Waters, 2008, Fulster et 

al., 2013).  In these conditions the loss of muscle mass reduces strength and leads 

to a loss of independence reducing the quality of life. In both ageing and chronic 

disease the loss of muscle mass and weakness have also been associated with 

increased mortality (Martin et al., 2013). For example, studies have shown increased 

mortality in women with a body mass index (BMI) below 24 over the age of 65 (Dolan 

et al., 2007) and that unintentional weight loss is associated with elevated three-year 

mortality rates in elderly participants with an average age of 75 (Locher et al., 2007). 

There was no association with mortality and intentional weight loss (Locher et al., 

2007). In cancer, patients with lung or gastrointestinal cancer who were identified as 

being cachexic defined by having involuntary weight loss, muscle depletion or low 

muscle attenuation, survived 8.4 months compared to patients with none of these 

criteria at diagnosis who survived 28.4 months (Martin et al., 2013). Similar 

associations of muscle mass with survival are seen in heart failure, and COPD 

(Anker et al., 1997, Swallow et al., 2007). For example, in chronic heart failure (CHF) 

patients who develop a wasting syndrome termed cardiac cachexia are to be at a 

higher risk of death than patients without cardiac cachexia. This increase in mortality 

in patients with cardiac cachexia is independent of age, peak oxygen consumption, 

exercise, left-injection ventricular ejection fraction, and exercise time (Anker et al., 

1997). Furthermore, patients with cardiac cachexia undergoing surgery have 

enhanced perioperative morbidity and mortality than non-cachectic patients with the 

1-year mortality as high as 50% in the cardiac cachexia group (Abel et al., 1976, 

Otaki, 1994). In COPD quadriceps maximal voluntary contraction force (QMVC) 

expressed as a percentage of the patients BMI, a functional measurement of 
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strength, is a better predictor of mortality than age, BMI, fat free mass index (FFMI) 

and the standard measure of disease severity, forced expiratory volume in 1 s 

(FEV1) (Swallow et al., 2007). Muscle wasting in COPD and ageing is discussed in 

more detail below. 

 

Ageing 

Age-related sarcopenia can be defined as the degenerative loss of skeletal muscle 

mass and performance associated with aging (Visser, 2009). This decline in muscle 

performance is even seen in highly trained subjects (marathon runners, weight lifters) 

and starts at approximately 40 years of age, with peak levels of performance reduced 

by approximately 50% by 80 years of age (Faulkner et al., 2007). Loss of muscle 

mass has been attributed to a decrease in muscle fibre size and fibre number (Lexell, 

1995, Nilwik et al., 2013). For example, the CSA of quadriceps muscle was found to 

be 14 % reduced in older men (age (year) 70 ± 1) compared to younger men (age 

(year) 23 ± 1) due to a 29 % reduction in the size of type II muscle fibres. Following 

prolonged resistance type training in the older men type II muscle fibre hypertrophy 

occurred, providing possible evidence that perhaps sarcopenia can be slowed but 

not halted (Faulkner et al., 2007, Nilwik et al., 2013). Preferential loss of fast motor 

neurons has also been implicated in some of the functional changes occurring with 

advancing age as seen in a study whereby the number of motor neurons declined 

after the age of 60 years (Campbell et al., 1973).  

 

Example of muscle wasting in COPD 

Loss of muscle mass and a change in muscle phenotype also occurs in a number of 

chronic diseases. One example is COPD, a respiratory disease in which functional 

lung volume becomes reduced, leading to breathlessness and reduced physical 

activity. In these patients the quadriceps muscles show a shift from a predominance 

of type I oxidative fibres to a predominance of type IIA fibres with mixed 

oxidative/glycolytic metabolism, as well as muscle fibre atrophy (Gosker et al., 2002). 

This skeletal muscle weakness and change in fibre proportion associated with COPD 

are important in COPD patients because they reduce their exercise capacity and the 

intensity of their symptoms, so reduce their quality of life. Furthermore, quadriceps 

muscle strength has been shown to be a good predictor of mortality in COPD 

(Swallow et al., 2007).   

 

The loss of muscle mass and change in phenotype occurs early in the disease 

process (Seymour et al., 2010, Srikrishna et al., 2012) and inactivity is likely to be a 
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predominant driver. For example, recent studies have shown that the proportion of 

type I fibres in the muscle is inversely related to daily physical activity in COPD 

patients (Srikrishna et al., 2012) and that there is increased muscle turnover as 

evidenced by increased plasma microRNAs (miRNAs) derived from the muscle 

(myomiRs) in patients during the stable phase of the disease (Donaldson et al., 

2013). In this study the levels of plasma myomiRs in early disease was also shown to 

be associated with nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFkB) p50 but not NFkB p65 in early disease patients implying that inactivity but not 

inflammation is the predominant cause of the increase of plasma miRNA. 

Interestingly later in the disease the levels of plasma myomiRs are not associated 

with circulating plasma cytokines suggesting that in these stages inflammation is a 

major contributor to the loss of muscle mass (Donaldson et al., 2013). 

 

As these changes in muscle mass occur in a range of chronic diseases and ageing, 

our ability to treat or suppress the primary cause of many diseases is improving.  As 

a result there is an increase in the number of individuals in whom muscle dysfunction 

limits the quality and quantity of life.  Consequently, understanding the mechanisms 

that control muscle mass and phenotype is of critical importance in identifying 

methods to increase the maintenance of health and wellbeing but currently this 

understanding is incomplete.  
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Mechanisms regulating muscle mass 

As described above changes in muscle mass result from an alteration in the balance 

between the processes that drive hypertrophy and those that drive atrophy. These 

processes are regulated by a range of factors include growth factors and hormones 

that increase muscle mass (e.g. androgens) and those that decrease muscle mass 

(e.g. myostatin also known as growth and differentiating factor (GDF-8), inflammatory 

cytokines and cortisol). These factors activate signalling pathways to increase or 

decrease the activity of the molecular pathways leading to hypertrophy or atrophy as 

described below. 

Muscle Synthesis 

Satellite Cell Recruitment 

The phrase “satellite cell” was first coined by Mauro to describe the stem cells of the 

muscle that are located between the basal lamina and plasma membrane of 

terminally differentiated muscle fibres also referred to as the stem cell niche (Mauro, 

1961). Satellite cells were postulated to be a distinct population of myoblasts formed 

during development that fail to fuse with other myoblasts to undergo the 

differentiation process, so that they can act as reserves to recapitulate the embryonic 

process when required for postnatal growth, muscle regeneration after injury and 

long-term denervation (Mauro, 1961, Russell et al., 1992, Rodrigues Ade and 

Schmalbruch, 1995). Satellite cell recruitment requires satellite cells to become 

activated and become myoblasts. These muscle precursors can differentiate and 

either fuse with existing fibres to increase fibre size and/or myonuclei number or fuse 

to form new myotubes, which then become myofibres (Moss and Leblond, 1971, 

Moss and Leblond, 1970). 

 

Muscle regeneration follows the necrosis of damaged tissue (Carpenter, 1990).  An 

inflammatory response is triggered causing the subsequent activation, proliferation 

and differentiation of satellite cells (Ciciliot and Schiaffino, 2010). 

 

Quiescent satellite cells are characterised by their expression of the transcription 

factor paired box (Pax) Pax7, its paralogue Pax3, the myogenic regulatory factor 

(MRF) Myf5 and cluster of differentiation molecule (CD) CD34 (Relaix et al., 2006, 

Beauchamp et al., 2000). Damage to muscle cells causes a deterioration of the 

structure of the basal lamina (where quiescent satellite cells reside) and the 

recruitment of circulating leukocytes to the site of damage. These events are 
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followed by neutrophil and macrophage inflammation with the latter secreting tumour 

necrosis factor-alpha (TNF-α), interleukin (IL)-1 and IL-10 (Fielding et al., 1993, 

Chazaud et al., 2009). Quiescent satellite cells activated by hepatocyte growth 

factors (HGF), enter the cell cycle to proliferate in response to this inflammatory 

milieu (Gal-Levi et al., 1998, Miller et al., 2000). During this stage Pax7 and the MRF 

family member myoblast determination protein (MyoD) are expressed (Zammit et al., 

2002). Satellite cell proliferation is promoted by a number of stimuli including insulin 

growth factor-1 (IGF-1), fibroblast growth factor (FGF), the Notch signalling ligand 

Delta 1 (Anderson and Wozniak, 2004, Conboy and Rando, 2002) and inhibited by 

the transforming growth factor β (TGF-β) family member myostatin and by the Notch 

signalling inhibitor Numb (McCroskery et al., 2003). Proliferating satellite cells 

express MyoD and myogenic regulatory factor (Myf) 5 (Cooper et al., 1999). 

Proliferating satellite cells and their progeny are often referred to as myogenic 

precursor cells (MPC) or adult myoblasts. After proliferation satellite cells withdraw 

from the cell cycle to either return to the quiescent state to restore the satellite cell 

pool or enter the myogenic differentiation program fusing with damaged myofibres or 

fusing with other satellite cells to form new fibres (Kadi et al., 2004). The 

differentiation process begins with the down-regulation of Pax7 (Zammit et al., 2004) 

by adult myoblast cells, whilst terminal differentiation involves the expression of 

Myogenin and MyoD allowing for the activation of muscle specific structural and 

contractile genes (Cao et al., 2006).  

 

Satellite cell number is variable. For example, satellite cells are present in all skeletal 

muscles but not in equal distribution across the fibre types with slow muscle fibres 

having a higher number of satellite cells than fast fibres in the EDL muscle (Gibson 

and Schultz, 1982). In terms of ageing, satellite cell numbers decrease with age, for 

example in the soleus muscle satellite cells make up approximately 30 % of the 

muscle nuclei in the neonate, this number is reduced to approximately 4 % in the 

adult and only 2 % in aged mice (Snow, 1977). Interestingly a number of studies 

have also shown that satellite cells are pre-programmed to differentiate into fast or 

slow-twitch muscle cells in birds and rodents (Baroffio et al., 1996, Baquie et al., 

2011, Charbonneau and Gauthier, 2001) however other studies have shown that 

satellite cell pre-programming is likely to be species specific as human satellite cells 

express both fast and slow-twitch MHCs irrespective of the muscle from which they 

were derived (Guerin et al., 2006, Pennarun et al., 2005, Boquet et al., 2003, 

Gauthier et al., 2001, Fattah et al., 2006) .  
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Protein Synthesis 

Protein is synthesized by translation of the appropriate messenger ribonucleic acid 

(mRNA). Consequently increasing the amount of an individual protein can be 

achieved by altering the amount of mRNA for that protein. Increasing the size of a 

cell requires an increase in the amount of a large number of proteins and is therefore 

regulated not only by ensuring a sufficient amount of translatable mRNA but also by 

regulating the activity of the translation machinery itself. In most cases this is 

achieved by increasing the rate of translation initiation and involves regulation of the 

activity of three key processes, formation of the 40S subunit (by phosphorylation of 

the protein S6, although the function of S6 remains obscure), the generation of the 

initiator transfer ribonucleic acid (tRNA) (through regulation of eukaryotic translation 

initiation factor (eIF)-2b) and loading the mRNA into the pre-initiation complex (by 

regulating the availability of eIF-4E) (Figure 1).  Activation of these processes is best 

illustrated by examining the mechanisms regulated by IGF-1. 
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Figure 1: Schematic of pre-initiation complex important for protein synthesis 
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IGF-1-induction of skeletal hypertrophy by the PI(3)K/Akt/mTOR  pathway  

There are three genes encoding peptide growth factors in the Insulin Growth Factor 

(IGF) family: Insulin, IGF-I and IGF-II. IGF-I is produced locally in skeletal muscle 

and causes skeletal muscle hypertrophy by promoting protein synthesis and 

inhibiting protein breakdown. IGF-I and IGF-II bind and activate the IGF receptor. 

The role of IGFs in growth has been demonstrated by functional inactivation of the 

IGF-I receptor in mice, which leads to a reduction in body weight attributable to a 

reduction in skeletal muscle wet weights. Analysis of individual muscles in these 

mice showed a 20 % reduction in the cross-sectional area of the soleus and EDL 

compared to wild-type (WT) mice (Fernandez et al., 2002). Following the binding of 

growth factors, the activated receptor undergoes a conformational change resulting 

in the auto-phosphorylation of its own intracellular tyrosine kinase domains, enabling 

the binding and phosphorylation of the insulin receptor substrate (IRS)-1. 

Phosphorylated IRS-1 serves as a binding and activation site for phosphoinositide 3-

kinase (PI3Kinase). PI3K can also be activated by either directly binding to a 

phosphorylated receptor tyrosine kinase and/or by binding to activate membrane-

bound GTPase Ras.  

 

Once activated PI3K migrates to the inner side of the cell membrane and binds to 

phosphatidylinositol (4,5)-bisphosphate (PIP2), which is anchored by two fatty acids 

in the lipid bilayer of the membrane. PI3K phosphorylates PIP2 to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which in turn recruits the 

serine/threonine kinase Akt1 (other family members being Akt2 and Akt3) also known 

as protein kinase B (PKB) to the cell membrane where it can be phosphorylated by 

phosphoinositide-dependent kinase (PDK)-1. Akt1 is a key signalling protein in the 

hypertrophy pathway as after electroporation with a constitutively active form of AKT 

in mice an increase in cross-sectional area of the tibialis anterior (TA) muscle 

compared to control mice was observed (Bodine et al., 2001b). The importance of 

Akt1 and 2 in growth and development was demonstrated by the deletion of both 

genes in mice.  Akt1:Akt2 double knockout mice die shortly after birth, have a severe 

growth deficiency and a marked reduction in size of individual muscle fibres in the 

diaphragm, pre-sternum and intercostal muscles (Peng et al., 2003). AKT controls 

protein synthesis by activating the protein Ras homolog enriched in brain (Rheb), 

which in turn activates mammalian target of rapamycin (mTOR) allowing for 

interaction with several proteins to form the rapamycin-sensitive target of rapamycin 

complex 1 (TORC1) complex, which contains Raptor (mTORC1) and the rapamycin-

insensitive TORC2 complex, which contains Rictor (mTORC2). mTORC1 regulates 



	   28	  

the rate of protein synthesis by increasing translation of mRNA into protein through 

binding and phosphorylating the translation factor p70-S6 Kinase 1 (S6K1) (Hay and 

Sonenberg, 2004). Activated mTORC1 also increases the rate of protein synthesis 

by phosphorylating translation inhibitor 4E-binding protein 1 (4E-BP1) which causes 

it to release eukaryotic translation initiation factor (eIF) 4E (Martelli et al., 2011). 

mTORC2 is required for the inhibition of expression of genes that promote atrophy 

such as the ubiquitin ligases muscle RING-finger (MuRF)-1 and atrogin (Sandri, 

2008). (See next section on the ubiquitin proteasome system (UPS) for more 

information on MuRF-1 and atrogin). This inhibition of MuRF-1 and atrogin 

expression involves the inhibition of the activity of forkhead box protein O (FoXO) 

family of transcription factors, which are also involved in cell cycle progression and 

metabolism (Carlsson and Mahlapuu, 2002, Brunet et al., 1999). Akt regulation of 

FoXO protein has also been shown to regulate myoblast differentiation (Bois and 

Grosveld, 2003). 
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Muscle Degradation  

Cell Death 

There are three established types of cell death: apoptosis, necrosis and autophagy 

(Kroemer et al., 2009). In the following sections these basic mechanisms of cell 

death and their role in muscle atrophy are discussed. 

 

Apoptosis: Programmed cell death  

Apoptosis is a form of programmed cell death that is activated when cells from 

multicellular organisms are damaged or no longer needed and results in the 

destruction of the cell (Steller, 1995). Apoptosis is characterised by a number of 

morphological changes including shrinkage and rounding of the cell, condensation of 

chromatin, nucleosomal DNA degradation and plasma membrane blebbing resulting 

in the formation of apoptotic bodies containing nuclear or cytoplasmic material with 

the dying cell phagocytosed by adjacent cells or macrophages (Zimmermann et al., 

2001, Kerr et al., 1972). Apoptosis is activated by a group of cysteine proteases 

called caspases that initiate a cascade of events leading to the degradation of 

essential proteins and ultimately the death of the cell, hence they are crucial for the 

execution of apoptosis (Kumar, 1999).   

 

There are three apoptotic pathways: the two main interrelated extrinisic (death 

receptor) and intrinsic (mitochondrial) pathways as well as the perforin/granzyme 

pathway (Igney and Krammer, 2002, Martinvalet et al., 2005). All three apoptotic 

pathways converge on the same execution pathway (Slee et al., 2001).  

 

The extrinsic pathway 

The extrinsic pathway is triggered by death receptor ligands binding to plasma 

membrane death receptors which belong to the tumour necrosis factor (TNF) 

receptor gene superfamily (Locksley et al., 2001). Death domains transmit death 

signals from the cell surface to intracellular signalling pathways as exemplified by the 

Fas ligand (FasL)/Fas receptor (FasR) and TNF-σ/TNFR1 death ligand/receptor 

models (Baker and Reddy, 1998). The binding of the Fas ligand (present on cytotoxic 

T lymphocytes and other immune cells) to FasR sequesters procaspase-8 to the cell 

membrane by the adaptor protein Fas Associated Death Domain (FADD) (Baker and 

Reddy, 1998). In the case of TNFα binding to the TNF receptor, the adaptor protein 
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is TNF receptor-associated death domain (TRADD), which recruits the downstream 

signalling adaptor molecules FADD and receptor interacting protein (RIP) (Baker and 

Reddy, 1998, Hsu et al., 1995, Grimm et al., 1996). At this point as a result of an 

accumulation of procaspase-8 a death-inducing signalling complex (DISC) is formed 

which cleaves and activates procaspase-8 to caspase-8 within the cytoplasm 

(Salvesen and Dixit, 1999, Kischkel et al., 1995). Activated caspase-8 cleaves and 

activates the executioner caspase-3, which in turn cleaves downstream targets 

committing the cell to apoptosis by triggering the execution phase of apoptosis 

(Cohen, 1997, Rai et al., 2005).   

 

The intrinsic pathway 

The intrinsic pathway responds to non-receptor mediated damage to cells caused by 

a range of stresses including hypoxia, toxins and radiation (Elmore, 2007). The 

cellular response to these stresses include changes in the inner mitochondrial 

membrane causing an opening in the mitochondrial permeability transition (MPT) 

pore releasing pro-apoptotic proteins including Apoptosis Inducing Factor (AIF), 

cytochrome C, Smac/Diablo and the serine protease HtrA2/Omi from the 

mitochondria (Cai et al., 1998, Du et al., 2000, van Loo et al., 2002, Garrido et al., 

2006). In the cytoplasm, Cytochrome c binds and activates Apaf-1 and procaspase-9 

forming an apoptosome containing the intrinsic pathways own initiator caspase, 

caspase 9 (Chinnaiyan, 1999). Active caspase-9 cleaves procaspase-3 into its active 

form, caspase 3 leading to cleavage of caspase-3 downstream targets and therefore 

committing the cell to apoptosis via the execution pathway (Cohen, 1997, Rai et al., 

2005). 

 

The perforin /granzyme pathway  

Cytotoxic T lymphocytes and natural killer (NK) cells defend against virally infected 

and malignant cells (Barry and Bleackley, 2002, Russell and Ley, 2002). The main 

event allowing cytotoxic T lymphocytes (CTLs) to kill target cells (i.e. tumour and 

virus infected cells) occurs through the secretion of the trans-membrane pore-

forming molecule perforin with the subsequent release of cytoplasmic granules 

through the pore and into the target cell (Trapani and Smyth, 2002). The most 

important components within the granules are the serine proteases granzyme A and 

granzyme B, which when released into the target cell cleave a range of substrates 

that initiate DNA fragmentation and apoptosis (Pardo et al., 2004). Granzyme A and 

B induce death via alternate, non-overlapping pathways as the granzyme B pathway 

is dependent on caspase activity whilst the granzyme A pathway utilises caspase 
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independent pathways (Martinvalet et al., 2005, Trapani and Sutton, 2003, 

Waterhouse et al., 2006).  

 

Granzyme A induces loss of mitochondrial inner membrane potential, leading to the 

release of reactive oxygen species (ROS) and the subsequent translocation of the 

ER-associated SET complex to the nucleus where granzyme A cleaves high mobility 

group protein 2 (HMG2), ApeI, pp32, three prime repair exonuclease 1 (TREX1) and 

the nucleosome assembly protein SET, which make up the SET complex (Lieberman 

and Fan, 2003, Chowdhury et al., 2006). Cleavage of SET by granzyme A releases 

the NM23-H1 DNase gene, which is normally inhibited by SET allowing for the 

release of NM23-H1 to nick DNA with the help of TREX1 leading to apoptotic DNA 

degradation (Lieberman and Fan, 2003). Granzyme A also helps to increase DNase 

activity and therefore promote apoptosis by cleaving nuclear lamins and histone H1 

increasing the availability of the DNA for cleavage (Lieberman and Fan, 2003).  

Granzyme B activates caspase-3 directly or indirectly through caspase-10, ultimately 

leading to activation of the execution pathway (Goping et al., 2003). Granzyme B can 

also utilise the mitochondrial pathway for amplification of the death signal by specific 

cleavage of the BH3-only pro-apoptotic protein, BH3 interacting-domain death 

agonist (Bid), which upon truncation translocates to the mitochondria and together 

with BCL2 associated X protein (Bax) releases pro-apoptotic proteins (Russell and 

Ley, 2002, Barry and Bleackley, 2002). Granzyme B induces cytochrome c release 

by cleavage and inactivation of myeloid cell leukemia 1 (Mcl-1) a member of the anti-

apoptotic Bcl-2 family. Direct activation of caspase-3 and the mitochondrial pathway 

are both essential for granzyme B dependent cell death (Goping et al., 2003). 

 

The execution pathway 

The final pathway of apoptosis starts with executioner caspases activating 

cytoplasmic endonucleases, which degrade nuclear material and proteases that 

degrade the nuclear and cytoskeletal proteins (Slee et al., 2001). Caspase-3, 

considered to be the most important caspase of the executioner pathway, activates 

the endonuclease Caspase-Activated DNase (CAD) and other substrates including 

Poly (ADP-ribose) polymerase (PARP), cytoskeletal protein fodrin and nuclear mitotic 

apparatus protein (NuMa), leading to the morphological features seen in apoptotic 

cells. Phagocytic uptake of apoptotic cells is the last component of apoptosis (Slee et 

al., 2001).  
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Nuclear apoptosis and skeletal muscle 

Skeletal muscle fibres are multi-nucleated cells, consequently loss of individual 

nuclei does not lead to destruction of the cell.  However, the removal of damaged or 

excess nuclei is still required.  Therefore in skeletal muscle nuclei can be removed 

through an apoptotic mechanism without death of the entire cell (fibre) this process 

has been described as “nuclear apoptosis” (Huppertz et al., 2001, McArdle et al., 

1999, Allen et al., 1999).  

 

Activation of apoptosis has been shown to occur in response to the muscle damage 

caused by exercise.  One example of this activation is seen in response to voluntary 

exercise in mice, where analysis of the TA showed the presence of apoptotic 

markers early after physical activity that were barely detectable in the muscles of 

sedentary mice (Podhorska-Okolow et al., 1998). The susceptibility of satellite cells 

to apoptosis does not only occur in response to damage and is innervation and age-

dependent.  For example, satellite cells isolated from hindlimb muscles exposed to 2 

to 20 weeks of denervation following sciatic nerve section are more susceptible to 

apotogenic stimulants such as TNF-α than satellite cells isolated from non-

denervated muscle (Jejurikar et al., 2002). This denervation-induced atrophy is 

associated with an increase in caspase-8 and caspase-3 activity (Siu and Alway, 

2005, Alway et al., 2003). Furthermore, satellite cells isolated from old rats have an 

increased rate of apoptosis and an increase in caspase activity when compared to 

their younger counterparts (Jejurikar et al., 2006).   
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Necrosis  

Necrosis is another form of cell death that occurs in skeletal muscle that has 

characteristic morphological changes including cell swelling, the formation of 

cytoplasmic vesicles and cytoplasmic blebs as well as disruption of cell membrane 

and the recruitment of inflammatory cells (Kerr et al., 1972, Majno and Joris, 1995, 

Trump et al., 1997).  

  

Apoptosis shares a common pathway with necrosis as cells subjected to an initial 

apoptotic signal can undergo necrotic rather than apoptotic cell death (Vercammen et 

al., 1998). Whether the cell undergoes apoptosis or necrosis in response to apoptotic 

signalling is dependent on a number of factors including cellular ATP levels. The 

requirement for sufficient ATP arises as several apoptotic processes including 

nuclear condensation, bleb formation and enzymatic hydrolysis of macromolecules 

require ATP. Consequently a significant drop in ATP can stop apoptosis and  activate 

necrosis (Zeiss, 2003, Leist et al., 1997). Caspase activation in response to 

trimersiation of Fas and TNFx is another factor that determines whether the apoptotic 

or necrotic pathway is triggered (Zeiss, 2003, Denecker et al., 2001, Vercammen et 

al., 1998, Laster et al., 1988).  

 

Death receptor-mediated necrosis 

Death receptor ligands in most cells activate apoptosis (see section on the extrinsic 

pathway) rather than necrosis as the default cell death pathway. However in the 

presence of caspase inhibitors the necrotic pathway is activated (Vandenabeele et 

al., 2010a, Vandenabeele et al., 2010b). Death-receptor necrosis is initiated by the 

kinase, receptor interacting protein-1 (RIP1) a mediator of necrosis that is involved in 

programmed necrosis known as necroptosis (Degterev et al., 2005). Necrostatin-1 

(Nec-1) is an inhibitor of RIP1 kinase activity in necroptosis (Degterev et al., 2008). 

Apart from Nec-1, RIP3 also regulates RIP-1-dependent necroptosis (Cho et al., 

2009, He et al., 2009, Zhang et al., 2009).  

 
Calcium-mediated necrosis 

The elevation of cytoplasmic Ca2+ is a common feature of necrosis and cell death in 

both muscle and non-muscle cells (Duncan, 1978, Trump and Berezesky, 1985, 

Trump et al., 1981). The cytoplasmic Ca2+ concentration and permeability of the 

plasma membrane to Ca2+ are very low and Ca2+ is actively pumped out of the 
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cytoplasm into intracellular stores and the extracellular space. Calcium is stored in 

the endoplasmic reticulum (ER) and sarcoplasmic reticulum in skeletal muscle cells.  

A marked Increase in plasma membrane permeability to Ca2+ or a reduction in the 

ability of the cell to remove Ca2+ from the cytoplasm can trigger necrosis via 

activation of Ca2+-dependent proteases or mitochondrial Ca2+ overload 

(Wrogemann and Pena, 1976). This Ca2+ overload can trigger the mitochondrial 

permeability transition (MPT) pore to open activating either apoptosis or necrosis. 

The importance of the MPT pore in necrosis can be seen from studies of mice in 

which cyclophillin-D (CyoD), an important regulator of the MPT pore, has been 

knocked out.  In these mice necrosis is inhibited (Baines et al., 2005, Nakagawa et 

al., 2005, Schinzel et al., 2005). 

 
Skeletal muscle necrosis  

In skeletal muscle, necrosis of whole myofibres or myofibre segments (myonecrosis) 

occurs due to ischaemia, envenomations associated with snakebites, bee stings and 

various diseases such as muscular dystrophy (Gorospe et al., 1994, Gutierrez and 

Rucavado, 2000, Mokri and Engel, 1975, Hoffman et al., 1987, Karpati et al., 1974, 

Azevedo-Marques et al., 1985, Harris and Cullen, 1990, Franca et al., 1994). 

Necrosis also precedes muscle regeneration (see section on satellite cell 

recruitment) (Ciciliot and Schiaffino, 2010) as it elicits an inflammatory response 

involving the invasion of macrophages to remove debris. Myonuclei from adjacent 

intact segments then become activated, proliferate and initiate regeneration, fusing to 

one another or to undamaged portions of the fibre. The formation of new fibres or 

myofibre segments following necrosis is called muscle regeneration (Ciciliot and 

Schiaffino, 2010). As the length of a necrotic segment varies the size of the 

regenerating segment will vary also (Grounds, 1991).  

 

The autophagy-lysosome system  

Autophagy is a catabolic mechanism involving the bulk degradation of unnecessary 

or dysfunctional cellular components through an autophagosomal-lysosomal pathway 

(Lin et al., 2013). One well-known trigger of autophagy is nutrient starvation and 

depletion of individual amino acids can induce autophagy (Takeshige et al., 1992, 

Mortimore and Poso, 1987). However, autophagy is also a normal ‘house-keeping’ 

activity in the cell removing damaged cellular components and as a result impaired 

autophagy has been implicated in a number of diseases including muscular 

dystrophy, cancer, diabetes and aging (Sandri, 2010). Furthermore, autophagy 

induction contributes to the metabolic benefits of physical exercise (Grumati et al., 
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2011, He et al., 2012) demonstrated by experiments using mutant mice with normal 

levels of basal autophagy but with knock-in mutations in BCL2 phosphorylation sites 

that prevent autophagy activation by a stimulus (exercise or starvation) (He et al., 

2012). These mice termed BCL2 AAA, when subjected to acute exercise had 

decreased endurance, impaired glucose metabolism, as well as altered chronic 

exercise-mediated protection against high-fat-diet-induced glucose intolerance (He et 

al., 2012).  

 

The process of autophagy can be divided into a number of steps: 

 

Vesicle nucleation 

The first step in autophagy is the initiation of vesicle formation.  This vesicle 

nucleation involves the formation of an isolation membrane, a cup-shaped double 

membrane structure, that sequesters a region of the cytosol or an organelle (Xie and 

Klionsky, 2007). Vesicle nucleation is triggered by the formation of a complex of 

Beclin-1, PI3K and vacuolar protein sorting 15 (Vps15) (Funderburk et al., 2010, 

Yang and Klionsky, 2010).   

 

Expansion and completion step  

Following nucleation, the membrane is expanded by elongation until the edges of the 

isolation membrane are fused to form the vesicle a process which in yeast takes 

place at the phagophore assembly site (PAS) but in mammalian cells can occur at 

multiple sites (Itakura and Mizushima, 2010, Suzuki et al., 2007, Yang and Klionsky, 

2009, Mizushima et al., 2001). The resulting double membraned vesicle is known as 

the autophagosome, and has the purpose of delivering a large number of different 

molecules to the lysosome for degradation. Generation of an autophagosome 

requires proteins encoded by autophagy related genes (ATG) in particular the ATG1 

to ATG10, ATG12 to ATG14 and ATG16 to ATG18 gene products make up the core 

machinery required for autophagosome formation (Glick et al., 2010, Nakatogawa et 

al., 2009, Xie and Klionsky, 2007). ATG14 is found in the cytosol under nutrient-rich 

conditions, however upon starvation ATG14 puncta are found at the phagophore and 

endoplasmic reticulum (Matsunaga et al., 2009). In addition to the ATG proteins 

another protein involved in autophagy is microtubule-associated protein 1 light chain 

3 (LC3).  This protein is found on the autophagosomal inner membrane where it 

functions as a receptor for the selective substrate p62/SQSTM1 a protein that 

accumulates in autophagy-deficient cells (Bjorkoy et al., 2005, Wang et al., 2006, 
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Nakai et al., 2007).  LC3 is of particular importance in the study of autophagy as its 

accumulation and processing are used as markers of the active process.  

 

Docking, fusion and degradation step 

 The last step in autophagy – docking and fusion - includes the fusion of the outer 

membrane of the autophagosome either directly or indirectly (via prior fusion with 

endosomes) with lysosomes or direct fusion to form autolysosomes (Berg et al., 

1998, Tooze et al., 1990). In mammalian cells, delivery and subsequent fusion of the 

autophagosome with the lysosome is governed by microtubules, maintenance of 

proper acidification, Rab GTPase, Rab 7 and LAMP2 (Tanaka et al., 2000, Jager et 

al., 2004, Mackeh et al., 2013). Inside the autolysosome the cellular components are 

degraded and recycled by vaculolar or lysosomal hydrolases. The products of 

degradation such as amino acids, fatty acids and nucleotides are exported to the 

cytoplasm to be reused as the building blocks for new macromolecules or ATP 

production (Mehrpour et al., 2010, Yang and Klionsky, 2010).  

 

Autophagy in skeletal muscle 

Basal autophagy is required for muscle homeostasis with muscle specific gene 

deletion of the Atg7 gene resulting in a 40 % decrease in myofibre size in both 

oxidative and glycolytic fibre types in mice. These mice are also weaker than wild-

type mice with a reduction in specific force due to misalignment of the Z-line, the 

presence of swollen mitochondria and distension of the sarcoplasmic reticulum. 

Interestingly, inhibition of autophagy led to the compensatory up-regulation of the 

ubiquitin proteasome system and the apoptosis pathway responsible for muscle loss. 

Furthermore, both denervation or fasting of Atg7 knockout mice increase muscle loss 

(Masiero et al., 2009). Mice with muscle-specific deletion of Atg5 have a similar 

phenotype to the muscle specific Atg7 knockout mice, but retain muscle force 

generation (Raben et al., 2008). Autophagy is required for muscle homeostasis with 

increased rates of autophagy being observed in animal models of muscle wasting. 

For example, rats with sepsis or cancer have an increase in mRNA and protein levels 

of the lysosomal cysteine endopeptidase cathepsin L in their gastrocnemius and 

tibialis muscles (Deval et al., 2001). Similarly, LC3 has also been reported to be up-

regulated in response to chronic muscle disease, fasting and denervation in mice 

(O'Leary and Hood, 2009, Nishino, 2003, Mammucari et al., 2007).  

 

In skeletal muscle, negative regulators of autophagy include runt-related transcription 

factor 1 (RUNX1), Jumpy and the most potent inhibitor of autophagy in skeletal 
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muscle, Akt (Zhu et al., 1994, Wang et al., 2005a). RUNX1 is only weakly expressed 

in innervated muscles but is strongly induced in muscle shortly after denervation 

(Zhu et al., 1994) where it appears to prevent excessive autophagy. Consistent with 

this suggestion the selective inactivation of RunX1 results in severe atrophy (Wang 

et al., 2005a). Knock down of the phosphatidylinositol 3-phosphate (PI3P) 

phosphatase Jumpy by RNAi leads to the formation of autophagosomes in C2C12 

myoblast cells and increases the rate of proteolysis in normal and starved media 

(Vergne et al., 2009). Finally, studies of the role of Akt both in adult mice or in cell 

culture have shown that activation of Akt completely inhibits autophagosome 

formation and lysososmal protein degradation during fasting or nutrient depletion 

(Mammucari et al., 2008, Mammucari et al., 2007, Zhao et al., 2007, Zhao et al., 

2008) 
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Protein Degradation 

The ubiquitin proteasome system (UPS) 

The function of the ubiquitin proteasome system is to destroy damaged or surplus 

proteins. In this system ubiquitin is used as a tag to label proteins for destruction.   

Appropriately labelled proteins are then recognised by the proteasome and 

degraded. The ubiquitin is added to the proteins in a 3-step process. Ubiquitin is 

initially attached via an ATP dependent reaction to an E1 enzyme thereby activating 

the 8.5 kDa ubiquitin protein. The ubiquitin is then transferred to an E2 conjugating 

enzyme, to form a complex that can be recognised by an E3 ligase. This E3 ligase 

acts as a platform on which the E2-ubiquitin complex can interact with and transfer 

the ubiquitin moiety to the target substrate protein. E3 ligases often interact with a 

limited set of target proteins so are important in determining the specificity of protein 

degradation. This process results in the addition of one ubiquitin molecule 

(monoubiquitination) or a chain of ubiquitin molecules (polyubiquitination), typically to 

lysine residues on the target protein substrate. The multi-subunit proteasome 

recognises the ubiquitinated protein substrate and binds and unfolds the 

ubiquitinated protein before breaking it down for re-use for synthesis of new proteins 

(Figure 2).  
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Figure 2: The UPS  

The UPS is an ATP-dependent proteolytic system. Activated ubiquitin binds to E1 

(ubiquitin-activating) and is transferred to E2 (ubiquitin-conjugating). The E2 carries 

the activated ubiquitin to E3 (ubiquitin ligase), which facilitates the transfer of the 

ubiquitin from the E2 to a lysine residue in the target protein. Poly-ubiquitinated 

target proteins are degraded by the 26S proteasome. 

Figure 2 adapted from Carrier et al (Carrier et al., 2010). 
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To identify proteins involved in protein degradation in muscle, a number of studies 

have used transcriptional profiling (complementary deoxyribonucleic acid (cDNA) 

microarrays followed by Northern blot analysis) to identify common changes in UPS 

system components in atrophying muscle. These studies have identified two E3 

ligases that are important in the degradation of muscle proteins. mRNA expression of 

one of these ligases, the muscle-specific F- box protein termed atrogin-1 (also known 

as MAFbx) was shown to be induced nine-fold in the muscles of fasted mice 

compared to control mice. Further analysis of atrogin-1 showed that it was expressed 

specifically in striated muscle and was increased in animal models of a range of 

atrophic conditions including diabetes, cancer and renal failure (Gomes et al., 2001). 

Similar studies of gastrocnemius muscles immobilised for 3 days also showed up-

regulation of the mRNA levels of atrogin-1 and a second E3 ligase, the striated 

muscle specific ubiquitin ligase MuRF-1 (Bodine et al., 2001a). This increase in 

expression of both atrogin-1 and MuRF-1 has also been found in several other 

models of muscle atrophy including denervation and unloading in rats. Knockout 

mouse models of atrogin-1 and MuRF-1 have a normal phenotype until they are 

challenged by an atrophic stimulus in which case muscle loss is reduced. For 

example, in response to denervation induced by sciatic nerve section there was a 56 

% and a 36 % muscle sparing in atrogin-1-/- and MuRF-1-/- mice respectively at 14 

days compared to WT mice (Bodine et al., 2001a). Additionally, mice in which MuRF-

1 and MuRF-2 genes have been deleted have skeletal muscle hypertrophy (Witt et 

al., 2008, Bodine et al., 2001a). These data have led to the suggestion that atrogin-1 

and MuRF-1 proteins are universal members of the muscle atrophy-signalling 

pathways.  

 

Whilst these data above suggest co-ordinated changes in the expression of MuRF-1 

and atrogin-1 a number of studies have shown differential expression or conflicting 

results. For example, one study comparing 24 and 9 month old rats showed 

increased expression of both atrogin-1 and MuRF-1 mRNA expression in the TA of 

aged rats compared to their adult counterparts, whereas another study comparing 

30-month old and 4-month old rats showed elevation in MuRF-1 protein levels but a 

reduction in atrogin-1 levels in the older animals (Altun et al., 2010, Clavel et al., 

2006). Furthermore, another study looking at ageing in mice failed to see differences 

in the expression of the two E3 ligases in adult and old muscles (Gaugler et al., 

2011). A lack of consistency in changes in atrogin-1 and MuRF-1 expression is also 

seen in studies of exercise induced changes in skeletal muscle mass and phenotype. 
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Resistance exercise leads to an increase in net protein synthesis and muscle growth 

(Goldspink, 2002, Holm et al., 2008, Vandenburgh, 1987), conversely unloading 

results in atrophy (Goldberg et al., 1975). As resistance training promotes 

hypertrophy, it might be predicted that it would reduce expression of both atrogin-1 

and MuRF-1 (Thorstensson, 1976, Folland and Williams, 2007).  However a number 

of studies have shown that in response to resistance training, atrogin-1 expression is 

unchanged or down regulated whilst MuRF-1 expression is up regulated (Jackman 

and Kandarian, 2004, Mascher et al., 2008, Yang et al., 2006, Coffey et al., 2006, 

Louis et al., 2007). The divergence in the expression of atrogin-1 and MuRF-1 in 

ageing and exercise suggests that the two E3 ligases serve different functions in 

muscle protein turnover. 

 

Transcriptional control of atrogin-1 and MuRF-1 has been linked directly and 

indirectly to forkhead box protein O (FoxO) family of transcription factors, in particular 

to FoxO1 and FoxO3a (Li et al., 2007, Russell, 2010). The IGF/PI(3)K/Akt pathway 

which induces skeletal muscle hypertrophy also prevents the induction of MuRF1 

and atrogin-1 by the Akt-mediated inhibition of FoxO1 as demonstrated by the 

inability of Akt to inactivate a FoxO1 mutant in vivo (Fernandez et al., 2002, Stitt et 

al., 2004). However, FoxO1 is not the only regulator of at least one of these ligases 

as two independent FoxO1 transgenic mouse lines (A1 and A2) have increased 

MuRF-1 mRNA expression but only one of the mouse lines showed an increase in 

atrogin-1 compared to age-matched non-transgenic control lines (Kamei et al., 2004). 

A role for FoxO3a in the control of MuRF1 and atrogin has been shown by over-

expression studies. Co-electroporation of the soleus muscles with a MuRF-1 

promoter-reporter construct and WT FoxO3a expression vector induced the activity 

of the MuRF-1 promoter construct two-fold compared to co-electroporation of the 

reporter with a control vector (Senf et al., 2010). Overexpression of FoxO3a is also 

able to up-regulate atrogin-1 mRNA and its reporter gene (Sandri et al., 2004, Lee et 

al., 2004). Conversely expression of a dominant negative form of Foxo3a has been 

shown to reduce dexamethasone-induced atrogin-1 expression (Sandri et al., 2004).  

 

TGFβ-myostatin signalling pathway 

One factor that regulates the activity of the processes that mediate muscle 

degradation is myostatin. Myostatin (also known as GDF-8) is a member of the TGF-

β superfamily of secreted growth and differentiation factors most abundantly 

expressed in developing and adult skeletal muscle with a lower level of expression in 

adipose tissue (McPherron et al., 1997, Grobet et al., 2003). In rats the expression of 
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myostatin is higher in muscles that predominantly contain fast fibres than in muscles 

that predominantly contain slow fibres (Matsakas et al., 2006). Myostatin is a 

negative regulator of skeletal muscle mass with knockout of myostatin in mice by 

gene targeting methods leading to a “ mighty mouse” phenotype characterised by a 

very low level of body fat and a two- to three- fold increase in skeletal muscle mass 

due to a combination of cell hyperplasia and hypertrophy, compared to WT mice 

(McPherron et al., 1997). Conversely, in transgenic male mice in which myostatin is 

over-expressed under the control of the skeletal muscle creatine kinase promoter 

there was an 18 % reduction in fibre cross-sectional area of quadriceps and 

gastrocnemius muscles compared to WT male mice, along with an increase in 

myonuclear number (Reisz-Porszasz et al., 2003). Supporting evidence for myostatin 

as an inhibitor of muscle growth has come from the analysis of several naturally 

occurring partial deletion or substitution mutations in the myostatin gene that inhibit 

myostatin expression or function.  In these animals there is an increase in the 

number of muscle fibres as exemplified by the double muscled Asturiana, 

Marchigiana, Belgian Blue and Piedmontese  cattle breeds (McPherron and Lee, 

1997, Grobet et al., 1997, Kambadur et al., 1997, Marchitelli et al., 2003). Inactivating 

mutations have also been seen in humans with the first documented cases being a 

German child whom from 6 days to 7 months showed clear increases in muscle 

tissue in the hip and lower leg (Schuelke et al., 2004). At the age of 4.5 years this 

child had increased muscle bulk, strength and increased CSA of the quadriceps 

muscles compared to age- and sex- matched individuals. His strength was 

demonstrated by his ability to hold two 3 kg dumbbells with arms extended out to the 

sides. DNA analysis showed that the child was homozygous for G → A substitution 

at nucleotide G.IVS1 +5.  His mother who was heterozygous for the mutation had 

larger than normal calf muscles (Schuelke et al., 2004). This case study has been 

classified under the umbrella of myostatin-related muscle hypertrophy or muscle 

hypertrophy syndrome. This rare genetic condition shows incomplete autosomal 

dominance as homozygous and heterozygous individuals have significantly 

increased muscle mass and strength compared to the general population but the 

effect is larger in the homozygous individuals (Wagner and Cohen, 1993).  

 

The absence of myostatin seen in myostatin-related muscle hypertrophy is not 

known to cause medical complications (Wagner and Cohen, 1993) raising the 

possibility that inhibiting myostatin function in muscle wasting diseases such as 

cachexia, muscular dystrophy, or trauma may increase muscle mass and function 

with few side effects (Bogdanovich et al., 2002, Wagner et al., 2002). Such inhibitors 
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or their genetic counterparts are also of great interest to professional athletes 

seeking to improve their physical performance (Wells, 2008).  

 

A number of lines of evidence indicate that myostatin plays an important role in 

muscle wasting associated with chronic disease.  For example, chronic hypoxia 

induces myostatin up-regulation in the skeletal muscle of rats and the muscle of 

COPD patients show increased amounts of the myostatin peptide (Hayot et al., 

2011). In aging, consistent with a role for myostatin in age related muscle wasting it 

has also been shown that the there are higher serum levels of myostatin in middle-

aged men and women compared to their younger counterparts (Yarasheski et al., 

2002). Further support for a role of myostatin in ageing can be seen in the ability of 

myostatin neutralising antibodies to slow the decline in muscle mass and function 

(Murphy et al., 2010). 

 

Myostatin is synthesised within the cell as an inactive precursor protein, which, in 

humans is a 27.8 kDa protein containing 244 amino acid residues. After synthesis, 

promyostatin forms a disulfide-linked homodimer (McPherron et al., 1997). 

Promyostatin is proteolytically cleaved by the furin family of protein convertases at a 

dibasic site to generate an N-terminal pro-peptide and a disulfide-linked C-terminal 

dimer. Myostatin is secreted by muscle cells into the blood where it circulates in an 

inactive latent complex comprised of the C-terminal active peptide non-covalently 

bound to the pro-peptide (Gonzalez-Cadavid et al., 1998).  

 

Myostatin is activated by the proteolytic cleavage of the NH2 terminal prodomain by 

the bone morphogenetic protein (BMP)-1/tolloid family of metalloproteinases 

(Wolfman et al., 2003). The active ligand binds to either activin receptor type II A 

(ActRIIA) or ActRIIB with high affinity leading to the recruitment and activation by 

phosphorylation of the co-receptors; Activin like kinases-4 and -5 (Alk-4 or Alk-

5)(Elkasrawy and Hamrick, 2010). A signalling cascade in the muscle is then initiated 

that induces the phosphorylation and activation of SMAD2 and SMAD3, which then 

form heterodimeric complexes with SMAD4. This SMAD complex translocates to the 

nucleus where it transactivates the myostatin-dependent gene expression program 

(Rebbapragada et al., 2003, Lee and McPherron, 2001). This gene expression 

program includes down-regulation of the myogenic gene MyoD and up-regulation of 

the ubiquitin-proteasome genes atrogin-1, MURF-1 and the 14-kDa ubiquitin-

conjugating enzyme E2 (E214k) (McFarlane et al., 2006). As well as increasing the 



	   44	  

activity of the UPS, myostatin also increases autophagy by promoting the cleavage 

of LC3 to LC3II and increasing the expression of Atg4 (Lee et al., 2011).  

 

In addition to promoting the pathways involved in protein degradation myostatin 

signalling also inhibits the activity of the IGF-1/PI3K/AKT hypertrophy pathway by 

suppressing the phosphorylation of Akt resulting in hypo-phosphorylation and nuclear 

localisation of forkhead box protein O1 (FoxO1) which stimulates MuRF1 expression 

(McFarlane et al., 2006, Sandri et al., 2004). The reduction in Akt phosphorylation 

also implies a reduction in protein synthesis and consistent with this suggestion 

myostatin suppresses leucine incorporation in myotubes and myoblasts (Taylor et al., 

2001). Myostatin is also known to influence muscle growth by suppressing satellite 

cell activation and self-renewal via the downregulation of Pax7. This suppression in 

satellite cell self-renewal reduces muscle regeneration (McCroskery et al., 2003). 

Thus myostatin is an important regulator of atrophy by both promoting muscle 

degradation and inhibiting muscle synthesis.  
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Nuclear Receptors and their ligands in the regulation of muscle mass and 
phenotype 

Muscle phenotype is influenced by multiple factors including the steroid and thyroid 

hormones that function by binding to their receptors, which are members of the 

nuclear receptor super-family of hormone dependent transcription factors. This family 

of proteins are important in development, homeostasis and metabolism (Bain et al., 

2007, Ribeiro et al., 1995) and contribute to the control of anabolic and catabolic 

pathways in metabolic tissues such as adipose tissue, muscle and liver (Francis et 

al., 2003). Nuclear receptor transcriptional activity is mediated by recruitment of co-

activators and co-repressors to target genes. Co-activators and co-repressors often 

contain either FXXLF or LXXLL motifs (F is phenylalanine, X is any amino acid and L 

is leucine) known to mediate binding, drive interactions with nuclear receptors and 

which are also present in the nuclear receptor (Heery et al., 1997).  

 

There are three nuclear receptor classes. Class I referred to as the steroid receptor 

family includes the androgen receptor (AR), estrogen receptor (ER), glucocorticoid 

receptor (GR) and the progesterone receptor (PR). Class II referred to as the 

thyroid/retinoid family consists of the thyroid receptor (TR), vitamin D receptor (VDR), 

retinoic acid receptor (RAR) and the peroxisome proliferator-activated receptor 

(PPAR). Class III members are known as the orphan receptor family. All nuclear 

receptors modulate gene transcription, although amongst the three classes there are 

differences in the mechanisms through which this is achieved. The focuses of this 

study are Class I and Class II receptors and the mechanism of action of these 

receptors (Figure 3 and Figure 4 respectively) is described in more detail below.  
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Class 1: Steroid Receptor Family 

In the absence of ligand, Class 1 steroid hormone receptors are located in the 

cytosol in a complex comprised of heat shock proteins and immunophilins (Dittmar et 

al., 1997). Upon hormone binding, Class 1 hormone receptors dissociate from the 

multi-protein complex, translocate to the nucleus where together with co-activators 

and co-repressors they regulate the expression of hormone responsive genes either 

by direct binding to the hormone response elements of target genes or through 

protein interactions with other transcriptional regulators (Kassel and Herrlich, 2007, 

Gobinet et al., 2002). Two examples of this class of receptor that will be discussed 

further are the Androgen Receptor (containing the LXXLL and FXXLF motif) and the 

Glucocorticoid Receptor (containing two copies of the LXXLL motif). 	  
 

 
Figure 3: Class I nuclear receptor family. 

The inactive receptor is held in the cytoplasm by interaction with Heat shock proteins 

(HSP).  The steroid diffuses into the cell where it binds to its nuclear receptor (NR) 

causing a conformational change which leads to dissociation of the NR from heat 

shock proteins (HSP). The NR homodimerizes and translocates to the nucleus where 

it binds to hormone response elements (HRE) and interacts with the transcriptional 

machinery to modulate gene transcription. 

 

Cytoplasm	  
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Androgen Receptor (AR): FXXLF, LXXLL 

Androgens are important for the establishment and maintenance of reproductive 

organs in men. Activation of the androgen receptor-signalling pathway also induces 

important effects in the development of some other tissues including the brain and 

skeletal muscle.  

Androgen-induced muscle hypertrophy	  
The main androgen in skeletal muscle is testosterone a well known anabolic 

hormone that increases muscle mass and has been widely used by athletes to 

enhance performance by increasing muscle mass and strength. Studies exploring 

androgen function have utilised eugonadal (endocrinologically normal) and 

hypogonadal (diminished testosterone production) men. 

 

The importance of androgens in the maintenance of muscle mass and strength have 

been demonstrated both by increasing and suppressing their expression in men. For 

example, Mauras et al conducted a study in which six healthy men were subjected to 

gonadal steroid suppression over the course of 10 weeks. After the experimental 

period there was a suppression of testosterone concentrations and a decrease in fat-

free mass and strength in the subjects compared to baseline parameters (Mauras et 

al., 1998). Consistent with the decrease in fat free mass there was an increase in 

proteolysis. Conversely, androgens have been shown to increase muscle mass and 

strength in healthy men given exogenous testosterone in an exercise interventional 

study (Bhasin et al., 1996). Similarly, replacement doses of testosterone in a nutrient 

interventional study increased fat-free mass, muscle size and strength in 

hypogonadal men (Bhasin et al., 1997). Testosterone - induced gain in muscle mass 

has been associated with hypertrophy of type I and II muscle fibres (Sheffield-Moore 

et al., 1999) as a result of an increase in protein synthesis (Urban et al., 1995, 

Rooyackers and Nair, 1997) and a decrease in muscle protein breakdown (Ferrando 

et al., 2002). The natural experiments of ageing also support a role for testosterone 

in the regulation of muscle mass. As men age there is a marked reduction in 

testosterone levels (Lapauw et al., 2008) accompanied by reduced physical activity, 

muscle atrophy and weakness implicating reduced testosterone in sarcopenia. In 

elderly men classified as being 60 years of age or older, near physiological amounts 

of testosterone supplementation given weekly for a month followed by bi-weekly 

injections for 5 months resulted in an increase in total and leg lean body mass, 

muscle strength and muscle volume compared to the placebo control group. These 
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muscle effects were suggested, to be caused in part by IGF-1 as IGF-1 protein levels 

of the treated group were elevated throughout testosterone administration (Ferrando 

et al., 2002).   

Sex differences in muscle mass and phenotype	  
Skeletal muscle mass is greater and the mean cross-sectional area of all fibre types 

is larger in men compared to women (Spiering et al., 2006) (Janssen et al., 2000). 

Studies analysing vastus lateralis muscle biopsies have found in men the largest 

fibres were type IIA followed by type I and IIB whilst the largest fibres in women were 

type I followed by type IIA and IIB. This observation ties in with the fact that the mean 

proportion of type I fibres is lower in male than in female muscles and that the levels 

of glycolytic enzyme markers are higher in male than in female skeletal muscles 

(Simoneau and Bouchard, 1989, Spiering et al., 2006). Thus the sex difference in 

muscle mass and phenotype is more pronounced in type II fibres resulting in a higher 

ratio of type II to type I fibre mass in males than females.  

Mechanism of androgen action on muscle protein synthesis 

Androgen receptors are present in myonuclei and in satellite cells of skeletal muscle 

(Doumit et al., 1996), and testosterone supplementation in rats results in an increase 

in satellite cell proliferation and subsequent increase in myonuclei number (Joubert 

and Tobin, 1995, Joubert and Tobin, 1989, Joubert et al., 1994). This is mirrored in 

young men with low levels of serum testosterone whereby testosterone 

supplementation results in fibre hypertrophy accompanied by dose-dependant 

increases in the number of satellite cells and the number of myonuclei per fibre 

(Sinha-Hikim et al., 2003). Additionally, testosterone enhances the number of 

proliferating satellite cells in regenerating TA muscles irrespective of age post injury 

in mice (Serra et al., 2013). Apart from the direct effects on satellite cells there is also 

evidence that shows androgens stimulate muscle growth by affecting the rate of 

protein synthesis, protein breakdown and the net gain or loss of muscle protein 

(Wong et al., 1993). When testosterone increases muscle protein synthesis, 

intramuscular mRNA concentrations of IGF-I are increased and concentrations of the 

inhibitory IGF binding protein 4 are decreased (Rooyackers and Nair, 1997). In rats 

and humans androgen supplementation increases IGF-1 protein expression and 

thereby muscle mass (Lewis et al., 2002, Ferrando et al., 2002). For example, in a 

randomised controlled trial of normal men, testosterone administration for 6 weeks 

increased IGF-1 levels (Hobbs et al., 1993). However the link between androgen and 

IGF-1 is not as clear-cut. For example, whilst testosterone can independently 
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increase protein synthesis, it cannot increase IGF-1 levels in the absence of growth 

hormone in hypo-pituitary men (Gibney et al., 2005). Secondly, deletion of the 

androgen receptor in male androgen receptor knockout (ARKO) mice, reduces body 

mass but does not affect the levels of serum IGF-1 levels compared to their WT male 

counterparts at 9- or 12- weeks of age an observation confirmed by microarray 

analysis (MacLean et al., 2008). These data imply that the anabolic actions of 

androgens in skeletal muscle can occur at least in part through IGF-1 independent 

pathways (MacLean et al., 2008). 

  

ARKO mice have been useful in deducing the mechanism of androgen receptor 

action in skeletal muscle. The lower body mass of ARKO male mice compared to WT 

male mice is attributed to a lower muscle mass of the hind-limb muscles (TA, soleus, 

EDL and gastrocnemius), at 9 and 12 weeks of age. This reduction in muscle mass 

was equated to weakness in the EDL muscle and fatigue resistance in the soleus 

muscle of male ARKO male mice compared to WT male mice. Female ARKO mice 

were no different in terms of body and muscle mass to their WT female counterparts, 

however in terms of fatigue they were equivalent to male ARKO mice and more 

fatigue resistant than male WT mice (MacLean et al., 2008). Delineation of the AR 

signalling pathway was conducted by microarray analysis comparing gene 

expression in the gastrocnemius muscles of male ARKO mice and WT mice. The 

genes identified as modified by testosterone identified a role for the AR in signalling 

pathways that regulate cell proliferation, differentiation and fibre type switching. 

Examples included the negative regulator of myoblast differentiation Integrin beta 1 

binding protein 3, actin related protein 3b (which contributes to actin filament 

formation), IGF-2, transforming growth factor (TGF) 2 and LIM genes responsible for 

myogenesis and transcriptional regulation (MacLean et al., 2008).  Other genes that 

were suppressed in these mice included those involved in polyamine synthesis 

including ornithine decarboxylase, whereas Frizzled 4 a gene involved in wnt 

signalling was increased (MacLean et al., 2008). Interestingly more recent data using 

mice in which the androgen receptor was deleted in satellites cells identified 

myostatin as an additional testosterone target (Dubois et al., 2014). In addition to 

direct effects of androgens on the muscle it is likely that there are also indirect effects 

of testosterone on muscle mass.  For example, androgens are known to increase the 

soma size of motor neurones so may alter neurone-muscle interactions to alter 

muscle mass (Yang and Arnold, 2000). Consequently the effects of androgens on 

muscle mass occur through multiple pathways. 
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Glucocorticoid Receptor (GRα): LXXLL, LXXLL 

Glucocorticoid-induced muscle atrophy 

Cortisol is a stress induced steroid hormone that has been associated with muscle 

degradation that acts by binding to the glucocorticoid receptor (GR). Whilst this 

protein is ubiquitously expressed, in muscle it is found to be relatively highly 

expressed in the type II fibre rich gastrocnemius and tibialis anterior (TA) muscles 

compared to the predominantly type I fibre soleus muscle. Perhaps as a 

consequence glucocorticoid – induced muscle atrophy is characterised by fast-twitch 

type II glycolytic muscle fibre loss evidenced by a reduction in the intramuscular 

concentration of myosin heavy chain II in dexamethasone (dex) treated rats (Ma et 

al., 2003). The mechanism of atrophy occurs through the up-regulation of muscle 

protein degradation via induction of atrogin-1, MuRF-1, and myostatin genes and by 

activation of apoptotic pathways (Menconi et al., 2007, Ma et al., 2003). These 

changes are consistent with evidence showing that MuRF-1 degrades myosin heavy 

chain protein in dexamethasone treated skeletal muscles in vitro and that MuRF-1 

knockout mice are resistant to dexamethasone-induced muscle atrophy (Baehr et al., 

2011, Clarke et al., 2007). In addition to increasing the expression of E3 ligases 

dexamethasone also increases the expression of ubiquitin and interestingly this 

increase in ubiquitin expression seems to be specific to skeletal muscles cells, as it is 

not seen in cardomyocytes, kidney cells or intestinal epithelial cells (Marinovic et al., 

2007). Other anti-anabolic effects of glucocorticoids include the inhibition of 

myogenin, a transcription factor important for the differentiation of satellite cells into 

muscle fibres (te Pas et al., 2000).  

 

Part of the mechanism by which glucocorticoids and the GR suppress protein 

synthesis may come from their effect on energy homeostasis (Shimizu et al., 2011). 

Once the GR enters the nucleus upon ligand binding it activates the expression of 

regulated in development and DNA damage response 1 (REDD1) and Krüppel-like 

factor (KLF) 15. REDD1 inhibits mTOR activity thereby suppressing protein 

synthesis. KLF15 is able to both activate expression of atrogin-1 and MuRF1 

promoting atrophy and also increases branched-chain aminotransferase 2 (BCAT2) 

expression.  This induction of branched- chain amino acid degradation inhibits mTOR 

activity (Shimizu et al., 2011). These data are consistent with other evidence 

demonstrating that glucocorticoid-induced muscle atrophy involves the suppression 

of anabolic signalling pathways by blunting protein synthesis through the inhibition of 

amino acid transport into muscle and attenuation of IGF-1 signalling (Kostyo and 
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Redmond, 1966). As part of the feedback mechanisms activation of mTOR also 

inhibits GR target gene transcription and therefore glucocorticoid-induced atrophy 

(Shimizu et al., 2011).	  

 

Whilst it is well established that glucocorticoids can increase muscle atrophy 

signaling and are elevated in a number of diseases where wasting occurs, there are 

also a number of conditions where muscle wasting is glucocorticoid independent or 

where dexamethasone may contribute to myogenesis (Frost et al., 2007, Llovera et 

al., 1996, Marinovic et al., 2007, Pickering et al., 2003, Wray et al., 2003). For 

example, the glucocorticoid antagonist RU38486 fails to prevent muscle atrophy (i.e. 

the upregulation of atrogin-1 or MuRF-1) in rats treated with HCI supplements or in 

rats that had developed sepsis following cecal ligation and puncture, suggesting that 

glucocorticoids do not regulate muscle atrophy in certain scenarios (Pickering et al., 

2003, Wray et al., 2003, Frost et al., 2007). Similarly, a lack of involvement of 

glucocorticoids in wasting as a consequence of experimental cancer or muscle 

unloading suggests that there are glucocorticoid independent muscle atrophy 

pathways (Llovera et al., 1996, Pickering et al., 2003). The implication of a role for 

the GR in myogenesis comes from studies in cell culture. In C2C12 skeletal muscle 

myoblast cells, high doses of the glucocorticoids (dexamethasone or prednisolone) 

induce cell death and MyoD degradation via the ubiquitin-proteasome pathway. 

Conversely low doses of the glucocorticoids result in an increase in mRNA levels of 

the myogenic factors (MyoD, Myf-5 and MRF4) and decreased proliferation (te Pas 

et al., 2000). Furthermore, in the same cell line it has been shown that 

dexamethasone and IGF-1 treatment results in synergistic myogenic differentiation 

resulting in hypertrophic myotubes (Semsarian et al., 1999, Sultan et al., 2006). 

 

Class 1 receptors in ageing and chronic disease 

A number of studies of ageing have shown an imbalance of androgens and 

glucocorticoids. For example, as discussed above there is a marked reduction in 

testosterone in aging men.  Conversely there appears to be a significant increase in 

cortisol levels with age and although small scale studies fail to show an association 

of cortisol with muscle wasting, larger studies have shown that morning cortisol 

levels are inversely associated with a number of assessments of physical 

performance including grip strength, standing from a seated position and standing 

with one foot directly in front of the other (a balance test).  Although in these 
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analyses there was no direct correlation between muscle mass and cortisol levels 

other studies suggest such a link. Analysis by Waters et al of pre-and post-breakfast 

cortisol levels showed that sarcopenic patients had increased cortisol compared to 

controls (Waters et al., 2008).  

 

In chronic diseases there is also a shift in the ratio of androgens and glucocorticoids 

towards a relative excess of glucocorticoids. Androgen deficiency is well described in 

male patients with COPD (Karadag et al., 2009). A significant proportion of patients 

with COPD have frequent moderate/severe exacerbations requiring repeated 

courses of oral glucocorticoids (Hurst and Calverley, 2010). Hence male patients with 

COPD and a low muscle mass have been reported to have a lower ratio of circulating 

Dehydroepiandrosterone (DHEAS) to circulating cortisol than male COPD patients 

who have a preserved muscle mass (Debigare et al., 2003). A reduction in the 

androgen to cortisol ratio is similarly observed in heart failure patients with cachexia 

(Anker et al., 1999) as well as in diabetes (Farrell et al., 2008), cancer (MacDonald, 

2007) and acquired immunodeficiency syndrome (AIDS) (Christeff et al., 1999).  
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Class 2: Thyroid/Retinoid Receptor Family. 

Class 2 nuclear receptors are also important in the regulation of muscle mass and 

phenotype but function in a slightly different manner to class 1 receptors.  In the 

absence of ligand, class 2 thyroid/retinoid receptors are found in the nucleus bound 

to a co-repressor and the hormone response element, this binding to the hormone 

response element is enhanced by an orphan steroid receptor referred to as the 

retinoid X receptor (RXR) (Zhang and Kahl, 1993). After transportation of the ligand 

by an intracellular binding protein from the cell surface and cytoplasm into the 

nucleus, the ligand binds to the hormone receptor; the co-repressor is then 

exchanged for a co-activator leading to activation of the associated gene expression 

program and subsequent protein synthesis (Freedman, 1999). Examples of this class 

of receptor that modify muscle mass and/or phenotype includes the Thyroid 

Receptors and the Vitamin D Receptor.  

 
Figure 4: Class II Nuclear receptor family 

Interaction of the unliganded type II receptors with co repressors leads to gene 

repression of transcription. Once ligand binds to the nuclear receptor the co 

repressor is exchanged with a co-activator leading to transcriptional activation. 
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Thyroid Receptor (TRα, TRβ): LXXLL  

The natural ligand for the thyroid hormone receptor (TR) is triiodothyronine (T3) 

(Flamant et al., 2006).   

 

There are two genes, TRα and TRβ, that encode thyroid receptors in mammals, that 

in humans, are located on chromosome 17 and 3 respectively (Weinberger et al., 

1986, Cheng, 2000). The TRα gene encodes one Triiodothyronine (T3) binding 

protein TRα1 and four non-T3 binding proteins, two of which, (TRα2, TRα3) arise 

from alternative splicing of the same primary transcript as TRα1.  The other two 

isoforms (TR∆α1, and TR∆α2) are produced by transcription from an alternative 

promoter located in intron 7 (Plateroti et al., 2001). The TRβ gene located on 

chromosome 3 generates three T3-binding receptor isoforms (TRβ1, TRβ2 and 

TRβ3) by alternative splicing (Williams, 2000). The α and β receptors show marked 

sequence differences in their N-terminal domain, but have high sequence similarity in 

their DNA binding, ligand binding and ligand dependant trans-activation domains. 

These differences between the TRs will be discussed below. 

Thyroid Receptors and metabolism	  
The thyroid receptors have both sub-type specific and overlapping functional roles as 

shown by gene inactivation/deletion studies (Forrest et al., 1996, Wikstrom et al., 

1998, Fraichard et al., 1997, Gothe et al., 1999). For example the deletion of TRα1 in 

mice reduces heart rate by approximately 20% and body temperature by 0.5°C 

compared to control mice (Wikstrom et al., 1998). Mice with both TRα1 and TRα2 

isoforms knocked out (TR -/-) exhibited an altered growth rate and smaller adult size 

compared to wild-type mice, but the phenotype was not due to any abnormalities in 

skeletal muscle or the heart (Gauthier et al., 1999). In contrast, the inactivation of the 

TRβ gene resulted in auditory and visual impairment with no change in metabolism 

(Forrest et al., 1996) or growth rate compared to wild-type mice (Gauthier et al., 

1999). 

 

In striated muscle, the thyroid receptors are differentially expressed with TRα1 

expressed at higher levels in skeletal muscle (especially in type II muscle fibres) 

compared to the heart. In contrast TRβ1 has a two- to three- fold greater expression 

in the heart than in skeletal muscle where it is mostly expressed in oxidative skeletal 

muscle. Slow muscle types such as the soleus exhibit a higher ratio of TRβ1 to TRα1 

mRNA than fast-twitch muscles. As a consequence whilst T3 has marked effects on 

both muscle mass and metabolism, the magnitude of its effects differs between type I 
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and type II muscles. For example, T3 treatment causes a smaller reduction in muscle 

mass in the predominantly type I soleus muscle than the predominantly type II 

plantaris muscle. Conversely T3 causes a greater increase in mitochondrial function 

measured by citrate synthase (CS) activity, cytochrome-oxidase (COX) activity and 

peroxisome proliferator activated receptor gamma coactivator 1 alpha (PGC1α) 

expression in the soleus than the plantaris (Bahi et al., 2005).   

 

The expression of both TRα1 and TRβ1 in muscle is dependent on thyroid hormone 

status but the specific changes in response to elevated or suppressed T3 depend on 

both the TR type and the muscle. For example, hyperthyroidism reduces TRα1 

mRNA levels in fast-twitch muscles but increases TRβ1 mRNA levels in all muscle 

types. Elevated T3 increases the metabolic rate and thereby stimulates muscle 

catabolism through the production of reactive oxygen species (ROS).  The elevation 

of TRβ1 levels in hyperthyroidism combined with higher expression of TRβ1 

compared to TRα1 in oxidative muscle, implies that TRβ1 is more likely to protect 

muscle from the catabolic effects of excess T3, than TRα1 (Harman, 1956). This 

suggestion is supported by the fact that patients with mutations in TRβ that cause 

resistance to T3, have an elevated metabolic rate in skeletal muscle associated with 

increased levels of circulating thyroid hormones and unopposed TRα action (Mitchell 

et al., 2010). In hypothyroidism there is an elevation of TRα1 levels and a decline in 

TRβ1 in all muscle types (Haddad et al., 1998).  

 

The importance of T3 to muscle physiology is exemplified by the presence of thyroid 

hormone response elements in a number of genes important in muscle biology 

including myogenin, α-actin and glucose transporter (GLUT) 4 (Downes et al., 1993, 

Moreno et al., 2003, Santalucia et al., 2001). Furthermore, by regulating the 

expression of transcription factors involved in muscle differentiation (e.g. MyoD and 

myogenin), thyroid hormones alter myotube formation. For example, treatment of 

myoblasts with T3 for 15 h increases MyoD expression levels thereby promoting 

terminal differentiation. (Albagli-Curiel et al., 1993, Carnac et al., 1992, Collie and 

Muscat, 1992, Marchal et al., 1995).  

 

Vitamin D Receptor 

Increasing evidence for the role of Vitamin D receptor in skeletal muscle tissue and 

function has come from clinical trials, muscle biopsies and VDR mouse knockout 

models.  
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Vitamin D Receptor in muscle mass and phenotype 

In the elderly, poor Vitamin D status is associated with an increased risk of falling 

and Type II muscle fibre atrophy. Type II fibres are important in preventing falls due 

to their expression in weight-bearing antigravity muscles of the lower limb and their 

speed of response (Glerup et al., 2000, Snijder et al., 2006). These data suggest that 

Vitamin D is important in regulating fibre proportion and consistent with this 

suggestion, studies in which Vitamin D supplementation has been administered, 

report an increase in type II muscle fibre diameter and percentage of type II fibres 

together with a reduction in the number of falls (Sato et al., 2005, Pfeifer et al., 2000). 

VDR knockout mice have a 20% reduction in both type I and type II muscle fibre 

diameters compared to their WT counterpart (Endo et al., 2003).  

Molecular pathways for muscle regulation by Vitamin D 

The effects of Vitamin D have been determined on C2C12 myoblast proliferation, 

progression and differentiation into myotubes. In these studies vitamin D increased 

the expression and nuclear translocation of the VDR, decreased cell proliferation and 

increased myogenic differentiation demonstrated by an increase in myogenic 

markers (desmin, MyoD). Furthermore levels of IGF-II which promotes differentiation 

and fusion of myoblasts to form myotubes were increased (Amthor et al., 2007), 

whilst there was a reduction in the expression of myostatin (K et al., 2013). The 

reduction in myostatin levels was caused by an increase in the levels of follistatin a 

protein known to bind and inactivate myostatin (Lee and McPherron, 2001, Garcia et 

al., 2011). 	  

FHL1 in the regulation of muscle mass 

In addition to the signalling molecules described above other proteins have been 

identified as contributing to the control of muscle mass. Not all of these directly 

activate signalling pathways leading to muscle hypertrophy or atrophy. One example 

of this is the Four and a half LIM domain protein (FHL1) a member of the LIM domain 

family of proteins.  FHL1 is also known as (skeletal muscle Lim-protein 1) SLIM1 is 

expressed at high levels in skeletal muscle, moderate levels in the heart and at low 

levels in the ovary, testis, small intestine and spleen, and virtually no expression is 

detected in the brain and lungs (Lee et al., 1998, Morgan et al., 1995, Morgan and 

Madgwick, 1999).  
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LIM proteins 

The nomenclature of the LIM domain is derived from the first three letters of the three 

developmentally regulated transcription factors in which the domain was first 

identified: Caenorhabditis elegans (C.elegans) Lin-11, rat Is1-1 and C.elegans Mec3 

(Way and Chalfie, 1988, Freyd et al., 1990, Karlsson et al., 1990). The LIM domain is 

denoted by the consensus amino acid sequence Cys-X2-Cys-X16-23-His-X2-Cys-X2-

Cys-X2-Cys-X16-21-Cys-X2-Cys/His/Asp (where X represents any amino acid), with 

conserved cysteine and histidine residues coordinating the binding of two zinc ions 

forming two double zinc fingers (Freyd et al., 1990, Sadler et al., 1992). LIM domain 

containing proteins are known to interact with both the actin cytoskeleton and 

transcriptional machinery and to be able to shuttle between the cytoplasm and 

nucleus suggesting that they may be able to contribute to communication between 

the cytoplasm and nuclear compartments.  Such a role may be important in the 

diverse biological roles of LIM proteins (Johannessen et al., 2006).   

 

The focus of this thesis is FHL1 and 3, which code for LIM only proteins and appear 

to have distinct roles in the regulation of skeletal muscle. Mutations in FHL1 have 

been identified in skeletal myopathies (see section on FHL1: Skeletal muscle 

myopathies) whereas little is known about the role of FHL3 in muscle but current 

knowledge is discussed in the section on FHL3.   

.   

FHL1 and skeletal muscle structure 

FHL1 has been implicated in the regulation of sarcomere formation during 

myogenesis. In mature skeletal muscle and isolated myofibrils FHL1 is present at the 

I-band, M-line (located at the centre of the sarcomere flank either side of the A-

band), and sarcolemma where its second LIM domain is able to interact with the C- 

terminus of Myosin-binding protein C (MyBP-C). The function of MyBP-C is to 

regulate actomyosin interactions and to stabilize myosin thick filaments (McGrath et 

al., 2006). Overexpression of FHL1 leads to disruption of Z-line and sarcomere 

formation as well as disruption of myosin thick filament assembly as observed in 

C2C12 myotubes. RNA interference (RNAi) mediated knockdown of FHL1 also 

inhibited myosin thick filament formation and impeded MyBP-C incorporation into the 

sarcomere (McGrath et al., 2006).  

 

FHL1 and skeletal muscle differentiation 

Changes in FHL1 expression during differentiation have been studied over 16 days 
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of differentiation using C2C12 cells in vitro. In these studies FHL1 expression was 

increased by day 10, similar to the profile of myogenic regulatory factor (MRF4, 

myogenin) and growth factor IGFII expression (Morgan and Madgwick, 1999) 

suggesting FHL1 could play a role in muscle differentiation. Supporting studies have 

shown that FHL1 regulates the integrin receptors that are involved in skeletal muscle 

differentiation (Mayer, 2003, Liu et al., 2011). In skeletal myoblasts FHL1 is localized 

in the nucleus and the cytoplasm, predominantly at focal adhesions and along stress 

fibres in the presence of integrin signaling. However in the presence of poly-L-lysine, 

an inhibitor of integrin activation, FHL1 is located diffusely in the cytosol with reduced 

nuclear presence. Overexpression of FHL1 promotes cell spreading and migration 

mediated specifically by α5β1-integrin whilst inhibiting cell adhesion (Robinson et al., 

2003). During differentiation, overexpression of FHL1 promotes the alignment and 

fusion of cells to form myotubes with either branching or hyperelongation of 

mononucleated phenotypes in an integrin dependent manner (McGrath et al., 2003).  	  

FHL1 and skeletal muscle hypertrophy 

FHL1 is considered to be a vital regulator of skeletal muscle mass with elevated 

FHL1 mRNA expression associated with postnatal muscle growth (Morgan et al., 

1995). Supporting studies have shown that FHL1 transcriptional levels increase 

during skeletal hypertrophy induced by passive stretch and decline during muscle 

atrophy due to disuse (Loughna et al., 2000). Consistent with these studies, analysis 

of transgenic mice overexpressing FHL1 demonstrated an increase in skeletal 

muscle mass and a shift towards an oxidative fibre type. These changes were 

associated with an increase in whole body strength and a resistance to fatigue 

(Cowling et al., 2008). The mechanism by which FHL1 was suggested to modulate 

muscle mass and phenotype was through an interaction with NFATc1 (nuclear factor 

of activated T cells, cytoplasmic calcineurin-dependent 1) (see next section on the 

regulation of skeletal muscle fibre type by calcineurin and NFATs).  Having found 

that the effects of FHL1 over-expression were similar to those of NFATc1 activation, 

Cowling et al showed that FHL1 could bind to NFATc1 and act as a co-activator for 

this transcription factor.  Furthermore, they showed that in myoblasts from patients 

with Reducing Body Myopathy (RBM) in which a mutant FHL1 forms protein 

aggregates, NFATc1 was sequestered in the aggregates (Cowling et al., 2008).  

 

The regulation of skeletal muscle fibre type by calcineurin and NFATs  

Calcium is a vital contributor to skeletal muscle physiology with electrical, mechanical 

and chemical stimulation of cells leading to a wide variety of intracellular calcium 
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signals. One set of these signals are promoted by the activation of calmodulin (CaM), 

a highly conserved 148 amino acid long high affinity Ca2+ - binding protein expressed 

in all eukaryotic cells, which acts as a Ca2+ sensor. Upon binding Ca2+
, CaM 

undergoes a conformational change allowing it to interact with components of a 

range of downstream signalling systems modifying their activity (Stevens, 1983, Chin 

and Means, 2000, Ikura et al., 2002, Berridge et al., 2000).  Downstream targets of 

CaM include the calmodulin-regulated serine/threonine phosphatase, calcineurin 

(Klee and Krinks, 1978, Aramburu et al., 2000, Hemenway and Heitman, 1999) a 

protein implicated in the expression of muscle-specific genes, skeletal muscle 

hypertrophy and the regulation of myofibre-specific gene expression. In particular the 

involvement of calcineurin in the maintenance of the MHC1 gene expression and the 

activity dependant replacement of the MHCII isoform by MHCI isoform has been 

investigated using a number of different models (Hogan et al., 2003). For example  

chronic administration of the calcineurin inhibitor, cyclosporine A (CsA) in vivo 

causes the partial replacement of MHCI with fast-twitch myosin isoforms in soleus 

muscles of mice and rats (Chin et al., 1998). Another example of the relationship 

between calcineurin and fibre-type is seen in studies of the mouse flexor digitorum 

brevis muscle (a predominantly fast twitch muscle) to electrical stimulation. In 

response to electrical stimulation, this muscle shows a marked up-regulation of both 

MHCI and calcineurin in all fibres within 6 days of starting the intervention (Liu and 

Schneider, 1998, Bigard et al., 2000, Irintchev et al., 2002).  

 

The mechanism by which calcineurin modifies MHC gene expression appears to 

include activation of the nuclear factor of activated T cells (NFAT) family of 

transcription factors. Under basal conditions these proteins are phosphorylated and 

localised to the cytoplasm (Rao et al., 1997). Activation of calcineurin leads to the de-

phosphorylation and activation of NFATs causing the newly formed calcineurin/NFAT 

complex to migrate into the nucleus where it can cooperate with other transcription 

factors to stimulate transcription of genes associated with the type I fibre type 

including MHCI. Re-phosphorylation of NFAT proteins occurs in response to the 

activity of a number of different kinases including GSK3 and c-Jun NH2 -terminal 

kinase (JNK) and results in their export from the nucleus and thereby suppresses the 

expression of NFAT target genes (Graef et al., 1999, Chow et al., 2000, Beals et al., 

1997). There are five members of the NFAT family of transcription factors, NFATc1, 

NFATc2, NFATc3, NFATc4 and NFAT5. Whereas NFATc1-4 binding activity is 

Ca2+-dependent, requiring continued activation of calcineurin and AP-1 elements, 
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NFAT5 activity is regulated via Ca2+/calcineurin-independent mechanisms (Hogan et 

al., 2003, Lopez-Rodriguez et al., 1999, Loh et al., 1996).  

 

A number of studies have provided evidence for roles for all four calcium sensitive 

NFAT family members (NFATc1-4) expressed in muscle in the control of muscle size 

and fibre type specification. For example, inhibition of all NFAT isoforms by the 

inhibitor VIVIT, downregulates MHC slow gene expression and upregulates fast 

MHC2X and MHC2B gene expression in the adult rat soleus (Calabria et al., 2009, 

Ehlers et al., 2014, McCullagh et al., 2004). Skeletal-muscle-specific knockout of 

NFATc1, the predominant NFAT isoform in skeletal muscle (Rana et al., 2008), 

reduces the percentage of slow fibres in the soleus muscle compared to control mice 

indicating that NFATc1 is required for the generation and/or maintenance of the slow 

fibre phenotype (Ehlers et al., 2014). In addition to promoting slow fibre gene 

expression NFATc1 is thought to suppress fast muscle fibre type gene expression by 

inhibiting Myoblast Determination Protein 1 (MyoD) a transcriptional effector of the 

fast fibre type phenotype (Ehlers et al., 2014, Ekmark et al., 2007, Hughes et al., 

1997, Macharia et al., 2010). Furthermore, electrical-stimulation of the fast-twitch 

Tibialis Anterior (TA) muscle with slow-type stimulation patterns causes NFATc1 to 

translocate from the cytoplasm to the nucleus. Conversely, in the slow-twitch soleus 

denervation causes NFATc1 to translocate to the cytoplasm from the nucleus 

suggesting that NFATc1 senses nerve activity to regulate fibre type (Tothova et al., 

2006, McCullagh et al., 2004). In addition to contributing to the oxidative fibre 

phenotype, NFATc1 also promotes skeletal muscle hypertrophy (Chin et al., 1998, 

Semsarian et al., 1999). NFATc2 knockout (NFATC2-/-) mice exhibit reduced muscle 

size due to a decrease in myofiber cross-sectional area and a reduction in 

myonuclear number but the number of fibres per muscle was unaltered indicating 

that the protein contributes to fibre size.  (Horsley et al., 2001, Hodge et al., 1996). 

Loss of NFATc2 does not play a major role in regulating the expression of MyHC 

isoforms (Horsley et al., 2001). NFATc3 knockout (NFATC3-/-) mice have reduced 

muscle masses due to a decrease in the myofibre number of both the fast and slow 

fibre types, with loss of NFATc3 having no effect on fibre type composition (Oukka et 

al., 1998, Kegley et al., 2001). Mice with targeted disruption of NFATc4 show no 

known phenotype (Graef et al., 2001). 
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FHL1: Skeletal muscle myopathies 

In accordance with data supporting a role of FHL1 in hypertrophy, FHL1 gene 

mutations causing a reduction or increase in FHL1 protein levels have been linked to 

three human distinct hereditary forms of skeletal muscle myopathies. 

 

X-linked dominant scapuloperoneal myopathy (XSPM) is a neuromuscular disorder 

characterised by weakness of the shoulder - girdle and peroneal muscles 

(Wilhelmsen et al., 1996) mapped to the chromosomal position of the FHL1 gene 

(Xq26) by a genome wide scan with microsatellite markers. The disease is caused by 

a missense mutation (365 G to C) in the FHL1 gene that converts a tryptophan in 

position 122 to a serine (W122S) in the second LIM domain of the FHL1 protein 

(Quinzii et al., 2008). The mutation found in a large Italian - American family affects 

men to a greater extent than women as evidenced by the difference in age of 

disease onset (men: 26.1 ± 4.7 years, mean ± standard deviation; n = 8 vs. women 

34.4 ± 11.9 years; n = 8) and the level of mobility, with men more likely to be 

wheelchair bound than women. In fact disease severity was found to be inversely 

proportional to the level of FHL1 protein (Quinzii et al., 2008).  

 

Human RBM is a rare disease causing progressive muscle weakness, generally 

affecting proximal muscles. The reducing-body terminology describes the presence 

of intracytoplasmic inclusion bodies in myofibres of patients (Brooke and Neville, 

1972, Liewluck et al., 2007, Ohsawa et al., 2007) that, due to their high sulphydryl 

content, reduce nitroblue tetrazolium (NBT) and therefore strongly stain with 

menadione in the absence of α- glycerophosphate.  Using the menadione NBT stain 

disease severity can be seen to be proportional to the number of inclusion bodies 

found in the muscle fibres. Proteomic identification of the inclusion bodies following 

laser capture microdissection (LCM) identified both WT and mutant FHL1 proteins as 

being the major protein components of the inclusions. In addition to FHL1 the 

inclusions contained FHL1 binding partners MyBP-C, NFATc1 plus a number of 

different proteins contained in aggresomes such as desmin, ubiquitin, the lysosome-

associated protein LAMP1, and the endoplasmic reticulum chaperone GRP78 

(Schessl et al., 2008). To date the greatest number of mutations identified in the 

FHL1 gene are found in RBM patients (Schessl et al., 2008, Schessl et al., 2009, 

Schessl et al., 2010, Schreckenbach et al., 2013, Shalaby et al., 2009, Chen et al., 
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2010, Liewluck et al., 2007) with the positioning of the mutations often dictating 

disease severity. For example mutations of conserved cysteine and histidine amino 

acids responsible for zinc coordination within the zinc-finger motif cause greater 

disease severity than the mutations located at the tail end of a LIM domain as the 

former location of mutations are more likely to lead to increased misfolding and 

destabilisation of the zinc-finger (Schessl et al., 2008). 

 

X-linked myopathy with postural muscle atrophy and generalized hypertrophy, 

(XMPA) (Windpassinger et al., 2008) was first identified in a large multigenerational 

Austrian family which presented with a complex skeletal muscle phenotype, as their 

postural muscles were weak and atrophied whilst other muscle groups were normal 

or displayed pseudo-hypertrophy. Specifically, muscles with mainly type I fibers were 

generally atrophic compared to muscles with mainly type II fibers which were 

generally hypertrophic. Further assessment of patients showed that similar to 

controls, FHL1 was expressed at higher levels in type II fibres than type I fibres albeit 

with reduced expression compared to the control (Windpassinger et al., 2008). 

Mutational analysis of the FHL1 gene in the Austrian family identified a substitution in 

the fourth LIM domain (672 C → G) that converted the amino acid cysteine to a 

tryptophan at position 122 (C224W), whilst in a British family with XMPA a 3 base 

pair (bp) insertion in the second LIM domain (c.381_382insATC) lead to the 

incorporation of the amino acid leucine (p.Phe127 _Thr128insIle) (Schoser et al., 

2009, Windpassinger et al., 2008).  

Recent FHL1 mouse models 

FHL1 Knock-out  

To determine the role of FHL1, Sheikh et al generated FHL1-null mice using a 

lacZ/neo knock-in strategy. This approach resulted in loss of FHL1 protein in all 

tissues on a mixed 129Sv/C57Bl6 background. As the FHL1 gene is found on the X 

chromosome FHL1-null hemizygote (y/-) males and homozygote females (-/-) could 

be compared to WT (y/+, +/+) and heterozygote (+/-) littermate controls (Sheikh et 

al., 2008).  

 

Initial studies of these mice showed that the mice were fertile and suggested that 

they had normal lifespan. The mice had normal heart size and cardiac function until 

the mice were exposed to a pressure overload caused by aortic banding when there 

was a blunting of the normal hypertrophic response (Sheikh et al., 2008).  
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More recently the same line of mice have been bred to a pure C59BL/6J background.  

On this genetic background the life-span of the FHL1 mutant mice was reduced by ~ 

6 months (-/y) and ~12 months (-/-) suggesting a role for FHL1 in survival 

(Domenighetti et al., 2014). Histological changes in muscle were also seen with 

sections from 1- to 5 - 6-month - old -/y mice showing muscle thinning and dystrophy 

in the sternohyoideus muscle accompanied by a significant loss of MHC type-I (-

50%), type-IIA (-30%) and type-IIb (-15%) fibre content and an increase in type-IIx 

content (+100%) (Domenighetti et al., 2014). Ultra-structural analysis of the 

sternohyoideus muscle of FHL1-null mice by transmission electron microscopy 

(TEM) showed extensive myofibrillar and intermyofibrillar disarray and uneven 

mitochondria morphology as early as one month of age (Domenighetti et al., 2014).  

 

Histopathological changes were not restricted to the sternohyoideus muscles, with 

the distal pelvic limb muscles of FHL1 null mice showing an increase in oxidative 

fibres demonstrated by reduced nicotiminamide adenine dinucleotide (NADH) 

staining and centralised nuclei suggesting muscle fibre regeneration (Domenighetti et 

al., 2014). The TA muscle from the FHL1-null mice underwent an age-dependent 

fibre type switch shown by an ~ 8% decrease in glycolytic type-IIB fibres and a ~ 2 

fold increase in oxidative type-1 fibre content by 5 - 6 months of age with progressive 

myofibrillar degeneration, sarcoplasmic reticulum enlargement and branching, 

uneven mitochondrial morphology. Furthermore small dense structures which stained 

dark blue after the nicotiminamide adenine dinucleotide tetrazolium reductase 

reaction were present in the TA, soleus and diaphragm of the FHL1-null mice 

(Domenighetti et al., 2014). This increase in oxidative fibre proportion in the TA is 

surprising given the increase in oxidative fibre proportion caused by over-expression 

of the FHL1 (Cowling et al 2008) and suggests that the effects of FHL1 are more 

complex than just through an interaction with NFATc1. 

 

Interestingly immunohistological analysis on transverse sections of the soleus from 

4- to 6-week-old WT Black Swiss mice showed that FHL1 can co-localise to 

mitochondrial protein markers in the sarcomeric and intersarcomeric regions of the 

soleus muscle suggesting that FHL1 can regulate mitochondrial homeostasis and 

oxidative capacity (Domenighetti et al., 2014).  

 

Ultra structural TEM analysis showed inclusion bodies reminiscent of 

autophagosomes and autolysosomes apparent in the soleus and TA muscles 

isolated from 5- to 6-month old FHL1-null mice, which was further confirmed when 
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after a 6-hour mild fasting protocol increased autophagic activity was apparent in the 

soleus, TA and sternohyoideus muscles of the FHL1-null mice compared to wild-type 

mice (Domenighetti et al., 2014).   

 

Accompanying the morphological and molecular defects, the FHL1-null mice showed 

physiological impairment with an age dependent reduction in force production and an 

increase in muscle fatigue compared to wild-type mice. For instance impaired 

contractile performance (force normalised for physiological cross sectional area) in 

the EDL was accompanied by an increase in fibre-type switching with a ~2-fold 

increase in oxidative type-I and type-IIa fibres and a ~ 10% decrease in glycolytic 

type-IIb fibres at the age of 5-6 months (Domenighetti et al., 2014). By 1-year of age 

the FHL1-null mice subjected to a fatigue protocol, whereby they were left running on 

a treadmill to exhaustion (defined by an ability to run despite contact with an 

electrical shocking device) were found to drop out of the exercise protocol earlier and 

at a lower speed compared to wild-type controls (Domenighetti et al., 2014). 

 

FHL1 Knock-in model upon a FHL1-null mouse background (2013) 

FHL1 knock in models have also given insight into the role of FHL1 in skeletal 

muscle. A FHL1 knock-in mouse model was created to replicate a FHL1 missense 

mutation found in the second LIM domain of FHL1 (c.365 G>C p. W1225) in a family 

with scapuloperoneal (SP) myopathy. This mutation is adjacent to a frequently 

mutated residue H123 but does not directly alter any of the zinc coordinating 

residues (Quinzii et al., 2008). Further analysis of this family showed the presence of 

menadione-NBT positive reducing bodies in muscle biopsies (Hirano personal 

communication). In the mouse knock in model FHL1-null hemizygote (y/-) males and 

homozygote females (-/-) were analysed during pre-symptomatic, phenotypic onset, 

and late-stage of the disease to investigate the effects of knocking in the c.365 G > C 

FHL1 mutation (V. Emmanuele, 2013). Survival rates were found to be similar 

between wild type and mutant animals. Adult hemizygous male mice demonstrated 

reduced forelimb strength and exercise capacity with a slowly progressive phenotype 

similar to patients with late-onset muscle weakness (V. Emmanuele, 2013). 

Furthermore western blot analysis showed the absence of FHL1 protein in muscles 

of hemizygous males at advanced stages (V. Emmanuele, 2013).  
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FHL1 and a possible role in muscle atrophy 

A number of lines of data suggest that the role of FHL1 in muscle mass and 

phenotype is complex and suggest a possible role in atrophy signaling.  For example, 

in patients with XMPA, FHL1 caused atrophy in the muscles in which it was least 

expressed but caused hypertrophy in the ones where it was most expressed. 

Furthermore, FHL1 mRNA levels do not change during denervation caused by 

transection of the sciatic nerve and actually increase after immobilisation of the hind 

limb in the lengthened position in the atrophied gastrocnemius muscles of rats 

(Loughna et al., 2000). Additionally, in response to strength training FHL1 expression 

is reduced in the vastus lateralis muscles of humans again opposite to the change 

expected of a protein that induces hypertrophy (Roth et al., 2002). Consistent with a 

role in atrophy our lab has shown that FHL1 expression is positively correlated with 

MHCIIA expression whilst being inversely correlated with both strength and activity in 

COPD patients (Riddoch-Contreras, 2009). 

Four-and-a-Half Lim protein family interactions with the NRs 

FHL1 is a member of a small subfamily of the LIM domain proteins known as the four 

and a half LIM domain proteins that contain four an a half LIM motifs as their core 

structure and which includes FHL2, 3 and activator of CREM in testes (ACT).  Of 

these FHL1, 2 and 3 are expressed in striated muscle with skeletal muscle 

expressing FHL1 and FHL3. These proteins interact with a wide range of signalling 

molecules and have been shown to shuttle between the cytoplasm and nucleus 

suggesting that they contribute to cellular signalling (Muller et al., 2002). One 

member of this family, FHL2 has been shown to interact with the androgen receptor 

(AR). FHL2, which is predominantly expressed in heart muscle, has been shown to 

interact with the androgen receptor through either LIM domains 1 and 2 or LIM 

domains 3 and 4 (Muller et al., 2000, Chan et al., 1998). As this is a flexible system it 

may therefore be possible for the other FHL proteins to modulate skeletal muscle 

gene expression and protein synthesis through the androgen receptor in a similar 

way. FHL2 has also been shown to bind to the peroxysome proliferator-activated 

receptors (PPARs) to modify their transcriptional activity. It is therefore possible that 

other FHL proteins can also modify expression of proteins involved in glucose 

metabolism (Ciarlo et al., 2004). Thus FHL1 may be able to interact with a wide 

range of nuclear receptors including AR, TR, VDR and GR. Such an interaction might 

explain the why FHL1 appears to contribute to both hypertrophy and atrophy. Data 

consistent with such a suggestion are 1. FHL1 interacts with the estrogen receptor, 

2. FHL1 is expressed at higher levels in vastus lateralis muscles of women than men 
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following strength training (Roth et al., 2002) and 3. Polymorphisms of FHL1 alter 

glucose handling in men but not women (Teran-Garcia et al., 2007). 

 

FHL3 

Skeletal muscle also expresses one other FHL protein, FHL3.  There is little data on 

the role of FHL3 in comparison to FHL1. FHL3 is potently activated by Rho signaling 

causing it to shuttle between the cytoplasm and nucleus (Muller et al., 2002). 

Subcellular localisation studies have demonstrated that FHL3 is colocalised with 

integrins at focal adhesion sites and at actin stress fibres in myoblast cells but is not 

present in the nucleus of myotubes (Coghill et al., 2003, Samson et al., 2004). FHL3 

overexpression in C2C12 myoblast cells suppresses MyoD-mediated transcriptional 

activity resulting in retardation of cell differentiation, whereas small interfering RNA 

(siRNA) knockdown accelerates differentiation (Cottle et al., 2007). FHL3 has been 

shown to contribute to the regulation of myogenic progenitor cell phenotype in 

skeletal muscle regeneration by transcriptionally coactivating forkhead box K1 

(FoxK1). The latter protein is a member of the forkhead/winged helix family of 

transcription factors that is expressed in the satellite cell population resident in adult 

skeletal muscle (Meeson et al., 2007). Interestingly, as FHL3 expression is actually 

inhibited during the first 10 days of differentiation before being elevated, it is in 

contrast to the expression profile of myogenin, IGF-II and FHL1. Thus raising the 

possibility FHL3 may serve a coordinating role to FHL1 in modification of muscle 

mass and phenotype (Morgan and Madgwick, 1999).  There are no known FHL3 

animal models nor skeletal muscle myopathies linked to FHL3 to date. However 

recent data from our laboratory have shown that in the quadriceps of COPD patients 

FHL3 is significantly reduced compared to age matched controls and is associated 

with MHCI fibre type expression. 

Thesis outline and summary of aims 

Four-and-a-half LIM domain protein FHL1 is highly expressed in skeletal muscle and 

regulates muscle phenotype. FHL1 has been associated with hypertrophy in a 

number of contexts (cell culture, animal studies and human myopathies), however 

preliminary data from our lab have shown FHL1 is inversely correlated with strength 

and activity in chronic obstructive pulmonary disease supporting a smaller subset of 

research studies suggesting FHL1 could play a role in atrophy signalling. The 

molecular mechanism by which FHL1 functions in hypertrophy is not fully understood 

nor is the mechanism by which FHL1 may contribute to atrophy.  One possibility is 
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that FHL1 may be able to interact with members of the nuclear receptor family to 

modify skeletal muscle mass and phenotype dependant on the hormonal milieu.  

 

FHL3 is the only other member of the FHL family that is highly expressed in skeletal 

muscle. In comparison to FHL1 little is known about the transcriptional activities of 

FHL3 in skeletal muscle, as there are no associated animal models or human 

skeletal myopathies. However, since FHL3 has different expression profiles to FHL1 

during the stages of cell differentiation, it could be an interesting candidate to 

investigate to see whether it can interact with nuclear receptors differently from FHL1 

to modify skeletal muscle mass and phenotype. 

 

Specific Aim #1: To determine whether FHL1 or 3 interact with nuclear 

receptors at different stages of skeletal muscle cell differentiation in the C2C12 

cell line (Chapter 3). 

The functional and physical interactions between FHL1 and FHL3 and a set of 

nuclear receptors in cell culture were determined. The nuclear receptors (AR, GR, 

TR and VDR) were chosen based upon their known function in regulating muscle 

mass and/or phenotype. For example, testosterone binding to the AR induces 

anabolism, whereas, dexamethasone binding to the GR triggers catabolism. To 

determine whether the interactions between the receptors and FHL1 and 3 were 

dependent on particular motifs present in the FHLs plasmids coding for mutants in 

which these motifs were deleted were generated and their ability to modify nuclear 

receptor function determined. Experiments were performed using the C2C12 cell line 

to take advantage of its ability to undergo cell differentiation from myoblasts to 

myotubes.  

 

Specific Aim #2: To determine the effects of expressing WT FHL1 in the TA of 

postnatal muscle in the presence and absence of a catabolic agent in vivo 

(Chapter 4). 

To analyse the effects of FHL1 on muscle hormone regulated muscle physiology, the 

WT FHL1 was overexpressed by plasmid injection into the tibialis anterior (TA) 

muscle of mice followed by in vivo electroporation.  After subcutaneous treatment of 

mice with dexamethasone, the effect of FHL1 was determined on muscle fibre size, 

type and gene expression.  These experiments were designed to determine whether: 

a) Postnatal FHL1 overexpression causes hypertrophy and/or an oxidative shift in 

mouse skeletal muscle. b) The change in the hormonal environment due to treatment 

with dexamethasone modifies the effects of FHL1 c) FHL1 increases the expression 
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of E3 ligases associated with skeletal atrophy (atrogin-1, MURF-1) resulting in 

modification of skeletal muscle mass and/or phenotype. 

 

Specific Aim #3: To determine the effects of FHL3 overexpression in the TA of 

postnatal muscle in the presence and absence of a catabolic agent in vivo in 

comparison to FHL1 (Chapter 5). 

The effects of FHL3 on muscle mass and fibre type in vivo are not known. To 

determine whether FHL3 modified muscle mass or fibre type in vivo, FHL3 was 

overexpressed by electroporation, Muscle mass, fibre type and fibre area were 

determined as in aim #2.  The effects of dexamethasone treatment in the presence of 

FHL3 were also determined. Finally TA strength was assessed to compare the 

effects of FHL1 and FHL3 overexpression on muscle function.  
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Chapter 2 - Methods 

Recipes for Buffers and Media 

Components were acquired from Sigma-Aldrich unless otherwise stated. 

 

Luria-Bertani (LB) liquid medium: (pH 7.0) 

Liquid LB medium was made by dissolving 10 g Tryptone, 10 g NaCl and 5 g Yeast 

Extract in 950 mL H2O. The pH was adjusted to 7.0 and the volume made up to 1 L 

with distilled H2O before the medium was sterilised by autoclaving. 

 

LB - Agar solid medium: up to 1 L  (pH 7.2) 

The solid medium was made up, by adding 15 g Bacto-Agar to 1 L of LB. The agar 

was dissolved and the medium sterilised by autoclaving. 

 

NP40 cell lysis buffer 

The NP40 lysis buffer consisted of 150 mM NaCl, 50 mM Tris-HCl, and 1 % NP40 

(Igepal) plus protease and phosphatase inhibitors  (1 ug/ml each). 

 

Phosphate-buffered saline (PBS): 10 x stock, up to 1 L with H2O (pH 7.2) 

A 10 x stock of PBS was made, by dissolving 80 g NaCl, 2 g KCl, 14.4 g Na2HPO4 

and 2.4 g of KH2PO4 in up to 1 L H2O. 

 

PBS - Tween (PBS-T): 10 x stock, up to 1 L (pH 7.2) 

A 10 x stock of PBS-T was made, by adding 0.1 % Tween-20 in up to 1 L of PBS. 

 

PBST - milk (PBST-milk): 10 x stock, up to 1 L (pH 7.2) 

A 10 x PBST-milk stock consists of 5 % non-fat dry milk (Marvel, UK) in up to 1 L 

PBST. 

 

Terrific Broth: up to 1 L with H2O 

Terrific Broth was made by dissolving 12 g Tryptone, 24 g Yeast Extract and 4 ml 

glycerol in 900 ml of deionized water followed by autoclaving, before a separate 

autoclaved mixture consisting of 2.31 g KH2PO4, 12.54 g K2HPO4 in 90 ml of H2O 

was added. 
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Transformation Buffer 1: up to 250 ml with H2O 

Transformation Buffer 1 was made by dissolving 0.736 g KoAc, 2.47 g MnCl2, 1.86 g 

KCl, 0.367 g CaCl2 dihydrate and 37.5 ml glycerol (15 %) in up to 250 ml H2O. 

 

Transformation Buffer 2: up to 100 ml with H2O 

Transformation Buffer 2 was made by dissolving 1.1 g CaCl2 dihydrate (75 mM), 

0.0745 g KCl, 20 ml Na-MOPS (pH 7.0) and 15 ml glycerol (15 %) in up to 100 ml of 

H2O.  

 

Tris-Borate-EDTA (TBE): 5x stock, up to 1 L with H2O (pH 8.3) 

A 5 x TBE stock was made, by dissolving 54 g Tris base, 27.5 g boric acid and 20 

mL of 0.5 M EDTA (pH 8.0), in up to I L of H2O. 

 

Tris-Buffered-Saline (TBS): 1 x stock, up to 1 L with H2O (pH 7.5) 

TBS was made by adding 6.05 g Tris (adjusted with 1M HCl to pH 7.5) to 8.76 g of 

NaCl in 800 mL of H2O. 

 

TBS- Tween (TBST): 1 x stock, up to 1 L (pH 7.6) 

A 1 x TBST stock was made by adding 0.05 % Tween 20 in up to 1 L TBS  

 

TBST - milk (TBST - milk): 1 x stock, up to 1 L (pH 7.6) 

A 1 L stock of TBST-milk was made, by adding 5 % non-fat dry milk (Marvel, UK) in 

up to 1 L TBST.  

 

TYM Broth: up to 1 L with H2O 

TYM Broth was made by dissolving 20 g bactotryptone, 5 g yeast extract, 5.84 g 

NaCl and 2.46 g MgSO4   in up to 1 L of H2O. 
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General Cloning  

	  
Plasmids Selection  From/Created by 

pCDNA3 Ampicillin Invitrogen 

FHL1 - pCDNA3 (Human) Ampicillin E. Amirak 

FHL3 - pCDNA3 (Human) Ampicillin E. Amirak 

pRL - TK Ampicillin Promega 

AR - PGS5 Ampicillin Dr C Bevan 

MMTV - luciferase Ampicillin Dr C Bevan 

2 x PAL TRE Kanamycin Professor Williams 

TRα mouse CDM8 Kanamycin Professor Williams 

TRβ rat CDM8 Kanamycin Professor Williams 

pMMfLUC (GR) Ampicillin Professor Adcock 

Peyfp - C1 (hGRα) Kanamycin Professor Adcock 

4 X VDRE. DR3. TK. LUC Ampicillin Hector Garcia 

hVDR Ampicillin Hector Garcia 

FHL1 - pCDNA3 (Mouse) Ampicillin D. Lori 

FHL3 - pCDNA3 (Mouse) Ampicillin D. Lori 

FHL1 – MKO - pCDNA3 

(Human) 

Ampicillin D. Lori 

FHL3 - MKO - pCDNA3 

(Human) 

Ampicillin D. Lori 

pCAGGs – EGFP Ampicillin Dr Jun-ichi Miyazaki 

pCAGGS Ampicillin D. Lori 

pCAGGS - FHL1 Ampicillin D. Lori 

pCAGGS – FHL3 Ampicillin D. Lori 

 
Table 2: List of plasmid constructs and promoters used in this study 
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Polymerase Chain Reaction (PCR) 

All Polymerase Chain Reaction (PCR) experiments were performed on a Perkin-

Elmer 480 thermal cycler (Perkin-Elmer) using reagents from GE Healthcare unless 

otherwise stated. PCR amplification was performed by adding 1-5 µl of template DNA 

to a reaction mixture containing 4 µl 10 x Thermus aquaticus (Taq) polymerase 

buffer, 5 µl of 2 mM deoxynucleotide-Triphosphate (dNTPs), 2.5 µl of each primer (10 

pmol/µl) (Thermo Fisher Scientific) and water to a total volume of 40 µl. The reaction 

was heated to 95 oC for 10 s, cooled to 80 oC before the addition of 10 µl of reaction 

mixture containing 1 µl of 10x Taq polymerase buffer, 8 µl of water and 1 µl of Taq 

polymerase to give a total volume of 50 µl (hot start). The thermal cycling program 

was 30 s at 95 oC (denaturation), 30 s at a primer-specific temperature between 58 – 

65 oC (annealing) and 1 min 30 s at 72 oC (extension). This cycle was repeated 40 

times before an additional extension step for 10 min.  

 

Site directed mutagenesis using Mega-primer PCR 

All Polymerase Chain Reaction (PCR) experiments were performed on a Perkin-

Elmer 480 thermal cycler (Perkin-Elmer). Reagents were from GE Healthcare and 

primers were from Thermo Fisher Scientific. Site-directed mutagenesis was carried 

out using the mega-primer PCR methodology to either correct or introduce errors into 

DNA clones used in this study (Sarkar and Sommer, 1990). The strategy requires 

two flanking primers, one internal mutagenic primer and two rounds of PCR 

amplification (see chapter 3 Figure 12 for schematic representation) The first round 

of PCR generates a large primer containing the desired mutation(s) and this primer is 

used in a second PCR round to generate the complete mutated sequence. Mutant 

versions were cloned using TA cloning as described in ligation section. The 

mutagenic primers differed from the wild-type sequence by containing substitutions 

to change selected amino acid residues into the amino acid alanine (A). Mini 

preparation of plasmid DNA was performed using the QIAprep Spin Miniprep Kit 

(Qiagen). Isolating clones followed by sequencing to confirm the changes had been 

introduced.  In the first round of PCR the reaction was carried out in a volume of 50 

µl and contained 1 µl of Taq polymerase, 5 µl 10 x Taq polymerase buffer, 5 µl of 2 

mM dNTPs, 2.5 µl each of the internal mutagenic primer and single flanking primer 

(10 pmol/µl) before amplifying under standard PCR conditions to generate the mega-

primer product. In the second round, under the same PCR conditions the remaining 

flanking primer and gel purified extracted mega primer, were used to generate the full 

- length mutagenic product. 
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Ligation 

PCR products were separated by electrophoresis through a 0.8 – 2 % agarose gel 

dependent on the size of products and visualised with ethidium bromide. For cloning, 

PCR products were purified using a gel extraction kit (Qiagen) according to the 

manufacturer’s instructions and ligated into pGEM®- T Easy using  5 µl 2 x ligation 

buffer and 0.5 µl T4 DNA ligase provided in the pGEM®- T Easy vector kit 

(Promega). Ligations were incubated overnight at room temperature (RT) before 

bacterial transformation.  

 

Preparation of supercompetent cells 

5 ml TYM medium was inoculated with a single colony of bacterial strain TG1 in a 

100 ml flask and incubated at 37 oC with agitation at 200 revolutions per minute (rpm) 

for 3-4 h. The culture was diluted into 100 ml of TYM broth in a 250 ml flask and cell 

growth was monitored by reading the optical density at 600 nm (OD600). The cells 

were harvested when the OD600   reached ~ 0.6 (i.e. ~ 3 x 108 cells/ml, usually 4 h).  

The flask was placed in ice water and stirred gently to assure rapid cooling. The cell 

culture was transferred to two sterile 50 ml tubes and centrifuged at 3,000 x g at 4 oC 

for 15 min. The supernatant was decanted. The cell pellets were re-suspended in 5 

ml of pre-cooled Transformation Buffer 1 and centrifuged again at 3,000 x g at 4 oC 

for 10 min. The supernatants were carefully decanted and re-suspended in 2 ml of 

pre-cooled Transformation Buffer 2. The cells were then divided into 75 µl aliquots in 

1.5 ml pre-chilled microcentrifuge tubes and flash frozen in liquid nitrogen and 

immediately stored at -80 oC until needed.  

 

Transformation/selection  

5 µl of ligation mixture were transferred into pre-cooled sterile micro-centrifuge tubes 

with 30 µl of competent cells (Escherichia coli (E. coli) TG1). Tubes were incubated 

on ice for 15 min; heat shocked at 42 oC
 
for 90 s and then returned to ice. After 2 min 

500 µl of Luria-Bertani (LB) broth pH7.2 was added to each transformation and the 

tubes were incubated at 37 oC
 
with agitation at 200 rpm for 45 min. Aliquots of 200 µl 

of the culture were spread onto LB-agar plates containing the appropriate antibiotic 

for selection (Sigma-Aldrich) (e.g.100 µg/ml Ampicillin) and grown overnight at 37 oC. 

For blue/white screening LB-agar plates were prepared using 30 µl Isopropyl-β-D-

Galactoside (IPTG) (20 mg/ml) (Sigma-Aldrich) and 30 µl X- Gal (20 mg/ml) (Sigma-

Aldrich). 
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Plasmid prep 

	  
Small-scale and large-scale plasmid preparations 

Plasmid purification was performed using components from kits supplied by Qiagen, 

unless otherwise stated. For minipreps [QIAprep Spin Miniprep Kit] 3 ml of LB medium 

containing the appropriate selective antibiotic was inoculated with a single white colony 

before being grown overnight at 37 oC in a shaking incubator set at 225 rpm. Alternatively 

for megapreps [Endofree Plasmid Mega Kit] a starter culture containing the plasmid of 

interest was prepared in 5 ml of Terrific Broth with the appropriate antibiotic and left 

in the shaking incubator for 8 h at 37 oC with vigorous shaking at 300 rpm. This 

culture was then used to inoculate 500 ml of fresh Terrific Broth in a 2L flask also 

containing the appropriate antibiotic. Diluted starter cultures were grown at 37 oC for 

12 – 16 h with vigorous shaking at 300 rpm. According to the manufacturer’s 

instructions DNA was isolated and purified similarly for both kits with slight 

modifications (using the volumes of reagent recommended by the manufacturer for 

each kit). Bacterial cells were harvested by centrifugation and the resultant with pellet 

was resuspended by vortexing the sample in cold resuspension buffer (P1) containing 

Ribonuclease (RNase).  After the addition of Lysis Buffer (P2) with the samples were 

mixed by inversion until a viscous clear liquid was observed. Neutralisation buffer (N3) 

was then added and the samples were again mixed by inversion.   

 

For minipreps the resultant mixture was centrifuged for 10 min at 17,900 x g at RT in a 

microcentrifuge and the supernatant passed through a spin column by centrifugation 

for 1 min at 17,900 x g.  Trace nuclease activity was removed by the addition of binding 

buffer (PB) prior to centrifugation for 1 min at 17,900 x g. The spin column was washed 

with 0.75 ml of wash buffer (PE) and centrifuged twice to ensure no residual wash buffer 

remained prior to the elution of DNA with elution buffer (EB) directly to the centre of 

the column followed by centrifugation at 17,900 x g to collect the purified DNA.  

 

For large-scale plasmid purifications, the lysate from the neutralisation was poured into 

a QIAfilter Mega-Giga Cartridge and incubated at RT for 10 min before the liquid was 

drawn through the cartridge using a vacuum. The wash buffer FWB2 was applied to 

QIAfilter cartridges and the filtered lysate collected.   Endotoxin was removed by the 

addition of Buffer ER followed by incubation on ice for 30 min. The lysate was 

applied to an equilibrated resin Qiagen-tip 2500. The Qiagen-tip was washed with 

200 ml of a medium salt wash buffer (QC) to remove ribonucleic acid (RNA), proteins 

and low molecular weight impurities. The DNA was eluted in high salt conditions with 
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35 ml of Buffer QN and precipitated by the addition of 24.5 ml isopropanol (Fisher 

Scientific, Thermo Fisher Scientific) followed by centrifugation at 15,000 x g for 30 

min at 4 oC.  The supernatant was decanted and the DNA pellet was washed in 7 ml 

of 70 % ethanol (Fisher Scientific, Thermo Fisher Scientific) with centrifugation at 15, 

000 x g for 10 min. The supernatant was decanted and the pellet was air-dried for 10 

– 20 min. Pellets were redissolved in a suitable volume of endotoxin-free water and 

stored at – 20 oC. 

 

Restriction digestion  

All restriction enzymes were obtained from New England Biolabs (NEB) and 

reagents were obtained from (Invitrogen (Life Technologies)) unless otherwise 

stated. Plasmids were analysed by restriction digestion before being sequenced 

(GeneService) enabling the confirmation of the presence of PCR introduced errors 

and/or the correct orientation of insert DNA into the vector. The digestion mix 

contained 2 µl of 10 x One-Phor-All buffer (OPA) GE Healthcare, 1 µl of the 

appropriate restriction enzyme (RE), 4 µl of DNA and 13 µl of water to a total of 20 µl. 

Alternatively for double digests reaction mixes consisted of 2 µl of OPA, 0.5 µl of 

each restriction enzyme, 0.5 µl of Bovine Serum Albumin (BSA) (New England 

Biolabs (NEB) 4 µl of DNA and 12.5 µl of water. The mixtures were vortexed and 

incubated at 37 oC in a water bath for 1 h before analysis by gel electrophoresis.  

 

Alkaline Phosphatase Treatment 

To prevent self-ligation of vectors Calf Intestinal alkaline Phosphatase (CIP) (New 

England Biolabs (NEB) was used to remove the 5’ phosporyl termini required by 

ligases from DNA. Previously digested vector DNA (from pCAGGS and pCDNA3) 

was re-suspended in 1 x NEBuffer3 (New England Biolabs (NEB)) to a total of 39 µl 

and 1 µl of the CIP enzyme was added. The mixture was incubated at 37 oC for 15 

min followed by incubation at 55 oC for 45 min. Afterwards the enzyme was 

inactivated by the addition of 1 µl of 0.5 M EDTA (Promega). 

 

Purification of DNA agarose gel electrophoresis 

DNA was purified from agarose gels using the QIAquick Gel Extraction Kit (Qiagen) 

according to the manufacturer’s instructions. This method utilises a column with a 

silica membrane that absorbs DNA in high salt conditions while unwanted 

contaminants pass through. The membrane is washed to remove agarose and other 

contaminants. 
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A long wavelength (302 nm) ultra-violet (UV) light box was used to visualise and 

locate the fluorescent bands on the gel containing DNA. Using a clean, sharp 

scalpel, the gel containing the appropriate DNA was excised ensuring no additional 

gel material was taken. 3 volumes of Buffer QG was added to 1 volume of gel (100 

mg ~ 100 µl) and incubated at 50 oC until gel slices were completely dissolved. A 

QIAquick spin column was inserted into a 2 ml collection tube. DNA was pipetted into 

the QIAquick column and centrifuged at 17,900 x g for 1 min, after which the flow-

through was discarded. The QIAquick column was washed with 0.75 ml of wash 

Buffer PE at 17,900 x g for 1 min. The QIAquick column was centrifuged for an 

additional 1 min at 17,900 x g to remove the residual ethanol from Buffer PE. The 

DNA was eluted in 30-50 µl of Buffer EB.  

 

Sub-cloning into expression vector 

The relevant expression vector was linearised with the same restriction enzyme 

before being gel extracted in the same way as the inserts. Purified inserts and their 

appropriate expression vector were ligated together using 5 µl of 2 x ligation buffer 

and 0.5 µl of T4 DNA ligase (Promega) in a total volume of 10 µl and incubated at RT 

overnight. Once ligated the DNA was transformed into bacteria as described above.  

 

Determination of DNA purity and concentration 

Ultraviolet absorbance spectrophotometry was used to determine the concentration 

and purity of DNA. The amount of DNA in the sample is directly proportional to the 

amount of UV radiation absorbed by DNA. The absorbance of nucleic acids at 260 

nm was used to calculate the concentration of nucleic acid in the sample. An OD of 1 

corresponds to 50 µg/ml for double-stranded DNA. The absorbance ratio of 

A260/A280 provides an estimate for the purity of the nucleic acid where acceptable 

levels of DNA purity have ratios of 1.7 – 1.9. Optical density (OD) was measured 

using the Nanodrop ND - 1000 Spectrophotometer (Thermo Fisher Scientific).  

Cell culture protocols 

Cell culture reagents were acquired from Gibco (Life Technologies) unless otherwise 

stated. 

 

Growth Medium 

Mouse C2C12 myoblast cells originally obtained by Yaffe and Saxel, were 

maintained in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10 % 
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(v/v) foetal calf serum and 100 U/ml Penicillin, 100 mg/ml streptomycin (Growth 

medium) at 37 oC and 5 % CO2 in a humidified atmosphere (Yaffe and Saxel, 1977).  

 

Trypsinisation 

Cells were sub-cultured (1:5) by trypsinisation every 48 h from the culture flask at 70 

% confluence. Growth medium was aspirated from the flask. The cell layer was 

briefly rinsed with 3 ml of 0.25 % Trypsin-EDTA solution to remove all traces of 

serum. 0.25 % Trypsin-EDTA solution was added a second time to cells and 

incubated at 37 oC until cells were dislodged from the flask as observed under the 

CKX41 microscope (Olympus). Trypsin activity was quenched by the addition of 1:1 

growth medium. An aliquot was transferred to a new flask containing growth medium. 

Flasks were returned to the incubator. 

 

Freezing cells for long-term storage 

For long-term storage, cells were frozen in growth medium supplemented with 10 % 

(v/v) Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich) in 1 ml aliquots of approximately 

0.5 – 1 x 106 cells. Aliquots were stored in cryovials (VWR international) in liquid 

nitrogen. 

 

Thawing cells 

DMEM growth medium was pre-warmed to 37 oC. Cryovials were taken out of 

storage and the cells were immediately thawed at 37 oC in a water bath. Cryovials 

were wiped down with 75 % ethanol (Fisher Scientific, Thermo Fisher Scientific). 

Cells were transferred from vials to cell culture flasks with 10 ml of pre-warmed 

growth medium. Growth medium was replaced 24 h later. 

 

Stages of C2C12 Differentiation 

Experiments on C2C12 cells were carried out at three stages of cell differentiation. 

Proliferating myoblast cells refers to cells left to grow for up to 48 h in growth 

medium. Committed myoblast cells, refers to cells grown to confluence then 

transferred into differentiation medium (DMEM supplemented with 2% dialysed horse 

serum) for 48 h. Myotubes refers to cells grown to confluence then incubated in 

differentiation medium for 10 days. 

 

Dialysis of serum 

Foetal calf serum and horse serum were dialysed to reduce the presence of 

hormones in the serum before being added to DMEM for the analysis of the effects of 
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steroid hormones. The membrane molecular weight cut off (MWCO) of 10 000 meant 

that a 10 kDa protein would typically be retained in the sample, while salts and small 

(<2 kDa) peptides were removed. The required length of snakeskin dialysis tubing 

(Thermo Fisher Scientific) was cut to size assuming 3.5 ml sample per cm of dry 

tubing. Tubing was secured at one end and the sample added before the other end 

was sealed. The sample was dialysed twice against Phosphate Buffered Saline 

(PBS) buffer for 4 h in the cold room at 4 oC each time Dialysed serum was added to 

the appropriate amount of DMEM and filter sterilised. 

 

Drug Treatment 

1 mM stock solutions of drugs were made up in their respective solvents before 

being diluted to 100 nm in media for all experiments. 

 

Drug/Reagent Preparation Source 

5α-Androstan-17β-ol-3-one EtOH Sigma-Aldrich 

Dexamethasone Water Sigma-Aldrich 

3,3′, 5-Triiodo-L-thyronine NaOH Sigma-Aldrich 

1α 25-Dihyroxyvitamin D3 EtOH Sigma-Aldrich 

 

Table 3: List of drug reagents 

 

Transfection of committed and proliferating C2C12 myoblast cells 

To investigate the interaction between FHL proteins and different hormone response 

elements, 50 000 cells per well were seeded into 24-well plates (VWR international). 

The next day, 0.4 µg of pRL- Thymidine Kinase (TK), 0.8 µg of a luciferase reporter 

construct and 80 µl modification of Eagle's Minimum Essential Media (OPTI-MEM) 

was added to six microcentrifuge tubes. A total of 0.4 µg of the appropriate 

combination of test and/or control plasmids (0.2 µg per plasmid) were added to 

relevant tubes. Transfection mixes were incubated for 15 min at RT with the addition 

of 80 µl from another mix made up of 48 µl Lipofectamine Reagent 2000 (Invitrogen 

(Life Technologies) and 480 µl OPTI-MEM. The two aliquots were combined and 

incubated at RT for 15 mins to allow complexes to form before 660 µl of serum-free 

DMEM was added to each tube and the mixes were added to cells that had been 

washed twice in serum free medium. The transfection mix was removed after 4.5 h 

and the cells maintained in medium containing dialysed fetal calf or horse serum 

supplemented with 100 nM steroids for 48 h. 
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Luciferase Assay 

Luciferase Assays were carried out using the Dual-Luciferase reporter assay system 

(Promega). 48 h after transfection, the medium was removed and the cells were 

washed twice in 1 x PBS before the addition of 125 µl of 1 x Passive Lysis Buffer. 

The cells were then left on a shaking platform for 15 min before 10 µl of the cell 

lysate from each well, was added to an opaque assay plate (Perkin-Elmer) 

containing 50 µl Luciferase Assay Substrate. Luminescence was quantified in a 

luminometer (Luminark micro-plate reader, Bio-Rad) and recorded. 50 µl of 1 x Stop 

and Glow Mix was added to each well to measure Renilla Luciferase activity. Firefly 

luciferase activity was normalised to Renilla Luciferase activity.  

 

Hypertrophy Assay utilising Myotubes 

C2C12 cells were plated at 50,000 cells/cm2 in 12-well polystyrene cell culture plates 

(VWR international) and incubated overnight in growth medium in a cell culture 

incubator (37oC, 5% CO2) prior to transfection. The following morning, cells were 

transfected with 0.5 µg of pCAGGS-EGFP and 1.5 µg of plasmid made up of pair-

wise combinations of 0.75 µg pCAGGS-FHL1, 0.75 µg pCAGGS or 0.75 µg NR 

expression vector) or 1.5 µg of pCAGGS using 48 µl of Lipofectamine reagent 

(Invitrogen (Life Technologies)) in a total volume of 320 µl OPTI-MEM per well.  The 

samples were incubated for 15 min at RT before 990 µl of serum free DMEM media 

was added to each tube and the transfection mixture was added to washed cells. 

After incubation for 4.5 h, the medium was changed to growth medium. Once cells 

were at 70-80 % confluency the media was changed to 2 % dialysed horse serum. 

Once myotubes were formed (7 – 10 d) the appropriate hormone or relevant control 

was added.  Cells were imaged 2 and 4 days later using the Widefield Axiovert 200 

camera (Carl Zeiss) at 10 x magnification. The diameters of transfected (fluorescent) 

myotubes (µm) were measured in images taken of random fields using the Volocity 

programme (Improvision). The fibre diameter of each myotube was determined by 

measuring the width of each myotube across its shortest axis at 3 places before 

averaging the readings. This method for measuring the fibre size of myotubes has 

been previously used (Yeh et al., 2014, Morissette et al., 2009).  

Protein protocols 

Immuno precipitation from Muscle lysate  

Skeletal muscle tissue from mice was crushed into a fine powder under liquid 

nitrogen and resuspended in 1 x nonyl phenoxypolyethoxylethanol-40 (NP40) buffer 
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containing protease and phosphatase inhibitors, before being spun down in a 

microcentrifuge at 16,000 x g for 5 min and the supernatant transferred to a new 

microcentrifuge tube. 50 µl of a suspension of protein A/G beads (Santa Cruz 

Biotechnology) was prepared by washing 3 times in 750 µl 1 x PBS. After the final 

wash the beads were suspended in 100 µl of 1 x PBS. 

 

The muscle lysate was pre-cleared by incubation with 30 µl of the prepared beads on 

a rotating wheel for 2 h at 4 oC .The beads were spun down at 16,000 x g for 2 min 

and the lysate transferred to fresh microcentrifuge tube. 1 µg of the appropriate 

antibody was added to the pre-cleared lysate and the sample incubated on a rotating 

wheel for 2 h at 4 oC.
 
30 µl of prepared beads were then added to the sample, which 

was left rotating for a further 2 h. The beads were isolated from solution by 

centrifugation at 3,000 x g for 5 min and washed 3 times in 1 x NP40 buffer before 

being re-suspended in 2 x sample buffer and boiled for 5 min.  

Immunoprecipitation from C2C12 cell lysate  

C2C12 cells were seeded in 6-well plates (VWR), 24 h prior to transfection. 2 µg of 

DNA consisting of pair-wise combinations of 1 µg of FHL1 expression vector, 1ug of 

NR expression vector and 1 µg pCAGGS empty vector was added to 100 µl of OPTI-

MEM. 100 µl of a lipofectamine mix (100 µl OPTI-MEM and 10 µl Lipofectamine 2000 

(Invitrogen (Life Technologies)) was added per transfection. The samples were 

incubated for 15 min before 825 µl serum-free DMEM was added. The cells were 

washed twice with serum free DMEM before the medium was replaced with 

transfection mix. The cells were incubated for 4.5 h before the medium was changed 

to serum containing DMEM. 

 

Cells were harvested 24 h post-transfection, washed twice in 1 x PBS before being 

lysed in 400 µl of 1 x NP40 and incubated for 15 min on ice with agitation. Cells were 

scraped vigorously then transferred to a microcentrifuge tube and spun at 16,000 x g 

for two min at 4 oC. The cell lysate was transferred to a fresh microcentrifuge tube 

and pellet discarded. The lysate was used for immunoprecipitation as described 

above. 

Determination of protein concentration 

The protein concentration of each sample was determined by using the Bradford 

assay (Bradford, 1976). Briefly 2 µl of protein was diluted into 80 µl of sterile water 

and 10 µl of the diluted sample was added to the wells of a flat-bottomed clear 96-
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well plate (Nunc, Nalge Company). To each well 90 µl of Bradford reagent (Bio-Rad) 

was added and the sample incubated at RT for 20 min. The absorbance of the 

sample was measured at 620 nm using a spectrophotometer (Luminark micro-plate 

reader, Bio-Rad) and compared to a standard curve prepared using bovine serum 

albumin (BSA) Protein Assay Standards (Thermo Scientific Pierce) treated in the 

same way. These data were exported to Excel®  Microsoft). 

 

SDS Poly Acrylamide Gel Electrophoresis (SDS-PAGE) 

Gel components were bought from (Sigma-Aldrich) unless stated otherwise. Protein 

samples were run on gels using a Bio-Rad Mini-Protean® Tetra Cell (Bio-Rad). The 

gels were made using the following buffers. Resolving gel (10 %): 0.375 M Tris-HCl 

pH 8.8, 0.1 % w/v SDS, 25 % v/v acrylamide-bisacrylamide (20 %), 0.75 % w/v 

ammonium persulphate and 0.1 % w/v N, N, N’, N’–tetramethylethyldiamine 

(TEMED). Stacking gel (5 %): 0.125M Tris-HCl pH 6.8, 0.1 % w/v SDS, 20 % v/v 

acrylamide-bisacrylamide (20 %), 0.75 % w/v ammonium persulphate and 0.1 % w/v 

TEMED. Electrode Buffer: 25mM Tris Base, 192 mM glycine and 0.1 % w/v SDS. 

Proteins were separated in denaturing polyacrylamide gels at 140 V for 1.5 h.  
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Western Blotting 

Protein samples (20 – 30 µg) were separated by electrophoresis on a 10 % SDS-

PAGE gel at 140V for 1.5 h. Proteins were then transferred to polyvinylidene 

difluoride (PVDF) (Bio-Rad) membranes at 14V using a BioRad Trans-blot SD semi-

dry transfer system (Bio-Rad). The membranes were blocked for 1 h at RT in TBST-

milk then incubated with the relevant primary antibody diluted in TBST-milk 

overnight.  After washing 3 times for 10 min in 1 x Tris-Buffered Saline with Tween 

(TBST), the membranes were incubated with the relevant secondary antibody 

conjugated to Horseradish-peroxidise (HRP) for 1 h at RT. After washing 3 times for 

10 min in 1 x TBST, the HRP was detected by Enhanced chemiluminescence (ECL) 

reagent (Chemiluminescent detection reagent; (Perbio) using Kodak film (Kodak). 

 

Primary Ab Concentration 

(v/v) 
Company 

Rabbit-anti-FHL1  1:100  Aviva Systems Biology 
FHL3 (Chicken 

polyclonal to FHL3) 

1:100 Abcam 

GR 1:500  Santa-Cruz Biotechnology 

Rabbit-anti-TRα/β  1:200 Santa-Cruz Biotechnology 
Rabbit-anti-AR 1: 5000 Sigma 
MHCI (BA-F8)  1:50 Developmental Studies Hybridoma Bank 

(DSHB) 

MHCIIA (SC-71)  1:600 DSHB 

MHCIIB (BF-F3) 1:100 DSHB 

MHCIIX (6H1) 1:50 DSHB 

AlexaFlour488 1:250 Invitrogen, Life Technologies 

AlexaFluor350 IgG2b 1:500 Invitrogen, Life Technologies 

AlexaFluor488 IgG1 1:500 Invitrogen, Life Technologies 

AlexaFluor555 IgM 1:500 Invitrogen, Life Technologies 

 
Table 4: Antibodies and dilutions used for western blotting 
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RNA protocols 

RNA Extraction 

Total RNA was purified from Tibialis Anterior (TA) muscle using TRIzol reagent 

(Ambion, (Life Technologies)). Up to 100 mg tissue was placed in separate 2 ml 

metal bead lysing matrix tubes (MP Biomedical) containing 500 ml TRIzol reagent. 

Tissue grinding and homogenization was carried out using the MP fast prep-24 

machine (MP Biomedical) at 6 m/s for 20 s. The homogenate was left to stand for 5 

min at RT allowing complete dissociation of nucleoprotein complexes. The 

supernatant was transferred to fresh microcentrifuge tubes and 100 µl of chloroform 

(Fisher Scientific (Thermo Fisher Scientific)) was added to the homogenates before 

the tubes were vortexed for 15 s. The homogenate was again left on the bench top at 

RT for 3 min; this was followed by 15 min centrifugation at 8000 x g at 4 oC. A 

triphasic solution was produced containing: an upper colourless aqueous containing 

RNA phase, a white interphase; and a red organic phase. Care was taken to transfer 

the aqueous phase to a new tube without disruption of the white interphase. The 

RNA was precipitated by the addition of 250 µl of isopropanol (Fisher Scientific 

(Thermo Fisher Scientific)) and incubated on ice for 10 min before subsequent 

centrifugation at 4 oC for 10 min at 10 000 x g. The supernatant was removed and 

the clear RNA pellet washed twice in 75 % ethanol. The pellet was air dried and re-

suspended in an appropriate amount of RNAse-free water and stored at – 80 oC. 

 

Determination of RNA purity and concentration 

The RNA quality was determined by agarose gel electrophoresis to confirm sharp 

28S and 18S ribosomal RNA bands in the approximate ratio 2:1 (28S: 18S) and with 

the correct size distribution were present. Purity of the RNA was determined at the 

ratio 260/280 nm using a nanodrop spectrophotometer (Fisher Scientific (Thermo 

Fisher Scientific)). The absorbance ratio of A260/A280 provides an estimate for the 

purity of the nucleic acid where acceptable levels of RNA purity have ratios of 

approximately 2. 

 

Deoxyribonuclease (Dnase) Treatment 

All components for DNase treatment were obtained from Qiagen. Accurate 

quantification of RNA targets by downstream applications requires the removal of 

contaminating genomic DNA targets. DNase I was used to remove contaminating 

DNA in total RNA preparations from TA mouse tissue.   
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The RNA sample < 45 µg was made up in water to a volume up to 87.5 µl with 

RNase-free water. 10 µl of Buffer RDD and 2.5 µl of DNase I stock solution was 

added followed by gentle inversion. The mixture was incubated at RT for 15 min. 

DNase I enzyme was deactivated by heating at 70 oC for 10 min. 

 

Complimentary DNA (cDNA) Synthesis 

Reagents required to carry out cDNA synthesis came from the Omniscript RT Kit, 

(Qiagen) unless otherwise stated. 150 ng of total DNase treated RNA in 11 µl of 

water was denatured for 10 min at 65 °C then chilled on ice for 2 min. To the 

denatured RNA, 2 µl of 10 x buffer, 1 µl of 0.1 M dithiothreitol (DTT) (Fisher Scientific 

(Thermo Fisher Scientific)), 0.5 µl of pdN6 random hexamers (Promega), 1 µl of 5 

mM dNTPs, 0.5 µl of RNAI (GE Healthcare), 0.5 µl of Omniscript and 3.5 µl of H2O 

were added to give a total reaction volume of 20 µl. The reaction was mixed gently 

before incubation at 42 °C for 2 h. After reverse transcription, transcribed cDNA was 

made up to 200 µl with water before real-time assays were conducted.  

 

Random hexamers were used for priming (for the reverse transcriptase enzyme) at 

non-specific points along the entire RNA template. This approach is designed to ensure 

that the cDNA produced is representative of the RNA pool and that there is no bias 

towards the 3’ end of mRNAs.  

 

RT-PCR (Reverse transcriptase-polymerase chain reaction) 

Quantitative PCR was performed on 3 µl aliquots of the cDNA synthesis reactions. 2 

µM forward and reverse primer mix, 10 µl SYBR-Taq Mix (Sigma-Aldrich), 5 µl H2O 

were added to aliquots in MicroAmp® Fast Optical 96 – well reaction plates (Applied 

Biosystems (Life Technologies)). Plates were sealed with Optical Adhesive Film free 

of DNA/RNA and RNase (Applied Biosystems (Life Technologies)) and inserted into 

the 7500 Fast Real-Time PCR System machine (Applied Biosystems (Life 

Technologies)).  

 

All samples were initially denatured at 95 oC for 5 min. PCR reactions continued with 

40 cycles of 95 oC for 10 s and 60 oC for 30 s. To generate a melt curve samples 

were heated to 95 oC then cooled to RT at 1C per min. All qPCR reactions were run 

in duplicates and included negative no template and water only controls. The 

expression of the target gene was normalized against a reference gene (Ribosomal 

Protein Large PO-like (RPLPO) was used for all experiments) via the following 
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equation: Ratio (Reference/Target) = 2 C
T

 (Reference) – C
T 

(Target) as described by the ΔΔ 

Ct method (Livak and Schmittgen, 2001).   

Animal Procedures 

Ethical Statement  

All animal studies were conducted after review by GSK Institutional Animal Care and 

Use Committee and in accordance with the GSK Policy on the Care, Welfare and 

Treatment of Laboratory Animals. (All animal studies were conducted in the U.S.A as 

part of an industrial placement.) 

 

Mouse Strain 

C57BL/6 mice are a standard inbred strain commonly called Black 6 or B6. C57BL/6 

male mice used in this study were between 9 – 10 weeks old, 20 – 30g (Taconic). 

The onset of puberty in mice is around 6 weeks of age therefore the mice in this 

study are considered to be young adults. 

  

Housing of Animals 

All mice were housed after purchase in the animal facility at GSK in North Carolina 

and housed one mouse per cage under standard conditions of 12 h light/dark cycle in 

an air-conditioned room according to institutional guidelines. During the study the 

mice were fed a standard diet and had free access to tap water. Mice were given one 

week to acclimatize to their new environment before the start of any study. Animals 

were killed under anaesthesia by cervical dislocation.  

 

Body Composition Measurement Method 

The Echo Magnetic resonance imaging (MRI-100) Quantitative Magnetic Resonance 

(QMR) (EchoMRI) instrument is able to measure whole total body fat, lean mass and 

body fluids in live mice. An initial quality control was carried out whereby a 33.2 g oil 

container was measured before any animals were scanned. Each mouse was 

placed, un-anesthetised into a Perspex tube, and a smaller tube was used to confine 

the mice with the help of a Velcro strap. Tubes were inserted horizontally into the 

instrument placing the mouse into the instruments magnetic field. Readings were 

taken over a period of 2 – 3 min, after which the mouse was removed from the 

machine and weighed before being returned to its cage.  
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The mouse body composition measurements were taken on day 1 of the study with 

data used to randomize mice according to their lean mass content for experiments. 

Mice were measured again a day prior to the termination of the study. 

 

In Vivo Gene Transfer in Mouse Skeletal Muscle 

Introduction of plasmid constructs into the muscle by electroporation, was conducted 

on day 1 of the study. Each mouse was placed within a sliding top induction chamber 

and anesthetized with Isoflurane. Once anesthetized, the animal was removed from 

the chamber and placed on the operating table with anaesthesia maintained by 

delivery through a hosepipe that covered the nostril and mouth of the mouse. The leg 

was shaved to expose the skin and cleaned with ethanol wipes. 100 ug of DNA 

(empty pCAGGS or pCAGGS-GFP or FHL constructs) was injected longitudinally 

into the Tibialis anterior (TA) muscle with a 29 - gauge needle (BD Micro-Fine TM). 

Stainless steel electrode needles fixed 5 mm apart were then inserted from the inside 

to the outside of the leg into the transverse muscle belly around the DNA injection 

site. Square wave electrical impulses (8.5 V/cm) were applied eight times at a rate of 

ten pulse/s (duration, 20 ms) using a Grass SD9 stimulator (Grass Instruments, 

Quincy).  Mice were returned to their individual cages after electroporation. 

 

Dosing 

Animals were treated with dexamethasone daily at the same time of the morning ± 3 

min, starting on day 3. Briefly, dexamethasone (Sigma-Aldrich) was injected 

subcutaneously at a dose of 0.3 mg/kg body weight/day or mice were injected with 

an equal volume of vehicle (saline).  

 

TA Contractile Properties 

Measurements of twitch tension and tetanic tension of the TA were performed in 

collaboration with Fritz Kramer and Alan McDougal (GSK, North Carolina, U.S.A). A 

novel assay was utilized which tested the strength of the FHL injected legs by looking 

at TA strength during dorsiflexion of the foot. Briefly, the mice were anesthetized 

before careful transection of the Achilles Tendon to separate the action of the TA 

muscle from the gastrocnemius muscle which is involved in plantarflexion. Mice were 

positioned with the right leg strapped to a pedal connected to a force transducer and 

electrodes were inserted to provide electrical stimulation (Figure 5). The contractile 

experiment was a terminal procedure for the mice and was therefore performed on 

the last day of the study. Due to the orientation of the apparatus it was not possible 
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to acquire data from the left (control) TA. Apparatus used to carry out the procedure 

were obtained from Cambridge Technologies.  

 

 
 

Figure 5: Apparatus used to measure force generated in mouse TA muscle. 

Mouse placement for in vivo testing; C57BL/6 mice placed on an operating table 

were kept under anaesthesia by access to Isoflurane through a hosepipe. The knee 

joint of mice electroporated with a FHL plasmid (in their TA muscle) were anchored in 

place by a bar, with the foot of the mice placed in a footpad attached to a force 

transducer. The force transducer was connected to a computer to record isometric 

forces i.e. twitch and tetanic force.  

 

TA Extraction 

Each TA was removed, weighed and divided longitudinally into three parts to allow 

for separate downstream processing. The middle section of the TA was removed, 

mounted on O.C.T. (Tissue-Tek) covered cork and frozen in Isopentane for 

histological purposes. The other sections were stored in cryovials to be used later on 

for either qPCR or Western Blot experiments. All sections were stored at -80 °C 

before being shipped to the U.K. on dry ice for analysis.  

Histology protocol 

Cryosectioning 

Tibialis Anterior (TA) muscles previously mounted in O.C.T compound were 

cryosectioned by Ms. Lorraine Lawrence of the Leukocyte Biology Group (Imperial 

College London, UK). Transverse TA sections (10 µm) were cut from the mid-belly 
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area of the muscle with a Leica cryostat at – 20 oC and thaw mounted onto glass 

slides.  

 

Hematoxylin and Eosin stain (H and E) 

Slides (VWR international) were defrosted at RT.  The tissue was fixed by incubation 

in 4% paraformaldehyde (PFA) (pH 7.2) (Sigma-Aldrich) dissolved in 1 x PBS at RT 

for 10 min. Slides were washed with running water for 1 min to completely remove 

the PFA. Mayers hematoxylin solution (Sigma-Aldrich) was added for 5 min to stain 

the nuclei dark before the samples were washed under warm running tap water for 

10 min. 0.5 % Eosin solution (Merck Millipore) containing acetic acid (Fisher 

Scientific (Thermo Fisher Scientific)) was applied to the samples for 10 min to stain 

the fibres red. Slides were again washed 3 x for 1 min with double distilled H2O to 

remove residual eosin. The samples were dehydrated by sequential incubations in 

70 % EtOH for 1 min, 90% EtOH for 30 sec, 100 % EtOH for 30 sec and lastly xylene 

(Fisher Scientific (Thermo Fisher Scientific)) for 30 sec. Samples were mounted with 

xylene based mounting media (Fisher Scientific (Thermo Fisher Scientific)) and 

coverslips, before storage at RT. H and E staining of cryosections was carried out by 

Lorraine Lawrence (Imperial College, London, UK). Images were captured using the 

CKX41 microscope colour view soft imaging system (Olympus) and processed in 

Image J (National Institutes of Health (NIH)). Muscle fibre size and the numbers of 

centralised nuclei were calculated from H and E images. 

 

FHL Expression 

Antibodies were made up PBST-milk blocking solution. 4',6 -diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich) was made up in 1 x PBST wash buffer. 

 

Cryosections of mouse TA muscle samples were stained for the expression of FHL 

proteins.  Samples were fixed in 4 % PFA (Sigma-Aldrich) in PBS (pH 7.4) at RT for 

10 min then washed in 1 x PBST (wash buffer) 3 times for 3 min each wash. 

Samples were incubated in PBST-milk blocking solution for 30 min at RT. The 

sections were then washed in 1 x PBS-T before incubation with the relevant anti-FHL 

primary antibody diluted at 1 in 100 in PBST-milk overnight at 4 °C in a humidified 

environment. The sections were washed with PBST 3 times for 3 mins per was and 

incubated with the secondary antibody goat anti-rabbit Alexa Flour 488 (Invitrogen 

(Life Technologies)) diluted 1 in 250 in PBS-milk for 1 h in the dark at RT. Finally 

sections were washed twice with PBST (3 mins per wash) before incubation with 

DAPI solution at a final concentration of 0.5 µg/ml followed by a final 3 min wash in 
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PBST. Coverslips were mounted and fluorescent proteins were visualized using a 

Widefield Axiovert 200 camera (Carl Zeiss) and images were taken using the 

computer software Volocity (Improvision).   

 

Fibre Typing 

The following methodology was adapted from a recent protocol (Bloemberg and 

Quadrilatero, 2012). Primary antibodies were obtained from Developmental Studies 

Hybridoma Bank (University of Iowa) (Schiaffino et al., 1989, Lucas et al., 2000). 

Secondary antibodies were purchased from (Invitrogen (Life Technologies)). All 

antibody cocktails were prepared in 10 % goat serum (Gibco, (Life Technologies)).  

 

Cryosections were air dried at RT for 10 min prior to being blocked with 10 % goat 

serum in 1 x PBS for 1 h. Next, serial cryosections were incubated, overnight, in 

either primary antibody cocktail 1 consisting of anti-MHCI at 1 in 50 (BA-F8), anti-

MHCIIA at 1 in 600 (SC-71) and anti-MHCIIB at 1 in 100 (BF-F3) in PBS + 10% goat 

serum or primary antibody cocktail 2 consisting of anti-MHCIIA at 1 in 600 (SC-71) 

and anti-MHCIIX at 1 in 50 (6H1) in PBS + 10% goat serum. The next day sections 

were washed 3 times for 5 min in 1 x PBS, before the relevant secondary antibody 

cocktail was applied and the samples were incubated at RT for 1 h. Cocktail 1 

consisted of at Alexa Fluor 350 anti-IgG2b 1 in 500 (to stain MHCI), Alexa Fluor 488 

anti-IgG1 at 1 in 500 (to stain MHCIIA) and Alexa Fluor 555 anti-IgM at 1 in 500 (to 

stain MHC2B). Cocktail 2 consisted of Alexa Fluor 488 anti-IgG1 at 1 in 500 (to stain 

MHCIIA ) and Alexa Fluor 555 anti-IgM at 1 in 500 (to stain MHCIIX). Sections were 

washed 3 times for 5 min in 1 x PBS before coverslips were mounted in Fluorescent 

Mounting Medium. 

   

Digital images were taken using a Widefield Axiovert 200 camera (Carl Zeiss) and 

processed using the computer software Volocity (Improvision).  Fibres stained with 

cocktail 1 antibodies were identified as type I fibres (blue staining under the DAPI 

channel), type IIA fibres (green staining under the GFP channel) and type IIB fibres 

(red staining under the TRITC channel) and type IIX fibres (no staining). Fibres 

stained with cocktail 2 antibodies were identified as type IIA fibres (green staining 

under the GFP channel), type IIX fibres (red staining under the TRITC channel) and 

type I/IIB fibres (no staining). Fibre type proportion and fibre diameter were 

calculated for each section. To distinguish between fibre type IIB and IIX, a pseudo-

colour purple was used to digitally change type IIX fibres to purple.  

 



	   90	  

Succinate Dehydrogenase Activity (SDH) 

Succinate dehydrogenase (SDH, also known as complex II in the mitochondrial 

respiratory chain) is responsible for the oxidation of succinate to fumarate (succinate 

+ SDH > fumarate + hydrogen). The presence of nitroblue tetrazolium allows for the 

hydrogen released from the succinate substrate to be transferred to the tetrazolium 

forming a coloured substrate (hydrogen + NBT > formazan). 

 

The following methodology was modified from a protocol by Sheehan et al., 

(Sheehan, 1987). Serial cryosections were incubated for 1 h at 37 oC in 10 ml of 0.2 

M sodium phosphate buffer containing 270 mg sodium succinate (Sigma-Aldrich) and 

10 mg nitro-blue tetrazolium (NBT) (Sigma-Aldrich). Sections were washed with three 

exchanges of double distilled water. To remove unbound NBT from the sections a 

further 3 exchanges each of 30 %, 60 % and 90 % acetone solutions (Sigma-Aldrich) 

in increasing, then decreasing concentration was performed. The 90 % final acetone 

exchange was left to cover the slides until a faint purplish cloud was seen over the 

sections. Next, sections were rinsed several times with double distilled water and 

coverslips were mounted with aqueous mounting medium. Images were captured 

using the CKX41 microscope colour view soft imaging system (Olympus) and 

processed in Image J (National Institutes of Health (NIH)). 
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Statistical /Computer Analysis 

The Basic Local Alignment Search Tool (BLAST) program (Chakkalakal et al., 2004) 

and CLUSTALW (EMBL-EBI) were used to search and identify conserved sequences 

in the FHL family group.  

 

Statistical analysis of group differences was carried out using either a Student’s T- 

Test for normally distributed data or a Man-Whitney U test for non-normally 

distributed data determined by Shapiro-Wilk normality test. Bonferroni corrections 

were carried out to adjust P values when several dependent or independent 

statistical tests were performed simultaneously on single data sets. Graphs are either 

depicted as box and whisker plots whereby the median and inter-quartile ranges and 

the range of the data are recorded or as mean ± standard error of the mean (SEM). 

All tests were conducted using Prism software using GraphPad Prism version 6.0 for 

Mac, (GraphPad Software www.graphpad.com). P value levels of statistically 

significant results are denoted by the relevant number of stars as shown in the 

legend below: 

 

P values            Symbol       Significance   
> 0.05                     ns          (not significant) 

0.01      to 0.05        *  

0.001    to 0.01        ** 

0.0001  to 0.001      *** 

< 0.0001                  ****       (very significant) 
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Chapter 3  

Introduction 

As described in chapter 1 FHL1 is widely considered to be a pro-hypertrophic protein 

predominantly due to the effects of mutations in FHL1 in man and the effect of over-

expressing FHL1 in vitro and in vivo. However, there are a number of pieces of 

correlative data also described in chapter 1 suggesting that FHL1 can also be 

associated with atrophy raising the possibility that the function of FHL1 is context 

dependent.  One possible mechanism by which such context dependence may arise 

is through interactions with nuclear hormone receptors as these are known to 

modulate skeletal muscle phenotype causing both hypertrophy (e.g. androgens, 

vitamin D) and atrophy (e.g. glucocorticoids and thyroid hormone) as well as 

modifying the metabolic phenotype of the muscle (e.g. thyroid hormones).   

 

Data supporting a potential role for FHL1 in the control of skeletal muscle phenotype 

via interactions through the nuclear hormones come from a range of sources.  Firstly, 

another member of the FHL family (FHL2) is known to interact physically with the 

androgen receptor to increase its activity. This interaction is thought to occur through 

two classical FXXLF/LXXLL hormone interaction motifs present in that protein (Muller 

et al., 2000, Chan et al., 1998). There is also circumstantial evidence suggesting that 

FHL1 may interact with the androgen receptor in man as polymorphisms in FHL1 are 

associated with fasting glucose levels in men but not in women and the rs2180062 

C>T SNP of FHL1 is associated with increased insulin sensitivity in response to 

exercise in men but not in women (Jarvinen et al., 2002). It is also interesting to note 

that our data showing an association of FHL1 with weakness was seen in patients 

with a chronic disease (COPD). In this condition there is a marked shift in the 

androgen to cortisol ratio with a reduction in the levels of androgen and while 

increased endogenous cortisol has not been reported in COPD patients these 

patients receive significant doses of glucocorticoids during periods of disease 

exacerbation. However, to date there are no data identifying a direct interaction of 

FHL1 with nuclear hormones.   

 

FHL1 is not the only FHL family member expressed in differentiated skeletal muscle, 

which also expresses FHL3. As described in chapter 1, relatively little is known about 

FHL3, but it appears to be more similar to FHL2 than FHL1. Furthermore, FHL2 is 

known to interact with a range of nuclear hormone receptors including PPAR, TRβ 
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and RXR (Johannessen et al., 2006) raising the possibility that FHL3 also regulates 

muscle phenotype by interacting with these receptors.   

Hypothesis 

FHL proteins contribute to the regulation of muscle mass and phenotype by 

modifying the activity of nuclear receptors.  

 

Specific Aims (Figure 6) 

 

The experimental aims are: 

 

• Determine whether FHL1 and /or FHL3 can modify the activity of Class 1 

nuclear receptors (Androgen Receptor, Glucocorticoid Receptor) and/or 

Class 2 nuclear receptors (Thyroid Receptor α, Thyroid Receptor β and 

Vitamin D Receptor) in proliferating skeletal myoblasts and committed 

skeletal myoblasts in vitro. 

 

• To determine whether FHL1 and/or FHL3 can physically interact with Class 1 

and Class 2 nuclear receptors. 

 

• To generate FHL1 and FHL3 mutants with the critical residues of the classic 

motif for interaction with the nuclear receptor family (F/L) XXL (F/L) converted 

into alanines. The mutants will therefore be used at a later stage to determine 

whether the activities of the FHLs with hormone receptors are dependent on 

the wild type motifs. 

 

• To determine the consequences of FHL1 regulation of hormone receptors by 

carrying out myotube assays under different hormonal conditions.  
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Figure 6: Schematic of experimental design involving cell culture and cloning 

methodologies. 
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Experimental Design 

 
Dual Non-Secreted Luciferase Reporter Assay  

The Dual-Luciferase Reporter Assay System from Promega utilises a combination of 

two reporters: Firefly luciferase from Photinus pyralis (FLuc) under the control of a 

promoter that is sensitive to the agent or conditions of interest is used as an 

experimental reporter, and Renilla luciferase under the control of a constitutively 

active promoter (i.e. not sensitive to the agent or experimental conditions) is used as 

the internal control reporter (Figure 7A). The use of Renilla luciferase minimises the 

inherent experimental variability that can undermine experimental accuracy, such as 

differences in the number and viability of cells used, transfection efficiency and the 

efficiency of cell lysis (Grentsmann et al., 1998).  After transient transfection, both 

luciferase activities are measured sequentially from single extracts on the basis of 

their bioluminescent substrate specificity. Firefly luciferase activity is measured first 

by adding firefly D-luciferin, and then Renilla luciferase activity is measured by 

adding coelenterazine (another name of Renilla luciferin) with the concomitant 

quenching of firefly luciferase luminescence. Finally, firefly luciferase activity is 

normalized by Renilla luciferase activity as a promoter activity (Figure 7B).   

 

Measuring transfection efficiencies in Dual Luciferase Reporter Assays  

The level of transfection efficiency in an experiment is of minimal concern with 

sensitive reporters such as luciferase. Furthermore the use of Renilla luciferase as 

an internal control promoter enables the normalisation of differences in transfection 

efficiencies between samples. It is possible to visually determine transfection 

efficiencies, pEGFPLuc which combines a fusion of enhanced green fluorescent 

protein (EGFP) and luciferase from the firefly Photinus pyralis can be used (de Wet 

et al., 1987). pEGFPLuc gives the option of normalising transfection efficiencies by 

fluorescence microscopy of living cells instead of by luciferase assay with the added 

bonus of sorting transfected cells expressing pEGFPLuc by flow cytometry (de Wet 

et al., 1987). Previous studies by the group have shown that the transfection 

efficiency in C2C12 cells determined by pEGFP fluorescence using the method 

described in this thesis is routinely greater than 50% (P. Kemp unpublished 

observations).  
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Figure 7: Principle of a dual non-secreted luciferase reporter assay.                        

(A) Two reporter plasmid vectors consist of the target promoter sequence, the firefly 

luciferase gene sequence, and the constitutive promoter sequence, and the Renilla 

luciferase gene sequence as a control. (B) After transfection of the two plasmids into 

target cells, the promoter region regulates the expression of the luciferase genes in 

living cells. Firefly luciferase protein catalyzes a reaction with firefly luciferin to 

produce a yellow-green light. Renilla luciferase protein catalyzes a reaction with 

coelenterazine (another name of Renilla luciferin) to produce blue light. In the 

transient transfection dual luciferase assay, luciferase-expressing cells are lysed for 

an appropriate period. The amounts of expressed luciferase proteins can be 

estimated from the light intensity produced in response to the appropriate substrate. 

The light intensities indicate the target promoter and control promoter activities in 

living cells. In this case, the target promoter activity is normalized by the control 

promoter activity (Grentsmann et al., 1998). 

 

Note: 

Unless otherwise indicated, values shown luciferase experiments were the 

mean  +  SEM of 3 independent experiments, with comparison of groups performed by 

2-tailed Student’s t test.  
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Results 

FHL1 and FHL3 contain conserved nuclear receptor interaction motifs 

To determine whether FHL1 and FHL3 contained motifs likely to interact with nuclear 

hormone receptors, the available FHL1 and FHL3 protein sequences were taken 

from mouse genome assembly data on the Ensembl website (Hubbard et al., 2009), 

aligned using CLUSTALW and examined for the signature motif for interaction with 

the steroid hormone family; (F/L) XXL (F/L) (Figure 8). One motif was present in 

FHL3 (FXXLF) in the third full LIM domain.  No complete motif was observed in FHL1 

but a partial motif in FHL1 (LXXL) in the first full LIM domain was conserved across 

all the species examined. These data suggest that the FHLs may interact with a 

range of class I and class II steroidal receptors (Figure 9), especially as these motifs 

are conserved among species.  

	  
Figure 8: Nuclear Receptor interacting motifs are conserved in FHL family 

members 

Alignment of published FHL1 and FHL3 sequences from 5 species identified a LXXL 

partial nuclear hormone interaction motif at amino acids 73 -76 in FHL1 and a FXXLF 

motif in FHL3 at amino acids 213-217, which is highly conserved among FHL family 

members in human, murine, and C. porcellus This finding suggests that the LXXL 

and FXXLF motifs may have an important role in the function of FHL proteins (motifs 

= purple). 
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•  Androgen Receptor           : FXXLF, LXXLL 

•  Glucocorticoid Receptor    : LXXLL, LXXLL 

•  Thyroid Receptor               : LXXLL 

•  Vitamin D Receptor           :  0 

 

(F= Phenylalanine, L= Leucine ,X = any amino acid) 

Do FHL proteins interact with nuclear hormone receptors? 

•  FHL1                                 : LXXL 

•  FHL2                                 : FXXLF, FXXLY 

•  FHL3                                 : FXXLF 

? 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
 
Figure 9: Schematic representation showing the nuclear receptor motifs found 

in NRs of interest in muscle phenotype and FHLs.  

Black filled arrow indicates identified interactions between nuclear receptor and FHL 

protein. Red dotted arrow represents the possible interactions of FHL1 and FHL3 

with the AR, GR, TR and VDR being investigated in cell culture. 
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 AR 

 

1. FHL1 and FHL3 functionally interact with AR in proliferating and committed 

myoblasts.  

The long terminal repeat of Mouse Mammary Tumor Virus (MMTV) contains a 

hormone response element that is activated by both androgens and glucocorticoids. 

This promoter has therefore been used to analyse the activity of both the AR and 

GR.  Consequently, to determine the effect of the FHLs on androgen receptor activity 

in muscle cells, C2C12 cells were transfected with a vector containing the MMTV 

promoter driving firefly luciferase, MMTV luciferase reporter (MMTV-luc) and an 

androgen receptor expression vector pAR in the presence or absence of FHL1 or 

FHL3 as well as pRL-TK a Renilla-luciferase control vector (Figure 10A).  

 

In proliferating myoblast cells in the presence of 100 nM androstanalone, expression 

of the AR increased reporter gene activity 16 fold. FHL1 and FHL3 did not modify 

basal promoter activity. Additionally neither FHL1 nor FHL3 co-expression modified 

the effect of the AR on the promoter (Figure 10B). In committed myoblasts the effect 

of expression of AR on reporter gene activity was markedly reduced compared to 

that observed in myoblasts, causing only a 2-fold increase in reporter gene activity. 

FHL1 and FHL3 alone did not modify basal promoter activity. Co- expression of 

FHL1 increased AR activity 1.5 fold (p = < 0.0001, Student T test) whilst co-

expression of FHL3 enhanced the activity of the receptor 2 fold (p = 0.0001, Student 

T test with pooled data adjusted by Bonferroni correction) (Figure 10C).  

 

In the absence of 100 nM androstanalone, reporter gene activity was not detectable 

(data not shown). 
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Figure 10: FHL functional interactions with the AR under androstanolone 

treatment. 

(A) Schematic representation of the luciferase reporter construct used to test 

functional interactions of FHLs with the AR. C2C12 (B) proliferating myoblasts and 

(C) committed myoblasts were co-transfected with the MMTV-luciferase construct 

with the AR and FHL1 or FHL3. Cells were maintained in either (B) 10 % dialysed 

foetal calf serum supplemented with 100 nM androstanolone or (C) 10 % dialysed 

horse serum media supplemented with 100 nM androstanalone and assayed for 

luciferase activity after 48 h. The transfection efficiency was normalised relative to a 

Renilla control and the results are expressed as the relative promoter activity 

compared to empty control vector (pCDNA). Each transfection was done in 

quadruplicate, n=4. Data are represented as bar graphs of the mean with error bars 

showing ± SEM. **** p<0.0001 refers to a difference between the indicated 

conditions. 
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2. FHL1 and FHL3 physically interact with the ARα 

Immunoprecipitation experiments were performed to determine whether FHL1 and/or 

FHL3 could physically associate with the AR in skeletal muscle. In both cases 

immunoprecipitations were performed using lysates prepared from mouse tibialis 

anterior (TA). To investigate the interaction between FHL1 and the AR, TA lysate 

was incubated with rabbit anti-FHL1 and binding to protein A/G beads precipitated 

the immune complexes. The samples were analysed by western blotting with 

immunodetection of AR. Although the input control showed low or no expression of 

the AR (Figure 11A- Input lane), there was a weak band at 110 kDa (the appropriate 

size for AR (Figure 11A – FHL1 lane) that was not present in the negative control 

(Figure 11A – Beads lane). Attempts to confirm this IP result by using AR for IP were 

unsuccessful as FHL1 stuck to the beads in the absence of antibody. For interactions 

between FHL3 and the AR, TA muscle was incubated with rabbit anti-AR, 

precipitated with protein A/G beads and western blots were probed for FHL3 (Figure 

11B). This analysis resulted in pulldown of FHL3 indicated by a faint 32 kDa band 

(Figure 11B-AR lane), which was not present in the negative control (Figure 11B 

beads lane). As the available antibody for FHL3 was a chicken IgY it was not 

possible to confirm this immunoprecipitation in the reverse direction as IgY capture 

beads were not available (see Chapter 3 Experimental Limitations – 

Immunoprecipitation Assays). These data suggest that there is a physical interaction 

between the androgen receptor and FHL1 and FHL3. However whether these are 

direct or indirect physical interactions cannot be verified without further analysis.  

 
Figure 11: FHL1 and FHL3 interacts with the AR in vivo.  

(A, B) Co-immunoprecipitation of FHL1 or FHL3 with the AR from TA muscle 

extracts. (A) TA muscles were used for immunoprecipitation with an anti-FHL1 

antibody, followed by detection by Western blotting using an anti-AR antibody (in the 

case of FHL1 and AR interactions). (B) Alternatively TA muscles were used for 



	   103	  

immunoprecipitation with an anti-AR antibody, then immunoprobed with an anti-FHL3 

antibody in the case of FHL3 and AR. N = 2  

 

3. Are the LXXL and FXXLF motifs in FHL1 and FHL3 required for interaction 

with the AR? 

To determine whether the (F/L) XX (F/L)L motifs in FHL1 and FHL3 were required for 

interaction with the AR mutant forms of FHL1 and FHL3 were generated in which the 

hydrophobic residues in these motifs were replaced with alanines and the ability of 

these mutants to modify the activity of the AR was determined by luciferase assay. 

 

a. Generation of FHL1 and FHL3 nuclear receptor interaction motif 

knock outs. 

To make the mutants the mega-primer PCR approach (Karisson et al., 2001) was 

used (Figure 12A - C).   

 

FHL1- Motif Knock Out (MKO): The mutant form of FHL1 (FHL1-MKO) had the wild-

type motif LXXL contained in FHL1 modified by changing the critical leucine residues 

into alanines, AXXA. An initial PCR reaction produced a 267 bp mega-primer 

containing the appropriate mutations by amplification from the human FHL1 wild-type 

(WT) cDNA template using the FHL1 WT forward flanking primer 5' 

CAGCGTGAGGTCCCTCCAGCTACAA 3' and a reverse FHL1 mutagenic primer 5' 

CATTGGCCGCGGGGTGAGCGCACTTGG 3' (mutated bases shown in red).  This 

mega-primer was gel purified before being used in a second PCR reaction as a 

forward primer along with the FHL1 flanking reverse primer 5' 

GGACAGGAGCCCCTGTCAGT 3' to obtain the full length motif knock out FHL1 

construct. Final PCR products were ligated into pGEMT-easy before being 

sequenced to confirm mutagenesis.  

 

FHL3-MKO: The mutant form of FHL3 (FHL3-MKO) had the wild-type motif FXXLF 

critical residues contained within FHL3 changed from phenylalanine and leucine into 

alanines AXXAA. The product of the first PCR reaction was a 303 bp mega-primer 

produced using FHL3 human cDNA as template, a mutagenic FHL3 forward primer 

with the sequence 5’ GGCCTGTGCTGGAGAAGCCGCTGCACCTAA 3’ and the 

reverse FHL3 WT flanking primer 5’ GGGGGGAGCTGAGTCCCAGAGGTGGTTTA 

3’. The purified mega-primer was then used in a second PCR reaction as a reverse 

primer, along with the remaining FHL3 human WT flanking forward primer with the 
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sequence 5'CCCGCCGCCCGCTTCGAGGGTTCTCT 3' and the WT FHL3 human 

DNA template to give the full length FHL3-MKO. 

 
 
Figure 12: Generation of FHL Motif-Knock Outs using site-directed 

mutagenesis. 

(A) Outline of Megaprimer PCR methodology where the first flanking primer and a 

mutagenic primer with a mutation introduced produce a Megaprimer which is 

subsequently gel purified before being used in a second reaction with the remaining 

flanking primer to produce a full-length motif knock-out PCR product. Blue stars 

denoted by mutated bases. (B) Megaprimer products for FHL1-MKO (Lanes 3-

4)(Note: Lanes 1-2 are failed megaprimer reactions) and FHL3-MKO (Lanes 5 and 6) 

Lane L denotes ladder. (C) Full length final PCR products of FHL1-MKO (Lanes 1 -4) 

and FHL3-MKO (Lanes 5 -8) Lane L denotes ladder.  

 

b. Effect of the FHL1-MKO and FHL3-MKO on androgen receptor 

activity. 

To determine whether functional interaction between the FHLs and the AR required 

the nuclear receptor interaction motifs, the effect of these mutant forms of the 

proteins was determined on AR dependent MMTV promoter activity in differentiating 

C2C12 cells using transient transfection reporter assays (Figure 13A, B). Neither 

FHL1-MKO nor FHL3-MKO increased the activity of the AR in these assays despite 

the normal activation of the AR by the wild-type proteins (Figure 13A, B).  These data 
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suggest that the NR binding motifs are important in the functional interaction between 

the FHLs and the AR. 

 
 

 

Figure 13: FHL1, FHL1-MKO, FHL3 and FHL3-MKO functional interactions with 

the AR under androstanolone treatment. 

C2C12 myoblasts were co-transfected with the MMTV-luciferase construct with 

combinations of  (A) the AR, FHL1, mutant FHL1 (AXXA) or (B) the AR, FHL3 or AR 

and FHL3 (AXXAA). Cells were maintained in 10 % dialysed horse serum media 

supplemented with 100 nM androstanolone and assayed for luciferase activity after 

48 h. The transfection efficiency was normalised relative to a Renilla plasmid and the 

results are expressed as the relative promoter activity compared to empty control 

vector (pCDNA). Each transfection was done in quadruplicate, n=4 and each 

experiment was repeated three times. Data are presented as mean with error bars 

showing ± SEM and differences between treatments marked with (*) differ 

significantly by T-Test. * p<0.05, refers to a difference between the indicated 

conditions. 
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4. AR induced skeletal muscle myotube hypertrophy is enhanced by FHL1 in 

C2C12 cells 

These data presented above indicate that the FHL proteins interact with the 

androgen receptor and can increase its ability to activate an artificial promoter but do 

not determine whether the proteins can modify a normal physiological function of the 

AR. It was therefore decided to determine whether FHL1 increased the ability of the 

AR to stimulate muscle growth. This assay could not be performed using FHL3 as 

FHL3 has been shown by Cottle et al, 2007 to suppress myotube formation. The 

myotubes formed in HA-FHL3 C2C12 cell lines appeared consistently and 

reproducibly significantly smaller and thinner relative to control HA-vector cell lines 

after 120 hours of differentiation (Cottle et al., 2007). 

To determine whether the FHL1-mediated potentiation of AR activity is functionally 

important for myotube size, C2C12 myoblasts were transfected with a GFP 

expression vector together with either the control vector, AR, FHL1, or both AR and 

FHL1. Myoblasts were allowed to differentiate into myotubes for 10 days before 

being treated with vehicle or 100 nM androstanolone. A muscle cell containing 3 or 

more nuclei was considered as a myotube, as defined previously (Ge et al., 2012). 

Myotube diameter measurements were made after 48 h and 96 h of treatment 

(Figure 14, 15A, 15B).   

In the absence of added androstanolone (cells treated with saline for 48h) there was 

no effect of expression of the AR or FHL1 on myotube diameter alone or in 

combination compared to control transfected cells. Interestingly co-expression of 

FHL1 and AR increased mean myotube diameter by 11 % (17.12 ± 0.4899 µM AR vs 

18.94 ± 0.4488 µM AR + FHL1) compared to AR expression alone (p = 0.05 Mann 

Whitney-U Test adjusted by Bonferroni correction) raising the possibility of a co-

operative response. However, whilst the mean fibre diameter was greater in these 

cells than in the control transfected cells (17.87 ± 0.6527 µM) this difference did not 

reach statistical significance (p = 0.17 Mann Whitney-U Test). In the androstanolone 

treated myotubes there were no significant differences between median myotube 

diameters across groups 48 h after the addition of the drug. Furthermore, the 

androstanalone had not altered fibre diameter compared to saline treated group 

(Figure 14, 15A). 
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After a further 2 days in the absence of androgen the average myotube size had 

increased in all groups. At this time point the FHL1 expressing cells were smaller 

than control cells by approximately 20% (20.56 ± 0.5754 µM FHL1 vs 26.32 ± 0.7780 

µM control, p = <0.0001 Mann Whitney-U adjusted by Bonferroni correction) and 

there was no longer any difference in the size of the AR treated and AR + FHL1 

treated cells. In the androstanolone treated myotubes, expression of AR caused a 

marked increase in the size of the myotubes compared to control (AR transfected 

27.31 µM (22.50, 47.84) vs control at 19.87 µM (17.04, 22.47) (p = 0.001, Mann 

Whitney-U test adjusted by Bonferroni correction). Additionally in androstanolone 

treated myotubes, expression of FHL1 alone increased myotube diameter when 

compared to control, (median myotube diameter of FHL1 transfected myotubes at at 

42.52 µM (22.46, 55.02) vs. control at 19.87 µM (17.04, 22.47) (p = <0.0001, Mann 

Whitney-U test adjusted by Bonferroni correction), equating to an 113% increase in 

median fibre diameter). There was no synergistic increase in median myotube 

diameter by co-transfecting AR and FHL1 (Figure 15B). Taken together these data 

show that FHL1 increases the effects of androstanalone in muscle cells and this is 

most likely caused by an interaction with the androgen receptor (Figure 15B). 

 

Figure 14: Representative images of androstanolone induced skeletal muscle 

hypertrophy enhanced by FHL1 after 48 hours. 

C2C12 myoblasts were transfected with a GFP expression vector together with either 

the control vector (A, E), AR (B, F), FHL1 (C, G), or both AR and FHL1 (D, H). 

Myoblasts were allowed to differentiate into myotubes for 10 days before being 

treated with vehicle (A – D) or 100 nM androstanolone (E - H). Myotube diameter 

measurements were made after 48 h and 96 h of treatment. Scale Bar = 120 µM.  
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Figure 15: Overexpression of pCAGGS-FHL1 increased the size of 

Androstanolone treated myotubes after 96 h. 

C2C12 myoblasts were transfected with an EGFP expression vector together with 

either the control vector, AR, FHL1, or both AR and FHL1. Myoblasts were allowed to 

differentiate into myotubes for 10 days before being treated with vehicle (A) or 100 

nM androstanolone (B) Myotube diameter measurements were made after 48 h and 

96 h of treatment as described in Materials and Methods (Chapter 2). Data are 

represented by Box and Whisker plots; the box defines the group median and 

interquartile range, whilst error bars indicate the data range. Minimum number of 

myotubes analysed for each condition, n = 40. **** p<0.0001; *** p<0.001; * p<0.05, 

refers to a difference between the indicated conditions. 
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GR 

The ability of FHL1 to interact with the AR through a NR interaction motif raised the 

possibility that FHL1 would also interact with other nuclear hormone receptors.  

Interaction of FHL1 with the GR would offer a possible explanation for the 

observations that FHL1 could be associated with both hypertrophy and atrophy 

dependent on the hormonal milieu. It was therefore decided to investigate the 

potential for interaction between FHLs and the GR. 

 

1. FHL1 and FHL3 functionally interact with GRα in proliferating and 

committed myoblasts.  

The first line of investigation was to establish whether the functional activity of the 

GRα after dexamethasone binding was modified by FHL1 and/or FHL3 during 

different stages of C2C12 differentiation. As the MMTV-LTR responds to 

dexamethasone, the experimental design involved the use of the MMTV reporter 

gene in (luciferase) assays (Figure 16A).  

In myoblast cells treated with 100 nM dexamethasone, expression of GRα increased 

reporter gene activity 47 fold whereas FHL1 and FHL3 alone did not alter basal 

promoter activity. In co-transfection experiments FHL1 enhanced the effect of the 

GRα on the MMTV promoter 2 fold (p = 0.0015 Student T test with pooled data 

adjusted by Bonferroni correction) whereas FHL3 suppressed GRα activity on this 

promoter by ~ 25% (p = 0.0082 Student T test with pooled data adjusted by 

Bonferroni correction) (Figure 16B). In committed myoblasts in the presence of 

dexamethasone, GRα dependent activation of the promoter was markedly reduced 

compared to in myoblasts only causing an 11 fold induction of GRα dependent 

transactivation. In these cells neither FHL1 nor FHL3 reduced the basal activity of the 

promoter whereas co-expression of FHL1 with GRα increased GRα activity 1.6 fold 

(p = 0.0002 Student T test with pooled data adjusted by Bonferroni correction) and 

co-expression of FHL3 enhanced the activity of the receptor 1.9 fold (p = 0.0035 

Student T test with pooled data adjusted by Bonferroni correction) (Figure 16C).  
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Figure 16: FHL functional interactions with the GRα under dexamethasone 

treatment. 

(A) Schematic representation of the luciferase reporter construct used to test 

functional interactions of FHLs with the GRα. (B) Proliferating C2C12 myoblasts and 

(C) committed C2C12 myoblasts were co-transfected with the MMTV-luciferase 

construct in the presence or absence of GRα and FHL1 or FHL3 expression 

plasmids alone or in combination. Cells were maintained in either (B) 10 % dialysed 

foetal calf serum media supplemented with 100 nM dexamethasone or (C) 10 % 

dialysed horse serum media supplemented with 100 nM dexamethasone and 

assayed for luciferase activity after 48 h. The transfection efficiency was normalised 

relative to a Renilla plasmid and the results are expressed as the relative promoter 

activity compared to empty control vector (pCDNA). Each transfection was done in 

quadruplicate, n=4 and each experiment was repeated three times. Error bars show 

± SEM and difference between treatments marked with (*) differ significantly by T-

Test. *** p<0.001; **p<0.01; refers to a difference between the indicated conditions. 
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2. Effect of the FHL1-MKO and FHL3-MKO on glucocorticoid receptor 

activity. 

To determine whether these effects were dependent on the NR interaction motifs the 

experiments were repeated using the FHL1-MKO and FHL3–MKO mutants.  In both 

cases deletion of the motif inhibited the effects of the FHL protein on the activity of 

the GRα (Figures 17 and 18). 

 

 
Figure 17: FHL1 and FHL1-MKO functional interactions with the GRα under 

dexamethasone treatment. 

C2C12 (A) proliferating myoblasts and (B) committed myoblasts were co-transfected 

with the MMTV-luciferase construct with the GRα, FHL1, FHL1-MKO (AXXA) or GRα 

and FHL1 or GR and FHL1 (AXXA). Cells were maintained in either (A) 10 % 

dialysed foetal calf serum media supplemented with dexamethasone or (B) 10 % 

dialysed horse serum media supplemented with 100 nM dexamethasone and 

assayed for luciferase activity after 48 h. The transfection efficiency was normalised 

relative to a Renilla plasmid and the results are expressed as the relative promoter 

activity compared to empty control vector (pCDNA). Each transfection was done in 

quadruplicate, n=4 and each experiment was repeated three times. Data are 

presented as mean with error bars showing ± SEM and differences between 

treatments marked with (**) differ significantly (p<0.01) by T-Test.  
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Figure 18: FHL3 and FHL3-KO functional interactions with the GRα under 

dexamethasone treatment. 

C2C12 (A) proliferating myoblasts and (B) committed myoblasts were co-transfected 

with the MMTV-luciferase construct with the GRα, FHL3, mutant FHL3 (AXXAA) or 

GRα and FHL3 or GR and FHL3 (AXXAA). Cells were maintained in either (A) 10 % 

dialysed foetal calf serum media supplemented with 100 nM dexamethasone or (B) 

10 % dialysed horse serum media supplemented with 100 nM dexamethasone and 

assayed for luciferase activity after 48 h. The transfection efficiency was normalised 

relative to a Renilla plasmid and the results are expressed as the relative promoter 

activity compared to empty control vector (pCDNA). Each transfection was done in 

quadruplicate, n=4 and each experiment was repeated three times. Data are shown 

as mean with error bars indicating ± SEM and difference between treatments marked 

with (**) differ significantly (p<0.01) by T-Test.  
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3. FHL1 and FHL3 physically interact with the GRα 

Co-immunoprecipitation experiments were again performed to determine whether 

FHL1 and/or FHL3 could physically associate with the GRα in skeletal muscle as well 

as modify GRα activity.  

 

To determine whether FHL1 interacted physically with the GRα, C2C12 cells were 

co-transfected with expression vectors encoding full-length FHL1 and GRα alone or 

in combination and the cells were treated with 100 nM dexamethasone prior to pull-

down experiments. Cell lysates were incubated with anti-FHL1 antibody, precipitated 

with protein-A beads and the resulting sample was western blotted using an anti-GR 

antibody. In the total cell lysate (serving as a control for the input of GRα), a band 

was detected at ~100 kDa identified as the GRα protein. In the cells 

immunoprecipitated with FHL1 there were three bands at 180-250 kDa that were 

detected by the anti-GR antibody. These bands were present but weak in cells 

transfected with GRα alone but were much stronger in cells transfected with both 

FHL1 and GRα (Figure 19A). Previous studies have shown that following ligand 

binding and entry into the nucleus GRα becomes ubiquitinated and increases in size 

to run as 3 bands in the range 180-250 kDa (Tatarkiewicz et al., 2001) indicating that 

FHL1 interacted with the ubiquitinated form of GRα. If similar pull-down assays were 

performed in the absence of dexamethasone a band of 100 kDa was detected. 

 

As described for AR (See FHL1 and FHL3 physically interact with the ARα) to assess 

GRα/FHL3 physical interactions, experiments were performed by 

immunoprecipitating GRα and detecting FHL3: FHL3 did not co-precipitate with GRα 

in the analogous experiments performed with transfected C2C12 cells. Interactions 

between FHL3 and the GRα were therefore examined by immunoprecipitation, using 

mouse TA tissue (Figure 19B).  Input muscle lysates tested for the expression of 

FHL3 produced the correct band size of 32 kDa indicating the expression of FHL3 in 

the muscle (Figure 19B – Input lane). Subsequent precipitation of GRα followed by 

western blot analysis using an anti-FHL3 antibody resulted in detection of a band at 

the correct size for FHL3, which was not present in the negative control (protein A/G 

beads without IP antibody – Figure 19B Beads only) suggesting an interaction 

between FHL3 and GRα. An extra band around 55 kDa represents the heavy IgG 

chain (Figure 19B – GR lane) (see Experimental Limitations – Immunoprecipitation 

assays).  As described previously the lack of beads compatible with the IgY used to 
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detect FHL3 prevented the immnoprecipitation in the opposite direction (see Chapter 

3 Experimental Limitations – Immunoprecipitation Assays. Again whether these are 

direct or indirect physical interactions cannot be verified without further analysis. 

 

 

                       

 
 

Figure 19: FHL1 and FHL3 interacts with the GRα.  

(A, B) Co-immunoprecipitation of FHL1 or FHL3 with the GRα from C2C12 cells and 

TA muscle extracts, respectively. (A) C2C12 cells were transfected with either GRα 

or GRα and FHL1 before being used for immunoprecipitation with an anti-FHL1 

antibody, then immunoprobed with an anti-GR antibody (in the case of FHL1 and GR 

interactions). (B) Alternatively TA muscles were used for immunoprecipitation with an 

anti-GR antibody, then immunoprobed with an anti-FHL3 antibody (in the case of 

FHL3 and AR). Input: unprecipitated extracts. N = 3 independent experiments 
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4. GRα induced skeletal muscle myotube atrophy is enhanced by FHL1 in 

C2C12 cells 

GR interactions with FHL1 imply a potential role for FHL proteins in the regulation of 

GR activity but do not show whether FHL1 alters physiological effects of GR 

activation. Therefore to determine whether FHL1 could increase dexamethasone 

induced muscle wasting in vitro similar experiments were performed to those in 

which the role of FHL1 in the control of AR induced hypertrophy was analysed. 

C2C12 myoblasts were transfected with either the control vector, GRα, FHL1, or both 

GRα and FHL1. Myoblasts were allowed to differentiate into myotubes defined as 

previously as muscle cells containing 3 or more nuclei (Ge et al., 2012) before being 

treated with vehicle or 100 nM dexamethasone, myotube diameter measurements 

were taken 48 h and 96 h after the initiation of the drug treatment.   

 

In the absence of dexamethasone, transfection of the GRα construct alone gave a 

median (interquartile ranges) myotube diameter of 24.21 µM (21.57, 27.87) vs 26.11 

µM (23.26, 29.22) for the control myotubes (p = 0.044, Mann Whitney-U test adjusted 

by Bonferroni correction) equating to a 7 % decrease in myotube diameter compared 

with control vector. Transfection with FHL1 alone did not affect myotube diameter but 

cotransfection of GRα and FHL1 reduced myotube diameter to a greater extent than 

transfection with GRα alone (GRα  + FHL1 20.67 µM (18.32, 23.92) vs GRα alone 

24.21 µM (21.57, 27.87) (p = 0.001, Mann Whitney-U test adjusted by Bonferroni 

correction) which equated to a 15 % decrease in myotube diameter. In 

dexamethasone treated cells, overexpression of GRα after 48 hours induced 

myotube atrophy when compared to control (median myotube diameter of GRα at 

20.94 µM (18.16, 23.92) vs. control at 25.44 µM (22.10, 30.93) (p = 0.05, Mann 

Whitney-U test adjusted by Bonferroni correction), equating to an 18% statistically 

significant decrease in fibre size.  Myotube atrophy was not enhanced by the addition 

of FHL1 (Figure 20, 21A).  

 

After 96 hours, myotube diameters of control or FHL1 transfected cells were not 

significantly different in saline or dexamethasone treatment groups (Figure 21B). 

These results demonstrate that FHL1 can enhance the effects of GRα in muscle 

wasting but did not increase the wasting induced by GRα in the presence of 100 nM 

dexamethasone perhaps due to maximal activation of the pathway (Menconi et al., 

2008)(Figure 21B). 
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Figure 20: Representative images of dexamethasone induced skeletal muscle 

atrophy after 48 hours. 

C2C12 myoblasts were transfected with a GFP expression vector together with either 

the control vector (A, E), GRα (B, F), FHL1 (C, G) or both GRα and FHL1 (D, H). 

Myoblasts were allowed to differentiate into myotubes for 10 days before being 

treated withvehicle  (A – D) or 100 nM Dexamethasone (E – H). Myotube diameter 

measurements were made after 48 h and 96 h of treatment. Scale Bar = 120 µM.  
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Figure 21: Skeletal muscle atrophy is enhanced by FHL1 interaction with the 

GR in the vehicle treated muscles but not in dexamethasone treated muscles 

after 48 h. 

C2C12 myoblasts were transfected with an EGFP expression vector together with 

either the control vector, GR, FHL1, or both GR and FHL1. Myoblasts were allowed 

to differentiate into myotubes for 10 days before being treated with vehicle or 100 nM 

dexamethasone. Myotube diameter measurements were made after (A) 48 h and (B) 

96 h of treatment as described in the Materials and Methods (Chapter 2). Data are 

represented by Box and Whisker plots; the box defines the group median and 

interquartile range, whilst the error bars indicate the data range. Minimum number of 

myotubes analysed for each condition, n = 40. **** p<0.0001; *** p<0.001; * p<0.05, 

refers to a difference between the indicated conditions. 
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TRα and TRβ   

The ability of FHL proteins to interact with class I nuclear hormone receptors involved 

in the regulation of muscle phenotype raised the potential of the FHL proteins to 

interact with class II nuclear hormone receptors.  Of particular interest is the ability of 

these proteins to regulate cell phenotype by interacting with those expressed in 

skeletal muscle. The thyroid hormone receptors are important regulators of skeletal 

muscle catabolism and also of metabolic phenotype making them obvious 

candidates. 

 

1. FHL1 and FHL3 functionally interact with TRα and TRβ in committed 

myoblasts.  

a. TRα:  

To determine the effect of the FHLs on thyroid receptor α (TRα) activity in muscle 

cells, C2C12 cells were transfected with a vector containing the 2 x Palindromic 

(PAL)- TRE- TK promoter driving firefly luciferase (2xPAL TRE-TK-Luc) and a thyroid 

α receptor expression vector TRα or an empty vector in the presence or absence of 

FHL1 or FHL3 expression (Figure 22A). In proliferating myoblast cells treated with 

100 nM Triiodothyronine (T3) TRα increased reporter gene activity 2.7 fold. 

Transfection with either FHL1 or FHL3 did not alter basal promoter activity. 

Furthermore, neither FHL1 nor FHL3 modified the effect of TRα receptor on the 

promoter (Figure 22B).  

 

In committed myoblasts in the presence of 100 nM T3 TRα caused a similar increase 

in promoter activity (approximately 2 fold p = <0.0001) to that observed in myoblasts. 

Neither FHL1 nor FHL3 reduced the basal activity of the promoter. Co-transfection of 

committed myoblasts with FHLs had opposing effects on the activity of TRα. 

Transactivation by TRα was markedly suppressed by co-expression of FHL1 (to 70 

% of the value of TRα alone) (p = < 0.0001 Student T test with pooled data adjusted 

by Bonferroni correction) whereas it was markedly increased in the presence of 

FHL3 (to 160 % of the value of TRα alone) (p = < 0.0001 Student T test with pooled 

data adjusted by Bonferroni correction)  (Figure 22C).   
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Figure 22: FHL functional interactions with the TRα under T3 treatment. 

(A) Schematic representation of the luciferase reporter construct used to test 

functional interactions of FHLs with the TR. C2C12 (B) proliferating myoblasts and 

(C) committed myoblasts were co-transfected with the 2 x PAL TRE-luciferase 

construct with the TRα and FHL1 or FHL3. Cells were maintained in either (B) 10 % 

dialysed foetal calf serum media supplemented with T3 or (C) 10 % dialysed horse 

serum media supplemented with T3 and assayed for luciferase activity after 48 h. 

The transfection efficiency was normalised relative to a Renilla plasmid and the 

results are expressed as the relative promoter activity compared to empty control 

vector (pCDNA). Each transfection was done in quadruplicate, n=4 and each 

experiment was repeated 3 times. Data are presented as bar chart of means with 

error bars showing ± SEM and difference between treatments marked with (****) 

differ significantly (p<0.0001) by T-Test.  
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b. TRβ  

To determine whether the FHL proteins had similar opposing effects on the activity of 

TRβ the experiments described above were repeated replacing the TRα expression 

vector with an expression vector for TRβ. In myoblast cells treated with 100 nM 

Triiodothyronine (T3) TRβ increased reporter gene activity 3 fold (p = 0.03 Student T 

test).  Consistent with their lack of effect in myoblasts on TRα activity, neither FHL1 

nor FHL3 modified the effect of TRβ receptor on the promoter (Figure 23A). In 

committed myoblasts in the presence of 100 nM T3 activation of the promoter was 

activated to a similar extent to that observed in myoblasts. Furthermore, consistent 

with their effects on TRα there was a significant inhibition of TRβ by FHL1 (to 50 % of 

the value of TRα alone) (p = 0.001 Student T test with pooled data adjusted by 

Bonferroni correction) and an increase of TRβ activity in the presence of FHL3 (to 

150 % of the value of TRβ alone) (p = 0.02 Student T test with pooled data adjusted 

by Bonferroni correction) (Figure 23B).   

 
Figure 23: FHL functional interactions with the TRβ under T3 treatment. 

C2C12 (A) proliferating myoblasts and (B) committed myoblasts were co-transfected 

with the 2 x PAL TRE-luciferase construct with the TRβ and FHL1 or FHL3. Cells 

were maintained in either (A) 10 % dialysed foetal calf serum media supplemented 

with T3 or (B) 10 % dialysed horse serum media supplemented with T3 and assayed 

for luciferase activity after 48 h. The transfection efficiency was normalised relative to 

a Renilla plasmid and the results are expressed as the relative promoter activity 

compared to empty control vector (pCDNA). Each transfection was done in 

quadruplicate, n=4 and each experiment was repeated 3 times. Data are presented 
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as bar chart of means with error bars showing ± SEM and difference between 

treatments marked with (*) differ significantly (*p < 0.05, **p<0.01) by T-Test.  

 

2. Interaction of FHL1 or FHL3 with TRα requires the nuclear receptor 

interaction motif. 

To determine whether the interaction between the FHL proteins and the thyroid 

hormone receptors required the nuclear receptor interaction motif, the experiments 

described above were repeated with FHL1-MKO and FHL3-MKO. In these 

experiments the FHL1-MKO mutant lost the ability to repress the transcriptional 

activity of the TRα in committed myoblast cells (Figure 24A). Similarly the FHL3-MKO 

mutant failed to enhance the transcriptional activity of the TRα in committed myoblast 

cells, although this lack of enhancement could be due to other factors as WT-FHL3 

unlike previous experiments (see Figure 22C) failed to enhance the transcriptional 

activity of TRα itself (Figure 24B). 

 

 
Figure 24: FHL and FHL-KO functional interactions with the TRα under T3 

treatment. 

C2C12 committed myoblasts were co-transfected with the MMTV-luciferase 

construct with the (A) TRα, FHL1, mutant FHL1 (AXXA) or TRα and FHL1 or TRα 

and FHL1 (AXXA) (B) TRα, FHL3, mutant FHL3 (AXXAA) or TRα and FHL3 or TRα 

and FHL3 (AXXAA). Cells were maintained in 10 % dialysed horse serum media 

supplemented with dexamethasone and assayed for luciferase activity after 48 h. 
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The transfection efficiency was normalised relative to a Renilla plasmid and the 

results are expressed as the relative promoter activity compared to empty control 

vector (pCDNA). Each transfection was done in quadruplicate, n=4 and each 

experiment was repeated 3 times. Data are presented as bar charts of the mean with 

error bars showing ± SEM and difference between treatments marked with (**) differ 

significantly (p<0.01) by T-Test.  

 
3. FHL1 but not FHL3 physically interacts with the TR  

Co-immunoprecipitation experiments were performed to determine whether FHL1 

and/or FHL3 could physically associate with the TRα or TRβ in skeletal muscle. As at 

the time of experimentation there was no antibodies to differentiate between TRα and 

TRβ, experimental results refer to the TR instead of the different isoforms. In the 

instance of FHL1, immunoprecipitations were performed using mouse TA tissue. 

Immunoprecipitation was performed using an anti-TR antibody from whole muscle 

extracts followed by western blotting with detection using an anti-FHL1 antibody. 

Total cell lysate (serving as a control for the input of FHL1), showed a band at 32 

kDa consistent with the predicted size for FHL1 protein (Figure 25A – Input lane) and 

a similar size band was present in samples immunoprecipitated with the anti-TR 

antibody (Figure 25A – TR lane). This band was not present in the negative (protein 

A/G beads without IP antibody) control (Figure 25A – Beads lane). These 

experiments revealed that FHL1 associates with the TR in skeletal muscle. In similar 

experiments to detect interaction between FHL3 and the TR precipitation of TR 

followed by western blot analysis using an anti-FHL3 antibody did not result in 

pulldown of FHL3 as there was no band present at 32 kDa (Figure 25B – TR lane). A 

band present at 50 kDa was also observed which corresponds to the IgG heavy 

chain isoform of the TR antibody used to IP proteins (Figure 25B – TR lane).  
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Figure 25: FHL1 but not FHL3 interacts with the TR in vivo.  

Co-immunoprecipitation of FHL1 or FHL3 with the TR from TA muscle extracts. TA 

muscles were used for immunoprecipitation with an anti-TR antibody, then 

immunoprobed with an (A) anti-FHL1 antibody (in the case of FHL1 and TR 

interactions). Alternatively TA muscles were used for immunoprecipitation with an 

anti-TR antibody, then immunoprobed with an (B) anti-FHL3 antibody (in the case of 

FHL3 and TR). Input: unprecipitated extracts. N = 3. 
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4. TR induced skeletal muscle myotube atrophy is not enhanced by FHL1 in 

C2C12 cells 

To determine whether the FHL1-mediated inhibition of the TR is functionally 

important for myotube size, C2C12 myoblasts were transfected with either the control 

vector, TRα, FHL1, or both TRα and FHL1. Myoblasts were allowed to differentiate 

into myotubes before being treated with saline or 100 nM T3, myotube diameter 

measurements were taken at 48 and 96 hours.   

 

In the absence of T3, TRα caused a 25 % reduction in mean myotube diameter (p = 

0.01, TRα vs. control alone, Mann Whitney-U test adjusted by Bonferroni correction) 

and a 10 % reduction in mean myotube diameter in the presence of T3 treatment 

group (p = 0.05, TRα vs. control alone, Mann Whitney-U test adjusted by Bonferroni 

correction). However, FHL1 co-transfection did not alter myofibre size in the 

presence or absence of T3 nor did it alter the effects of the TRα on myofibre size 

(Figure 26A).  

 

After 96 h, stimulation of myotubes with TRα did not induce changes in myotube 

diameter in the absence of T3, however there was a 10 % reduction in the median 

myotube diameter stimulated with TRα in the T3 treatment group (p = 0.05, Mann 

Whitney-U test adjusted by Bonferroni correction), which was not altered by co-

transfection with FHL1 (Figure 26B).   
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Figure 26: T3 induced skeletal muscle atrophy was not altered by FHL1 

interaction with the TR.  

C2C12 myoblasts were transfected with an EGFP expression vector together with 

either the control vector, TR, FHL1, or both TR and FHL1. Myoblasts were allowed to 

differentiate into myotubes for 10 days before being treated with vehicle or 100 nM 

T3. Myotube diameter measurements were made after (A) 48 h and (B) 96 h of 

treatment. Myotube diameter analysis was performed as described in the Materials 

and Methods section. Data are represented by Box and Whisker plots; the box 

defines the group median and interquartile range, whilst the error bars indicate the 

data range. Minimum number of myotubes counted for each condition, n = 40. *** 

p<0.001; ** p<0.01 * p<0.05, refers to a difference between the indicated conditions. 
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VDR 

Vitamin D appears to have a role in muscle phenotype (Glerup et al., 2000, Snijder et 

al., 2006, Sato et al., 2005, Pfeifer et al., 2000, Endo et al., 2003, Florini et al., 1993) 

but unlike the other receptors examined the vitamin D receptor (VDR) does not have 

a nuclear hormone interacting motif. As these motifs are important in the interaction 

of nuclear hormones with co-activators containing the same motif it was possible that 

the FHL proteins would not affect the VDR.  

 

I. FHL1 and FHL3 do not functionally interact with the VDR in proliferating 

or committed myoblasts.  

To determine the effect of the FHLs on VDR activity in muscle cells, C2C12 cells 

were transfected with a vector containing the 4 x Vitamin D Response Elements 

(VDRE)-DR3-TK promoter driving firefly luciferase (4 x VDRE-DR3-TK -Luc) and a 

vitamin D receptor expression vector pVDR in the presence or absence of FHL1 or 

FHL3 (Figure 27A).  

 

In myoblast cells treated with 100 nM 1α 25- Dihyroxyvitamin D3 expression of the 

VDR increased reporter gene activity 11 fold.  Interestingly both FHL1 and FHL3 

enhanced basal promoter activity 5 fold (p = 0.02, Student T test adjusted by 

Bonferroni correction) and 6 fold (p = 0.03, Student T test adjusted by Bonferroni 

correction) respectively. However, neither FHL1 nor FHL3 modified the effect of VDR 

on the promoter (Figure 27B). In committed myoblasts under D3 conditions activation 

of the promoter by VDR was markedly reduced compared to proliferating myoblasts, 

as were the effects of FHL1 and FHL3 on basal promoter activity with only FHL3 

enhancing the basal activity of the promoter by 2 fold (p = 0.002 Student T test 

adjusted by Bonferroni correction). Co-expression of FHL1 or FHL3 did not alter the 

activity of the VDR (Figure 27C). Together these data suggest that there is no 

functional interaction between VDR and the FHL proteins consistent with the 

hypothesis that nuclear receptor interaction motifs are likely to be required for the 

interaction. 

 

 

 

 

 

 



	   127	  

 

 A 

 

	  
Figure 27: Neither FHL1 nor FHL3 interact with the VDR under D3 treatment. 

(A) Schematic representation of the luciferase reporter construct used to test 

functional interactions of FHLs with the VDR C2C12 (B) proliferating myoblasts and 

(C) committed myoblasts were co-transfected with the MMTV-luciferase construct 

with the AR and FHL1 or FHL3. Cells were maintained in either (B) 10 % dialysed 

foetal calf serum supplemented with D3 or (C) 10 % dialysed horse serum media 

supplemented with D3 and assayed for luciferase activity after 48 h. The transfection 

efficiency was normalised relative to a Renilla plasmid and the results are expressed 

as the relative promoter activity compared to empty control vector (pCDNA). Each 

transfection was done in quadruplicate, n=4 and each experiment was repeated 3 

times. Data are presented as bar charts of the mean with error bars. Each 

transfection was done in quadruplicate, n=4 and each experiment was repeated 3 

times. Data are presented as bar chart of means with error bars showing ± SEM and 

difference between treatments marked with (*) differ significantly (*p < 0.05, 

**p<0.01) by T-Test.  
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Discussion 

These data presented in this chapter show that the FHL proteins most highly 

expressed in skeletal muscle interact with a number of nuclear hormone receptors 

including the AR, GRα, TRα and TRβ. These interactions occur at a functional level 

(as shown by luciferase activity – Figures 10, 16, 22, 23) and also appear to occur at 

a physical level (as shown by immunoprecipitation – Figures 11, 19, 25). The 

functional interactions require the presence of the LXXL motif found in FHL1 and the 

FXXLF motif present in FHL3 (Figures 13, 17, 18, 24) and the lack of interaction of 

either protein (at a functional level at least) with the VDR suggests that it also 

requires an appropriate motif on the nuclear hormone receptor (Figure 27). However, 

confirmation of the requirement for this motif in the receptor would necessitate the 

generation of motif knockouts of the receptors a process beyond the time scale of 

this project. In addition to regulating the activity of the hormone receptors on their 

specific promoters FHL1 at least was shown to modify the physiological function of 

both the AR and GRα in vitro by amplifying the effects of the receptor and/or the 

ligand on cell size. Consequently these data suggest that the activity of FHL1 is 

dependent on the hormonal milieu and that FHL1 may contribute to both muscle 

hypertrophy and muscle atrophy. The effects of FHL1 and FHL3 on the different 

hormone receptors are considered individually in the discussion below. 

 

 FHL1 and FHL3 modulate the activity of AR 

The observation that FHL1 and FHL3 can modify the activity of the AR is consistent 

with a role for this family of proteins in regulating testosterone function first identified 

by the observation that FHL2 increased the transcriptional activity of the AR (Muller 

et al., 2000). Similar to FHL2, my data show that both FHL1 and FHL3 interact with 

the AR to enhance the transcriptional activity of the receptor in committed myoblasts 

but not in proliferating myoblasts. The fact that the interaction of FHL1 and FHL3 with 

the AR only occurs in committed myoblast cells highlights the stage of differentiation 

as an important factor in understanding the regulation of muscle mass. In this current 

study, the activity of the AR was markedly reduced in differentiating cells compared 

to in myoblast cells, which is consistent with evidence from a study looking at AR 

sub-cellular localisation during C2C12 muscle differentiation (Wannenes et al., 

2008). This study showed that AR protein levels increase in the nuclear compartment 

during proliferation but return to basal levels in differentiated cells (Wannenes et al., 

2008).  The precise mechanism by which the FHL proteins regulate the activity of the 

AR is not known but FHLs are known to shuttle between the cytoplasm and nucleus 
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(Muller et al., 2002, Johannessen et al., 2006). Consequently if the FHLs act, in part, 

by contributing the shuttling of NRs the localisation of AR to the nucleus in 

proliferating cells may mean that this activity is not required for increasing AR activity 

in myoblasts. An alternative explanation is that a factor or factors required for 

activation of the AR by FHLs are not present in the myoblasts prior to the early 

stages of differentiation into myotubes.  

 

Activation of the AR by androgens is well known to promote skeletal muscle 

hypertrophy (Sheffield-Moore, 2000). In the myotube experiments with 

androstanolone, hypertrophy was not observed by 48 h indeed no hypertrophy 

occurred in the absence of added AR even at 96 h suggesting that the levels of AR in 

the myotubes are low.  Consistent with our hypothesis, myotube diameter was larger 

at 48 h in the presence of both FHL1 and AR than in the presence of AR alone in the 

absence of ligand suggesting that either FHL1 can increase AR activity. However a 

similar increase was not seen in the presence of androstanalone raising the 

possibility that this occurred by chance.  At 96 h, expression of FHL1 in the absence 

of androstanalone reduced myotube size but contrastingly at the same time point in 

the presence of androstanolone, FHL1 expression caused myotube hypertrophy to a 

greater extent than expression of the control vector. These data suggest that FHL1 

activates the AR consistent with our previous observations. Previous studies in the 

literature (Cowling et al., 2008) have shown that FHL1 causes myotube hypertrophy 

in C2C12 cells whereas in the studies presented here in the absence of AR or 

androstanalone treatment we have not seen any such response.  In the previous 

studies undialysed donor horse serum (Cowling et al., 2008) was used which would 

have contained endogenous levels of testosterone.  In our studies we dialysed the 

serum to remove endogenous androgens and other small hormones and only 

observed the hypertrophic activity of FHL1 in the presence of the added androgen.  

Our data therefore suggest that the hypertrophy observed in other studies occurs 

because of the presence of androgens in the serum and the stimulatory effects of 

FHL1 on AR activity. These data highlight the importance of the hormonal 

environment in studying the effects of FHL1. That FHL1 did not increase AR 

mediated hypertrophy in the presence of androstanolone suggests that transfection 

of AR in the presence of androstananlone was causing a maximal rate of 

hypertrophy. Altogether, these data suggest that the association of FHL1 and FHL3 

with the AR in muscle cells plays a role in the regulation of skeletal muscle mass 

and/or phenotype. However, it was not possible for us to determine the effects of 

FHL3 on myotube hypertrophy because of the inhibitory effects of FHL3 on myotube 
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formation (Cottle et al., 2007) (See Chapter 3 - AR induced skeletal muscle myotube 

hypertrophy is enhanced by FHL1 in C2C12 cells).  

 

The myotube diameters described in this thesis are similar to those in published 

data. For example, Stitt et al (Stitt et al., 2004) have normal (control) myotube 

diameters ranging from approximately 18 µM in Figure 1 to approximately 23 µM in 

Figure 2, Zhou et al show average myotube diameters of approximately 18 µM (Zhou 

et al., 2008) and George et al show average myotube diameter as 15 µM in 

differentiation medium in the absence of testosterone (George, 2006). These values 

are consistent with the data presented here where median myotube diameter in 

control conditions ranged from 17 µM to 26 µM. However, the time frame of the 

experiments presented here are different to those described in both of those papers. 

Our aim was to ensure that there was as little continued recruitment of myoblasts to 

fibres as possible so that we could look at the effects of FHLs on fibres rather than 

on myoblast recruitment. We, therefore, differentiated the cells for 10 days before 

treating them, measuring their sizes at 12 and 14 days of differentiation, whereas 

Stitt et al differentiated their cells for 4 days before measurement, Zhou et al 

differentiated their cells for 2 days and George et al analysed their myotubes after 6 

days in differentiation medium.  George et al also treated their cells with testosterone 

and found only a very small increase in myotube diameter in the presence of horse 

serum (from 15 µM to 17 µM). This result is similar to the lack of effect of 

testosterone that we observed in this study in the absence of AR or FHL1 

overexpression.  

 

FHL1 and FHL3 modulate the activity of GR 

As described in Chapter 1 and in the introduction a number of studies have shown 

FHL1 to be a regulator of skeletal muscle hypertrophy both in vitro and in vivo, but 

these data contrast with other data showing an association of FHL1 with weakness 

and inactivity (Loughna et al., 2000, Roth et al., 2002). In this chapter, FHL1 has 

been identified as a novel co-regulator of the GR, a protein well known to stimulate 

muscle atrophy with results showing that FHL1 can interact with the GR to increase 

wasting in C2C12 myotubes in vehicle treated cells (Figure 21A). In dexamethasone 

treated cells, FHL1 interaction with the GR did not enhance Dex induced muscle 

wasting (Figure 21A). One explanation for the lack of synergism between FHL1 and 

GR in these experiments is that wasting was maximal in the presence of 100 nM 

dexamethasone and GR, consequently it was not possible for FHL1 to increase 

wasting. This suggestion is consistent with data from Menconi et al (Menconi et al., 
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2008) who showed that wasting was maximal in C2C12 cells, at 100 nM 

dexamethasone. To confirm this suggestion it would be necessary to repeat the 

experiments at lower concentrations of dexamethasone and establish whether FHL1 

shifted the dexamethasone dose response curve to the left.    

 

Previous studies of the effects of dexamethasone on myotube diameter have shown 

a larger decrease in myofibre size. In a study by Gwag et al., 2013 the average size 

of myotube diameter in low serum media containing only DMSO was 24.9 + 0.45 µM 

at 5 and 6 days post-differentiation (Gwag et al., 2013). Treatment with 150 µM Dex 

for 24 hours, significantly decreased myotube size by 30 % from 24.9 µM (control 

group) to 17.5 µM (Dex group).  This decrease in myotube size was not seen until 96 

hours of 100 nM Dex treatment post differentiation in the study presented here.  

These differences may have arisen because of the difference in length of time that 

the cells were allowed to differentiate for prior to treatment with dexamethasone or 

because of the markedly different concentrations of dexamethasone used in the 

studies. 

 

The interaction of FHL1 with GR to induce myotube wasting together with the 

observation that FHL1 interacts with and activates the AR provides a potential role of 

FHL1 in the control of muscle mass. FHL1 may be able to act as both a hypertrophic 

and atrophic agent dependent on the hormonal milieu. Furthermore, data from 

Windpassenger et al show that FHL1 is predominantly expressed in type II fibres 

(Windpassinger et al., 2008). These observations raise the possibility that the 

expression of FHL1 increases the susceptibility of type II fibres to hypertrophic and 

atrophic stimuli, a phenomenon that is widely observed in strength training 

(hypertrophy) and in catabolic responses to chronic conditions ranging from 

starvation to COPD and heart failure (Chapter 1).  

 

In contrast to FHL1, the less studied FHL3 inhibits the transcriptional activity of GR in 

proliferating myoblast cells but like FHL1 enhances GR activity in committed 

myoblast cells. The interaction between FHL3 and the GR appears to require the 

FXXLF motif (present in FHL3) (Figure 9). However, it was not possible to 

demonstrate a direct physical protein-protein interaction occurring between FHL3 

and GR (Figure 19B) raising the possibility that the interaction is indirect. FHL3 plays 

different roles in the regulation of the transcriptional activity of the GR dependent 

upon the stage of cell differentiation (proliferating vs. committed myoblast 

cells)(Figure 16).  



	   132	  

 

Altogether, these data suggest that the association of FHL1 and FHL3 with the GR in 

muscle cells contribute to the regulation of skeletal muscle mass and/or phenotype. 

Furthermore, FHL1 and FHL3 play opposing roles initially in regulating GR in the 

early stage of differentiation that may reflect the different expression patterns of 

FHL1 and FHL3 during cell differentiation (Morgan and Madgwick, 1999).  

 

FHL1 and FHL3 modulate the activity of TR 

Myofiber atrophy is the final outcome of muscle wasting induced by catabolic factors 

such as thyroid hormones (Rooyackers and Nair, 1997). The ability of FHL1 and 

FHL3 to interact with and modify the activity of TRα and TRβ suggest that these 

FHLs may also modify the effects of T3 in skeletal muscle. However, we were not 

able to demonstrate any effect of FHL1 on the atrophic response of C2C12 cells to 

T3 (Figure 26). It is possible that this lack of response results from the fact that FHL1 

inhibits the effects of the TR and that this inhibition was insufficient to produce a 

detectable reduction in T3 dependent wasting as the levels of transfected TR were 

able to produce a maximal response. This suggestion is consistent with the 

observation that FHL1 did not increase the effects of transfected GR. To confirm this 

suggestion it would be necessary to repeat the experiments at lower concentrations 

of 3,3′,5-triiodo-L-thyronine (T3)  and establish whether FHL1 shifted the T3 dose 

response curve to the left.    

 

FHL1 and FHL3 do not modulate the activity of VDR 

FHL1 and FHL3 were not able to modulate the actions of the VDR in skeletal muscle 

cells in vitro (Figure 27). This is interesting as interaction did not occur in proliferating 

or committed myoblast cells and secondly the FXXLF and LXXLL motifs are not 

present in the VDR (Figure 9).   

 

Nuclear receptor motifs  

The interaction between the FHLs and nuclear hormone receptors was dependent on 

interaction motifs present in the FHLs. FHL1 contains a partial nuclear hormone 

receptor interaction motif (LXXL), FHL2 contains two similar motifs (FXXLF and 

FXXLY) and FHL3 contains one motif (FXXLF) (Figure 9). Numerous studies have 

studied the importance of the different nuclear receptor interaction boxes revealing 

several key findings.  
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Nuclear receptors can favour one type of nuclear receptor interaction box over the 

other, for example AR strongly and preferentially binds the FXXLF motif over the 

LXXLL motif (He et al., 2000). Equally, all FXXLF motifs, but not the corresponding 

LXXLL motifs, displayed a strong preference for AR Ligand Binding Domain (LBD) 

(Dubbink et al., 2006). Conversely, the progesterone receptor LBD interacts with 

some FXXLF motifs, but always less efficiently than with LXXLL motifs (Dubbink et 

al., 2006). Thus in a competitive scenario, the AR may favour the binding of FHL3 

over that of FHL1 which is supported by luciferase assay results whereby FHL3 

(FXXLF) was a stronger enhancer of transcriptional activity than FHL1 (LXXL) 

(Figure 10C).  

 

In this chapter, we did not identify a functional interaction between the FHLs and the 

VDR (Figure 27) perhaps due to the absence of nuclear receptor boxes in the VDR, 

this theory seems to be supported by another study whereby it was found that the 

FXXLF peptide could not interact with the VDR (Dubbink et al., 2006). However it has 

been shown that VDR can interact with the LXXLL motif in PGC-1α (Savkur et al., 

2005), which means that the presence of a motif is not required for all NR 

interactions. It is therefore possible that FHL1 did bind to the VDR but did not alter its 

function.  

 

Experimental limitations  

Experiments in this chapter have looked at interactions between the FHLs with 

nuclear receptors in the context of overexpression of proteins in an immortalised cell-

line. This can often lead to mis-interpretation as biological levels could be enhanced 

in vitro allowing for artificial interactions to take place. Other experimental limitations 

concern the methodologies that were carried out in terms of: 

 

I. Co-transfections 

Analysis of the in vitro studies in this chapter rely on the co-transfection of two 

plasmids (Chapter 2 - Luciferase Assay and Hypertrophy Assay utilising 

Myotubes) under the premise that if one plasmid is able to transit through a 

particular cell membrane then both plasmids should be able to do so but this 

is not guaranteed. As markers for each construct were not used in this study, 

a major drawback is that the analysis of results could possibly be based on 

the impact of one plasmid rather than two.  

 

• For future co-transfection experiments, to ensure the same cell has 
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actually be transduced with each plasmid one can generate a fusion 

protein using plasmids such as pEGFP-N1 (Clontech), pDS-RED1-N1 

(Clonetech), pEGFP-C1 (Clontech) or pDS-RED-C1 (Clontech) in order to 

tag a protein of interest with GFP (green fluorescent protein) or RFP (red 

fluorescent protein) to make one continuous protein. Using this approach, 

careful consideration would need to be taken as to the position of the GFP 

or RFP relative to the protein of interest, to ensure the correct folding, 

localisation and function of the target protein. Co-labelling is therefore 

possible by transfecting cells with different plasmids each containing one 

fluorescent protein gene and one gene of interest.  

 

• An alternative approach to confirm co-transfection would be to use a 

bicistronic vector (which allows for the generation of a single mRNA that 

encodes two proteins) such as pIRES2-eGFP (Clontech) or pIRES2-

DsRed2 (Clontech). The pIRES2 vectors contain internal ribosome entry 

site (IRES) sequences that promote translation initiation in the middle of 

an mRNA enabling the simultaneous expression of the protein of interest 

and a fluorescent protein such as eGFP or DsRed2 (as a separate 

protein) from the same mRNA transcript. This method allows for the 

identification of positively transfected cells without the folding of the 

protein of interest being compromised.  

 

In both scenarios control transfections would be carried out in which the 

fluorescent protein in the absence of a protein of interest is expressed to 

ensure that the expression of any reporter does not disturb the expression of 

other proteins or the function of the cell.  

 

II. Immunoprecipitation Assays   

Whilst the immunoprecipitations are indicative of the proposed interactions 

between receptors and the FHL proteins they are not conclusive because of a 

number of technical limitations detailed below; 

 

• Analysis of immunoprecipitation assays revealed bands in certain lanes 

around 50 kDa (Figure 11A,B, Figure 19B and Figure 25B). Depending on 

the secondary antibody that is used, 55 kDa and 27 kDa heavy and light 

IgG chains, respectively, of the primary antibody may be detected. One 

method to avoid the interference by the antibody chains is to use 
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secondary antibodies that specifically recognize native (non-reduced) 

primary antibodies as the antibody chains that have been 

electropohoresised have been reduced and denatured during the SDS-

PAGE part of the procedure so would not be recognised. 

 

• Attempts to immunoprecipitate FHL3 were unsuccessful as the available 

FHL3 antibody was raised in chicken and hence required IgY compatible 

beads for immunoprecipitation as opposed to the protein A/G beads used 

for immunoprecipitation of FHL1. When the mouse TA extracts were 

incubated in the absence of the FHL3 antibody and analysed by western 

blot for the receptors, these IgY compatible beads gave several non-

specific (false positive) protein bands; despite several attempts, 

background levels of protein binding to the beads could not be reduced 

and as such the assays were deemed unviable. Therefore no blots where 

FHL3 was immunoprecipitated followed by western blotting with AR, GR 

or TR were provided (Figures 10B, 18B and 23B).     

• The AR was not detectable in the in the input sample shown for the FHL1 

immunoprecipitation (Figure 11A, input lane) presumably because it was 

expressed at a very low level in the sample. It would have been preferable 

to increase the amount of lysate used to make it observable taking care to 

increase any pre-clearing step appropriately to avoid non-specific binding. 

Alternatively it is possible that dimerization/multimerization of the AR 

protein had occurred as a band was not visible at the size of the 

monomer.  

• FHL1 was found to be a sticky protein that adhered to the protein A/G 

beads in the absence of any antibody.  As a consequence it was not 

possible to perform immunoprecipitations in the reverse direction for AR 

and GR (Figure 11A and Figure 19A respectively). Furthermore whilst an 

IP was performed in this direction to try to demonstrate an interaction 

between TR and FHL1 it was not performed in the reverse direction  

(Figure 25A).  

 

• Ideally the immunoprecipitations would also have included additional 

controls in the form of 1) an unrelated antibody, 2) cell lysates lacking 

both AR and FHL1 protein 3) muscles from either FHL or nuclear receptor 
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knockout animals.  

 

• It would also have been possible to show equal loading of proteins onto 

the beads by determining the levels of actin protein remaining in the cell 

extracts after the immunoprecipitations in each experiment. 

 

III. Hypertrophy Assay. 

Myotubes were defined by the presence of 3 or more nuclei as described 

previously (Ge et al., 2012). An alternative approach would be to combine the 

existence of multinucleated cells with the expression of a terminal 

differentiation marker like myosin heavy chain 2 (MYH2) (Haugen et al., 

2010).   

 

• In these assays, myofibres would be stained with anti-MYH2 and detected 

with Alexa Fluor 555 goat anti-mouse IgG secondary antibody (red). Cells 

transfected with pCAGGS-eGFP would be detected by GFP fluorescence 

(green). This would therefore result in three combinations 1) Transfected 

myotubes will be orange (i.e. red + green = orange) 2) Un-transfected 

myotubes will be red and 3) transfected undifferentiated (non-myotube) 

cells = green.  

 

• Another adjustment of the assay would be to assess the degree of cell 

differentiation (i.e. differentiation of C2C12 myoblasts into myotubes) for 

both FHL and non-FHL transfected cells in the presence or absence of 

treatment to see under which conditions differentiation is either promoted 

or inhibited;  

 

§ By either measuring expression of myogenic marker genes 

such as Myogenic Differentiation-1 (MyoD), Myocyte enhancer 

factor 2C (Mef2C), Myogenin (MYOG), Troponin T type 1 

(TNNT), and Myosin heavy chain-2 (stained for MYH2) (Owens 

et al., 2013, Haugen et al., 2010). 

 

§  By calculating the fusion index (i.e. the number of nuclei in 

myotubes divided by the total number of nuclei counted) and 

the average number of nuclei per myotube (determined by 
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dividing the number of nuclei in myotubes by the total number 

of myotubes) (Ge et al., 2014).  

 

 

 

IV. Additional in vitro experiments 

The main aim of the studies in this chapter was to examine the effects of FHL 

proteins in differentiated myotubes rather than determine their role in 

myoblasts.  As discussed above, this purpose required the differentiation of the 

cells for an extended period of time.  Myotubes are not readily transfectable but 

we had previously established that we could maintain gene expression from 

plasmids in these cells for at least 2 weeks (as demonstrated by the expression 

of EGFP in this study). However, this time course and the difficulty of 

transfecting myotubes preclude the use of some other technologies including 

Small interfering RNAS (siRNAs) to confirm experimental results. SiRNAs are 

20-25 nucleotide long double-stranded RNA molecules that have many roles in 

the cell. Involved in the RNA interference (RNAi) pathway, they interfere with 

gene expression by hybridizing to complementary mRNA molecules (Agrawal 

et al., 2003). This triggers mRNA degradation and suppression of gene 

expression for a particular gene (Agrawal et al., 2003). Ideally to verify that 

FHL1 or FHL3 regulate the transcriptional activity of the nuclear receptors, 

luciferase, immunoprecipitation and hypertrophy assays could be repeated in 

C2C12 cells under conditions of siRNA - mediated FHL1 or FHL3 protein 

knockdown, in vehicle and dexamethasone treatment groups for future 

experiments.  These siRNAs would need to be delivered as expressed hairpins 

(shRNAs) in plasmid vectors that also express a fluorescent marker to allow 

presence of the shRNA in the cells at the appropriate stage of development.  

However, given that not all of the cells would express the shRNA it would not 

be possible to confirm knockdown at the time of analysis. 

 

Implications for the control of skeletal muscle phenotype  

The biological experiments concerning FHL proteins and nuclear/hormonal receptors 

in Chapter 3 were conducted in vitro, and to identify whether the FHLs could affect 

hormonal signaling the effects of FHLs on a single hormone were determined each 

time.  In vivo the levels of hormones vary and cells are not being influenced by a 

single hormone or growth regulator at any one time point. Therefore to substantiate 

in vitro results, it would be possible to use a combination of hormones to stimulate 
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normal physiological conditions more closely. For example, protein breakdown in 

C2C12 myotubes within 6 hours occurred when thyroid hormones were added in 

combination with dexamethasone, a result of the permissive and synergistic effects 

of both hormones (Sacheck et al., 2004). However, such studies can only ever be 

approximations of the true physiological conditions as cells are normally exposed to 

plasma rather than the serum that is used in cell culture to maintain cell proliferation.  

As a result it is important to evaluate changes and effects observed in vitro in an 

animal in vivo. To address this issue, a series of in vivo studies were conducted 

(Chapter 4 and Chapter 5) to determine whether FHL-nuclear receptor interactions 

modified skeletal muscle phenotype.  

 

Conclusion 

In this chapter, possible interactions between FHL proteins and the various nuclear 

receptors (AR, GR and TR) have been reported.  FHL1 and/or FHL3 may therefore 

act as scaffolding molecules to link several nuclear receptor proteins and thus 

activate distinct muscle transduction signalling pathways depending on the hormonal 

environment. Scaffolding molecules can regulate signal transduction pathways by 

tethering molecules together in a subcellular location and stimulus-specific manner, 

serving as the molecular backbones for signaling complex assembly (Vondriska et 

al., 2004, Kolch, 2005). As LIM proteins such as Hic-5, paxillin, PINCH, zyxin and 

FHL2 have been identified as scaffolding molecules such a role for FHL proteins is 

plausible (Scholl et al., 2000, Johannessen et al., 2006, Salgia et al., 1995, Beckerle, 

1997, Hagmann et al., 1998, Tu et al., 1999, Lange et al., 2002, Sheikh et al., 2008). 

Alternatively FHLs could act as modulators of transcription by acting as molecular 

adapters to coordinate signals from activator and repressor proteins as shown 

previously (Chan et al., 2000, O'Hare, 2006).  
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A.                                                                     B. 

            
 

Figure 28: Schematic of interactions between nuclear receptors and FHL1/3 

and their possible functional outputs. 

(A) FHL1 in the presence of the GR will be able to stimulate atrophy, in the presence 

of the AR will be able to stimulate hypertrophy and will be able to inhibit the 

functional activity of the TR thereby reducing mitochondriogenesis dependant on the 

hormonal environment. (B) FHL3 in the presence of the GR may be able to stimulate 

muscle atrophy, in the presence of AR will cause muscle hypertrophy and in the 

presence of the TR will be able to promote mitochondriogenesis, dependent on the 

hormonal environment. 
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Chapter 4 

Introduction 

 

The evidence presented in chapter 3 has demonstrated that in the presence of a 

significant androgen signal FHL1 is associated with hypertrophy but in the presence 

of a strong glucocorticoid signal FHL1 is associated with atrophy in vitro. As a 

mechanism for FHL1 in muscle wasting has not been previously investigated in an 

animal model the aim of this study was to examine the affect of FHL1 on muscle 

mass (TA wet weights) and phenotype (fibre size and fibre type), in the absence and 

presence of excess dexamethasone in an in vivo setting.  

 

The methodologies available for determination of the effect of over-expression of a 

protein in muscle are the use of transgenic technologies in which the gene is 

introduced to the genome by pronuclear injection of the plasmid DNA just after 

fertilization, viral transformation, and electroporation of plasmid DNA. Each approach 

has benefits and problems that are discussed below.   

 

Transgenic Animals 

Generation of a transgenic animal is probably the gold standard approach for gene 

expression as introduction of the DNA to be overexpressed into the germline ensures 

that all cells contain the gene and the copy number in each cell is identical (Palmiter 

et al., 1982). It is possible to generate suitable expression systems that allow 

regulation of the gene in both a tissue specific and temporal manner allowing 

variation in gene expression at specific stages of animal development, thereby 

avoiding effects of over-expression of a gene during development (Kos, 2004).  

Approaches to achieve this regulation include the use of well-defined tissue-specific 

promoters to restrict gene expression to the tissue of interest as well as the 

introduction of recombination sequences (e.g. loxP sites) that can be removed by 

drug inducible recombinases (e.g. tamoxifen inducible Cre recombinase) (Le and 

Sauer, 2001, Sauer and Henderson, 1989, McCarthy et al., 2012a, McCarthy et al., 

2012b).  Plasmids can be constructed either containing both genes in tandem with 

the generation of a single transgenic line, or separately requiring the generation of 

two transgenic lines that can be crossed to generate the double transgenic line of 

interest.  Alternatively systems like the doxycycline regulatory system can be used 

(Grill et al., 2003). The problems associated with the use of this approach are: 1) the 



	   141	  

time taken to generate the animals as it is necessary to breed transgenics to 

generate sufficient animals for analysis. This is especially true in the context of the 

generation of two transgenic lines, which need to be crossed and genotyped to 

ensure the presence of both transgenes. 2) Unless the transgenes have been 

introduced by homologous recombination they insert randomly, which can have 

effects on animal physiology due to integration into genes or regulatory regions for 

genes. Random integration also prevents the generation of known homozygous lines 

and so requires continual genotyping to ensure maintenance of the appropriate line. 

3) The production and maintenance of animal lines is expensive (Haruyama et al., 

2009).  

 

Overview of the types of transgenic mice 

To use a transgenic approach to determine the effects of increasing FHL1 in the 

skeletal muscle of adult mice would require tissue and temporal-specific control of 

gene expression. This approach is necessary to avoid effects of increased gene 

expression during development as well as systemic effects as a consequence of 

FHL1 expression in other tissues. In essence there are two potential approaches to 

achieve this aim: 1) induction of gene expression by drug inducible recombination 2) 

drug dependent promoter activation. There are numerous potential methods of 

achieving these ends by varying the recombinase/DNA site pair (e.g. Cre/Lox or 

Flp/Frt) or the drug inducible promoter (e.g. ecdysone, tetracycline promoters). 

Consequently the two most common systems for tissue-specific temporal gene 

expression are described below. 

 

a. CreLoxP  

The Cre/loxP recombinase system uses Cre recombinase from bacteriophage P1, 

which recognises specific DNA sequences (LoxP sites). When 2 of these sites are 

present in the same DNA sequence and appropriately oriented the recombinase 

removes intervening sequence joining the external sequences together (Gu et al., 

1993, Kuhn and Torres, 2002). When Cre is expressed in mice with loxP-containing 

target genes, desired gene modifications can be restricted to certain cell types or 

developmental stages of mice (conditional gene targeting) depending on the tissue 

specificity and timing of recombinase expression. Tissue specific control of 

recombination can be achieved by placing the Cre gene under the control of a tissue-

specific promoter (Kos, 2004, Miniou et al., 1999, Chen et al., 2005, Heidt and Black, 

2005).  For example, Miniou et al. created a transgenic mouse model whereby 

expression of Cre recombinase was placed under the control of the human α-
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skeletal actin (HSA) promoter (Miniou et al., 1999). As the HSA gene is specifically 

expressed in striated muscle, heart and skeletal muscle (Brennan and Hardeman, 

1993) this model can be used for the targeted activation or inactivation of a given 

gene to the skeletal muscle lineage (Miniou et al., 1999). Temporal control of Cre 

activity is achieved by restricting the subcellular localisation of the recombinase to 

the cytoplasm in the absence of an inducer. This approach was pioneered by Feil et 

al who generated a fusion protein between Cre and a mutant form of the ligand 

binding domain of the estrogen receptor that doesn’t bind estrogen but does bind 

tamoxifen (ET-Cre) (Feil et al., 1996). Consequently in the absence of tamoxifen the 

recombinase is held in the cytoplasm by interaction with heat shock proteins but in 

the presence tamoxifen the fusion protein translocates into the nucleus where it can 

function. Tighter control of the localisation of the recombinase was subsequently 

achieved by fusing the tamoxifen binding domains to both the N and C- termini if the 

recombinase protein (ET2-Cre or mer-Cre-mer)(McCarthy et al., 2012a, McCarthy et 

al., 2012b). Transgenic expression of ET2-Cre under the control of a tissue specific 

promoter results in the ability to activate transgene expression in both a temporal and 

tissue specific manner (Schuler et al., 2005).  

 

Advantage: cre-loxP is the most widely used approach to generate conditional, 

targeted mutations therefore the number, diversity and availability of genetically 

engineered mice has increased.  

 

Disadvantages: 1) A major disadvantage of the Cre/lox system are that not all tissue 

specific promoters are perfectly specific, as unexpected activity in off-target tissues 

have been reported (Kuhn and Torres, 2002). 2) Time points of expression of tissue 

specific Cre and the gene of interest during embryonic development have to be taken 

into account. For instance, if the gene of interest is expressed prior to the Cre, mice 

will not show the phenotype of complete embryonic knockout. 3) Incomplete excision 

may lead to attenuation of phenotype. 4) Problems with inconsistent recombination 

between littermates and differential activity depending on the parent-of-origin of 

the cre allele have been identified (Heffner et al., 2012). 

 

b. Tetracycline response system 

In the tetracycline response system the gene of interest is put under the control of a 

minimal promoter that contains binding sites for the bacterial tet repressor (TetO).  

The expression of the transgene is then activated by binding of the tet repressor 

fused to a VP16 transactivation domain. Two variants of the tet transactivator 
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repressor protein have been generated one which binds to the tetO in the absence of 

tetracycline (tTA, tet-off) and one that binds in the presence of tetracycline (rtTA, tet-

on).  The rTA and tTA can be placed under the control of a tissue specific promoter 

and in mice temporal control is provided by giving or taking away doxycycline in the 

drinking water (Grill et al., 2003, Rao and Monks, 2009). Tetracycline-inducible 

systems have been made to specifically target muscle-specific gene expression in 

transgenic mice. In this system a modified muscle creatine kinase (MCK) promoter is 

used which is controlled by doxycycline (Dox) to prevent ubiquitous over-expression 

of the gene thus avoiding lethal effects of prolonged gene expression (Grill et al., 

2003). 

 

Advantage: allows for the reversible control of gene expression (Kistner et al., 1996).  

Disadvantages: tetracycline and doxycycline are antibiotics that could affect the 

bacterial flora of the mice. Furthermore rtTA has been identified as causing 

emphysema-like qualities in the lungs of mice (Sisson et al., 2006). 

 

Viral Transduction 

Viral transduction is an alternative method of altering gene expression that has been 

used in muscle with the use of both adenovirus and adeno-associated virus 

(Blankinship et al., 2004). In this approach, the majority of the viral genome is 

deleted leaving only the minimal genome required for the packaging and expression 

of the transgene.  The transgene placed under the control of an appropriate promoter 

is inserted in to the viral vector backbone and packaged into a virus using a 

packaging cell line. The virus can then be grown to high titre for injection into the 

tissue of interest or the circulation.   

 

Advantages: the generation of new viral vectors is relatively cheap compared to 

generation and maintenance of transgenic animals.  High efficiency transduction can 

be achieved and both tissue-specific and temporal control can be used with the 

appropriate selection of promoters as described above. 

 

Disadvantages: Whilst viral transduction can be efficient in muscle it is much more 

effective in younger animals (neonates) rather than adults restricting the type of 

experiments that can be performed. Furthermore, the size of the plasmid constructs 

that can be used are limited to the amount of DNA that can be inserted into a virus 

and still allow it to become packaged. This issue makes the introduction of complex 

regulatory elements difficult. There are three other drawbacks of viruses and these 
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are the cost of generating sufficient viable virus, the potential biohazard of the virus 

and inflammatory reactions to the introduction of virus to the animal. 

 

A number of different viruses can be used to deliver genes each with their own 

specific issues. An assessment of the different types of viral transduction for muscle 

are discussed below: 

 

 

Overview of the types of viral transduction 

1.Retroviruses 

Retroviruses are single-stranded positive sense RNA viruses with a DNA 

intermediate. The benefits of using retroviral vectors to deliver the gene of interest 

are that they are relatively safe and can provide long-term stable expression of the 

delivered gene as they have the ability to become stably integrated into the host cell 

genome. A drawback to using retroviruses is that although they can infect dividing 

myoblast cells they cannot infect post-mitotic cells (Barr and Leiden, 1991, Dhawan 

et al., 1991, Dunckley et al., 1993, Miller et al., 1990). As mature cells do not actively 

divide unless injured or affected by a genetic dystrophy retroviral transduction is 

dramatically lost during muscle maturation. Other drawbacks of using retroviruses 

are limited gene-insert capacity, low titres and the risk of insertional mutagenesis. 

 

2.Lentiviruses 

A lentivirus is a subtype of retrovirus. The main difference between lentiviruses and 

other retroviruses used for exogenous gene expression is that most other 

retroviruses infect only dividing myoblast cells whilst lentiviruses can infect both 

dividing and quiescent cell types (Naldini et al., 1996). The advantages of using 

lentiviruses as potent vectors for gene transfer include stable gene expression, low 

immunogenicity and a relatively large cloning capacity of up to 13.5 kb (Kumar et al., 

2001, Trono, 2000, Salmon et al., 2000). Lentiviruses have been clinically used to 

treat advanced leukemia (Kalos et al., 2011), HIV (Levine et al., 2006), X-linked 

adrenoleukodystrophy (Cartier and Aubourg, 2010) and β-thalassaemia (Cavazzana-

Calvo et al., 2010). The disadvantages of using lentiviruses as vectors are the 

possible generation of replication competent lentiviruses (RCL) due to 

recombinational events during vector production (Sastry and Cornetta, 2009) and the 

oncogenic potential through insertional mutagenesis and genetic instability (Beard et 

al., 2007, Hacein-Bey-Abina et al., 2003).  
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3.Adenoviral vectors 

Adenoviruses are medium-sized, non-enveloped viruses with an icosahedral nucleo-

capsid containing a double stranded DNA genome. The benefits of Adenoviral 

vectors are that they can infect both mitotic myoblasts and post mitotic immature 

myofibres and can be generated at high titres (Quantin et al., 1992, Ragot et al., 

1993, Acsadi et al., 1994a, Acsadi et al., 1994b). However the negatives of such 

vectors are that their stability and long-term expression are compromised by the host 

immune rejection. Additionally they have low-insert gene capacity that researchers 

have tried to rectify by generating mutant adenoviral vectors lacking all viral genes 

(Kochanek et al., 1996). 

 

4.Herpes Simplex Virus (HSV-1) 

HSV-1 viruses are a relatively large double-stranded linear DNA genome within a 

capsid wrapped in a lipid bilayer. The benefits of gene delivery using HSV-1 vectors 

are that they can carry large inserts, exist in a non-integrated state in the host cell, be 

prepared at high titres and efficiently transduce myoblasts, myotubes and immature 

myofibres (Huard et al., 1995). The disadvantages of using HSV-1 are that they 

cannot efficiently transduce mature myofibres and they have relatively high 

cytotoxicity that makes long-term gene expression difficult. For the purpose of 

reducing high cytotoxicity in muscle cells multiple viral immediate-early (IE) genes 

can been deleted (Huard et al., 1997).  

 

5.Recombinant adeno-associated viral vectors (rAAV) 

Adeno-associated virus (AAV) is a small, single stranded DNA parvovirus. 

Recombinant adeno-associated viral vectors (rAAV) are different from the wild type 

AAV as they lack the viral genes that code for integration and therefore in transduced 

muscles they exist in the episomal form (Smith, 2008, Duan et al., 1998). This 

modification of AAV means that the risk of deleterious integration near oncogenes 

and in germ cells is reduced thereby promoting the safety of using the vector for 

gene delivery (Nakai et al., 2001, Inagaki et al., 2007). The advantages of using 

rAAV are that firstly they have shown to induce long-term transgene expression (up 

to 18 months) and transduce mature skeletal myofibres in vivo with high efficiency 

(Clark et al., 1997, Fisher et al., 1997, Arnett et al., 2014). In striated muscle using 

rAAV1, 6, 7, 8 and 9 have resulted in high transduction levels (Inagaki et al., 2006, 

Blankinship et al., 2004, Gregorevic et al., 2008, Zincarelli et al., 2008, Zincarelli et 
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al., 2010, Wang et al., 2005b). However they are limited by their restrictive gene 

insert capacity (<5 kb). In terms of skeletal muscle, the best viral transduction route 

would involve rAAV viruses as they are the only viral transduction option that can 

effectively transduce mature myofibres in vivo with the added bonus of high 

transduction levels and long -term transgene expression. 

 

Electroporation of plasmid DNA 

DNA can be introduced and genes expressed in muscle simply by injecting plasmid 

DNA into the muscle, but alone injection is variable and relatively ineffective. 

However, combining direct intramuscular DNA injection with in vivo electroporation 

enhances transgene expression and reduces intra-individual variability (Mir et al., 

1999). The process is relatively quick, cheap and easy yet allows for the local 

delivery and expression of a gene of interest without an immune response whilst also 

reducing cytotoxicity. Consequently, it has become a widely used technique and a 

Pubmed search using the terms ‘electroporation, muscle, in vivo and mouse’ returns 

over 250 articles. 

 

Other advantages of electroporation are that it reduces the possibility of insertional 

mutagenesis and temporarily bypasses other developmental compensations 

common to other genetic manipulations such as transgenic or knockout models. 

Additionally non-viral methods allow for larger transgenes to be accommodated and 

are relatively inexpensive (Meeson et al., 2001, Wells, 2006, Hacein-Bey-Abina et 

al., 2003). The disadvantages associated with methods of electroporation include 

variability in transgene expression and the occurrence of local tissue damage to 

existing muscle fibres leading to subsequent repair processes that can confound the 

physiological and molecular properties of an experiment (Lee et al., 2002, Lefesvre 

et al., 2002, Taylor et al., 2004). 

 

Experimental approach for analysing the effect of FHL1 in vivo  

To determine whether the effects of FHL1 on the steroid system in vitro could also be 

observed in vivo we needed to be able to increase the expression of FHL1 in the 

muscle of adult mice. The generation of transgenic mice using the ET2-Cre approach 

was outside the time frame and funding available for the project. To get high 

efficiency transgene expression in muscle using viral transgenesis would also have 

required viral transduction of neonatal mice so would also have required the 

generation of an inducible system in an AAV virus.  Furthermore, generation of the 

virus is a relatively expensive and time-consuming process.  We therefore chose to 
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use electroporation as the quickest and cheapest method that would allow us to 

introduce a simple transgene. This approach has the advantage of using introduction 

of the transgene into one limb and a control into the contralateral limb allowing us to 

a) reduce the number of animals used and b) have an internal control. The effect of 

glucocorticoids on FHL1 expressing muscle could be determined in the same mouse 

by comparing the FHL1 expressing muscle with the contralateral control, thereby 

reducing inter-animal variation.  
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Preliminary gene transfer study 

To validate the gene transfer approach into skeletal muscle adopted in this chapter 

and chapter 5, a preliminary study using enhanced green fluorescent protein (EGFP) 

expression as a marker of successful gene transfer was carried out using a vector 

we and others have previously shown to drive detectable gene expression in muscle 

(Ellis et al., 2004, Okabe et al., 1997). The study also helped to establish the timeline 

of expression of the target protein. Thus the pCAGGS-EGFP plasmid construct 

obtained from Jun-Ichi Miazaki, University of Osaka (Figure 29A) was injected and 

electroporated into the TA muscles of 12-week old C57BL/6 mice and EGFP protein 

expression was analysed by western blot at different time-points (Day 1, 3 and 7). 

The expression of EGFP was present from at all time-points post electroporation 

(Figure 29B).  

 

 
Figure 29: In vivo gene transfer of pCAGGS-EGFP expression constructs.  

(A) Schematic representation of the pCAGGS-EGFP vector that was designed to 

drive the expression of EGFP driven by the CAG promoter. Location of specific 

pCAGGS primers and EcoRI sites are shown. (B) The left and right TA muscles (1-2, 

3-4, 5-6) of 3 C57BL/6 12-week old mice were injected with pCAGGS-EGFP plasmid 

constructs and electroporated. One mouse at each time-point (Day 1, 3 and 7) was 

subsequently culled with both of its TA muscles extracted and analysed. Proteins 

resolved by 10% SDS-PAGE were immunoblotted (IB) with an anti-GFP antibody.  
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Experimental Design: Overexpression of FHL1 into skeletal muscle 

The studies described in Chapter 3 were performed using human FHL1. As the 

introduction of foreign proteins can cause an immune response and the human FHL1 

protein is not identical to mouse FHL1 protein we decided to clone the murine form of 

the gene.  An expression vector for full-length FHL1 (isoform FHL1A) was generated, 

by inserting the PCR-derived product of mouse FHL1 into the pCAGGS vector to 

make pCAGGS-FHL1 (FHL1). The body composition (lean mass, fat mass) of adult 

(12-week old) male C57BL/6 mice (n = 16) was determined using QMR and whole 

body weight was measured with an electronic balance. Mice were randomised based 

on lean body mass, into two groups (n = 8 in each group) before subsequent 

injection and electroporation of pCAGGS-FHL1 into the right TA muscle of all mice 

(n=16) with the contralateral TA muscle injected and electroporated with the empty 

pCAGGS vector (control) (n=16). After a 3, day period to allow for FHL1 protein 

expression to occur (based on preliminary findings with EGFP), mice were treated 

with vehicle (n = 8) or dexamethasone (0.3 mg/kg/day, n = 8) by subcutaneous 

injection. After 6 days, of treatment body composition was re-measured by QMR 

before the conduction of a contractility assay (discussed in chapter 5) and 

subsequent culling of mice. TA muscles were harvested for analysis for changes in 

muscle mass and phenotype (Figure 30). 

 

Note: As FHL1 is normally expressed in skeletal muscle and the experimental design 

includes the overexpression of FHL1 in the right TA muscles, the expression of 

endogenous FHL1 needs to be controlled for by having the left contralateral TA 

muscles electroporated with empty pCAGGS vectors serve as baseline controls.  
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Figure 30: Schematic diagram of the experimental design 
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Results 

 

Cloning full length FHL1 sequence (mouse) 

To generate the FHL1 expression vector, FHL1 DNA was amplified from mouse 

skeletal muscle cDNA by PCR and inserted into the pGEMT-easy cloning vector for 

sequencing. After confirmation of the correct full-length FHL1 sequence, the FHL1 

coding sequence was excised by restriction digestion with EcoRI, and subcloned into 

EcoRI digested pCAGGS plasmid (Figure 31A). The pCAGGS expression vector 

drives a target gene under the CAG (cytomegalovirus immediate-early enhancer-

chicken β-actin hybrid) promoter, and has a high activity in skeletal muscle (Fujii et 

al., 2004, Ho et al., 2004). DNA plasmid constructs were checked for the correct 

orientation of FHL1 insertions into the expression vector (Figure 31C) and the FHL1 

insert sequence was reconfirmed using pCAGGS specific primers. To demonstrate 

the production of FHL1 protein from the vector, C2C12 cells were transfected with 

the pCAGGS control or the pCAGGS-FHL1 vector and protein was extracted 24 h 

later. The protein analysed by western blotting showed increased FHL1 in cells 

transfected with pCAGGS-FHL1 (Figure 31B).  
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Figure 31: Generation of pCAGGS-FHL1 (FHL1) Expression Construct  

(A) Schematic representation of pCAGGS-FHL1 vector (FHL1) in which the 

expression of mouse FHL1 driven by the CAG promoter. Location of specific primers 

and EcoRI sites are shown. (B) C2C12 cells were transfected with control or FHL1 

plasmid constructs with proteins resolved by 10% SDS-PAGE and immunoblotted 

(IB) with an anti-FHL1 antibody. (C) Amino acid sequence of FHL1 was derived from 

nucleotide sequencing results of mouse FHL1 using an on-line translation application 

(http://www.ebi.ac.uk/Tools/st/emboss_transeq/).  
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Postnatal FHL1 overexpression caused an increase in TA muscle mass. 

To determine the effect of overexpression of FHL1 on muscle mass, the control mice 

(vehicle treated) from the experiment were analysed as a group. The QMR analysis 

of body composition showed that there was no change in the total body weight with 

both fat and lean mass maintained over the duration of the experiment (Figure 32).  
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Figure 32: Body composition parameters of vehicle treated mice were 

maintained over the course of the study.  

12-week-old male C57BL/6 mice subjected to vehicle subcutaneous injections were 

weighed on an electronic scale and automatically measured by QMR at day 1 and 

day 11 (pre- and post-electroporation) of the study to obtain measurements of body 

composition. (A) Body weight, (B) fat total body mass (C) lean total body mass after 

vehicle treatment. Data are represented by Box and Whisker plots; the box defines 

the group median and interquartile range, whilst the error bars indicate the data 

range. n = 8 mice. 
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Following final QMR measurements mice were culled (after 5 days of vehicle 

treatment) and the TA muscles were excised and weighed. TAs overexpressing 

FHL1 were 21 % heavier than the control electroporated TAs from the same animal 

(p = < 0.0001, Student T test) (Figure 33B).  
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Figure 33: Effect of FHL1 overexpression on TA muscle weight. 

(A) Schematic diagram showing the location of the TA muscle in mice. (B) The wet 

weight of the TA muscle of control and FHL1 injected mice treated with vehicle (n=8 

TA muscles per group). TA muscles were extracted from vehicle treated male 

C57BL/6 mice and weighed. Error bars show ± SEM and difference between 

treatments marked, **** p<0.0001. 
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The TA muscles were divided longitudinally into 3 parts with the middle section 

preserved for histological analysis, cut transversely (Figure 34). To analyse the effect 

of FHL1 on muscle phenotype immunohistochemistry and immunofluorescence 

analysis were carried out to measure fibre size, fibre type and oxidative capacity.  

                                      

Chapter(3(Figure(4(

 
Figure 34: Schematic representation of TA muscle highlighted in red and the 

section of the TA muscle highlighted in yellow that was selected for 

histological analysis.  

TA muscles were cut longitudinally into three sections before the middle sections 

were cut transversely and mounted onto glass slides for histological processing. 
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Overexpression of FHL1 in Transfected Mouse Skeletal Muscle increased 

muscle fibre size.   

To determine whether the effects of FHL1 on muscle mass were due to fibre 

hypertrophy, the fibre diameter was determined manually by measuring the shortest 

diameter of fibres (minimal fibre Feret distance) using Image J, (NIH). 

Overexpression of FHL1 increased fibre diameter compared to control (Control 34.3 

± 1.4 µm vs. FHL1 43.8 ± 1.6 µm, 27 ± 4%) (p = <0.0001, Student T test) as shown 

by the increase in fibre diameter indicated by the black arrows in hematoxylin and 

eosin stained (H & E) images (Figure 35A-B). Analysis of the fibre size distribution 

also showed a shift in an increase in the proportion of larger fibres in FHL1 

overexpressing muscles compared to the control muscles (Figure 35C).  
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Figure 35: FHL1 overexpression increased skeletal muscle fiber size  

(A) Representative images of H and E stained sections from pCAGGS and 

pCAGGS-FHL1 electroporated TA muscle from vehicle treated mice. Black double 

arrows show the minimal fibre feret distance. 20X magnification, scale bar = 50 µm 

and inset magnified images of muscle sections. Same region of muscle indicated by 

white stars. (B) Fibre diameter (µM) data are represented by Box and Whisker plots; 

the box defines the group median and interquartile range. Significance was 

determined using a paired T-test. ****=p<0.0001 (C) Histogram showing mean fibre 

diameter profile for pCAGGS and pCAGGS-FHL1 electroporated TA muscles (n=8 

per group). The histogram represents the mean frequency of muscle fibres with 

diameters ranging from 0–5 µm to > 70 µm in 5 µm steps, ± SEM. n = 8 TA muscles 

in each group; 300 muscle fibres were analysed per group.  
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Overexpression of FHL1 in Transfected Mouse Skeletal Muscle induced an 

oxidative phenotype  

To ensure FHL1 overexpresson was induced following electroporation of pCAGGS-

FHL1,  FHL1 protein levels were determined by immunoflourescence. This analysis 

showed a marked increase in fluorescence in the TAs electroporated with pCAGGS-

FHL1 compared to the TAs electroporated with pCAGGS (Figure 36 A, C, F, H).  To 

quantify this increase the percentage of FHL1 positive fibres (Control 21 ± 3.7 % vs. 

FHL1 55 ± 3.4 %) (p = <0.0001 Student T test) (Figure 36F) and area (Control 25.2 ± 

3.2% vs. FHL1 63.3 ± 4.5%) (p = < 0.0001 Student T test) were determined and 

showed significant increases (Figure 36H). Additionally, FHL1 expression caused a 

marked increase in oxidative phenotype as pCAGGS-FHL1 electroporated muscles 

had a higher intensity of succinate dehydrogenase staining (SDH) compared to 

muscles electroporated with the pCAGGS. In this assay staining intensity is directly 

proportional to oxidative capacity (Figure 36 B, D, G, I) . SDH staining of fibres was 

quantified by inverting and converting images to grey scale with 255 levels of grey 

and white and image intensity of 255. This analysis confirmed an increase in SDH 

staining in the FHL1 expressing muscles (average image density (ID) Control 73 ± 

7.1 vs. FHL1 121 ± 10) (p = <0.01, Student T test) (Figure 36G). The lowest ID 

measured was 46 with the highest ID recorded was 255. Fibres with an SDH ID of 

46-150.4 were placed into the low SDH group and fibres with an ID greater between 

150.5 and 255 were placed into the high SDH group. This analysis showed a 

decrease in the proportion of low SDH activity fibres in pCAGGS-FHL1 

electroporated muscles (p = 0.03, Student T test) and an increase in (Figure 36I) 

fibres with a high SDH activity (p = 0.03, Student T test)(Figure 36I) compared to 

pCAGGS electroporated muscles.   
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Figure 36: Over-expression of FHL1 in mouse tibialis anterior muscles resulted 

in significant FHL1 overexpression and an oxidative phenotype after 11 days.   
pCAGGS or pCAGGS-FHL1 were injected into the tibialis anterior muscles of 

anesthetized mice, followed by in vivo electroporation. The animals were allowed to 

recover before vehicle treatment for 6 days, after which mice were culled. (A, C) 

FHL1 expression was determined by immunofluorescence staining with anti-FHL1 

primary antibody and a green alexa-fluor secondary antibody. (E) Skeletal muscle 

section in both longitudinal and cross-sectional profiles showing non-specific binding 

by the secondary anti-body (negative control). (B, D) SDH staining of control vehicle 

and FHL1 vehicle TA muscles respectively. Darkly stained fibers contain high SDH 

activity, and pale-stained fibers contain low SDH activity (n= 8 TAs per group). 

Images are from serial sections of muscle and the same region of muscle is 

delineated with black circle. Scale Bars = 800 µm and insets are magnified images of 

muscle sections. Bar graphs showing mean +SEM showing % FHL1-positive fibres 

by (F) frequency and (H) area. (G) Bar graphs showing mean +SEM showing SDH 

activity in optical density and (I) by % frequency of low and high SDH. Treatments 

marked with (*) differ significantly (*p < 0.05, **p<0.01, ****p<0.0001). 
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Muscle fibre type characterisation 

 

Overexpression of FHL1 in Transfected Mouse Skeletal Muscle increases the 

proportion of oxidative fibres. 

Serial sections of TA muscles were stained with two different antibody cocktails to 

ensure all fibre types (I ,IIA, IIB, IIX) were represented by fluorescence before 

manually counting fibre types (Figure 37 C – F). Comparison of the FHL1 staining 

with MHC staining showed that FHL1 was expressed in IIA, IIX and mixed fibre types 

but not in IIB fibres in both pCAGGS (compare Figure 37 A, C and E) and pCAGGS-

FHL1 (compare Figure 37 B, D and F) electroporated muscles. Overexpression of 

FHL1 caused an increase in the proportion of MHCIIA fibres (control 6.9 ± 1.1 % vs 

FHL1 15.8 ± 2.8 %, p = 0.01, Student T test) a reduction in the proportion of MHCIIB 

fibres (control 46.3 ± 3.9 % vs FHL1 26.9 ± 3.9 %) (p = 0.01, Student T test) and an 

increase in MHCIIX/A hybrid fibres (control 0.32 ± 0.23 % vs FHL1 4.49 ± 1.2 %, p= 

0.01, Student T test) ( Figure 37G). 

 

Note: No MHCI fibres were detected after staining. 
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Figure 37: FHL1 overexpression caused a shift towards an oxidative phenotype 

(A-F) Mouse TA muscle serial cross-sections were immunostained for (A, B) FHL1 

or for (C, D)MHC isoforms either cocktail 1, MHC antibodies [MHCI (blue), MHCIIA 

(green), MHCIIB (red)], or (E,F) stained with cocktail 2 antibodies [MHCIIA (green), 

MHCIIX (artificial purple)]. White circles represent position of the same region of 

muscle in serial sections. Scale Bars = 800 µm and insets magnified images of 

muscle sections. (G) The proportion of each fibres type in the pCAGGS and 

pCAGGS-FHL1 electroporated TA muscle is represented by bar graphs of mean 

+SEM: Treatments marked with (*) differ significantly (**p<0.01). 

n = eight TA muscles in each group; 300 muscle fibres were analysed per group 



	   164	  

 

Effect of dexamethasone on body composition 

To determine whether expression of FHL1 modified the glucocorticoid response 8 

mice electroporated with pCAGGS-FHL1 in the right TA and with pCAGGS in the left 

TA were treated with dexamethasone as previously described (Experimental design: 

Overexpression of FHL1 in skeletal muscle). Dexamethasone treatment (0.3 

mg/kg/day) caused a 3% (p = 0.01, Student T test ) drop in body weight and a 10% 

(p <0.001, Student T test) reduction in lean mass with no loss in fat mass (Figure 38). 

These data indicate that dexamethasone induced skeletal muscle wasting in the 

mice.  
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Figure 38: Body composition parameters of dexamethasone treated mice.  

12-week-old male C57BL/6 mice subjected to subcutaneous injections of 

dexamethasone, were weighed using an electronic scale and automatically 

measured by QMR at day 1 and day 11 (pre- and post-electroporation) of the study 

to obtain measurements of body composition (A) body weight (B) fat mass (C) lean 

mass after dexamethasone treatment. Data are represented by Box and Whisker 

plots; the box defines the group median and interquartile range, whilst the error bars 

indicate the data range (n = 8 mice). Treatments marked with (*) differ significantly 

(*p < 0.05, ***p<0.001). 

 

 

A.                                    B.                                     C.                            
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Dexamethasone treatment did not alter the muscle mass of control TA muscles 

however dexamethasone prevented FHL1 induced hypertrophy of the TA 

muscle. 

The study next evaluated the effect of dexamethasone on TA muscle mass. 

Dexamethasone had no effect on the weight of the pCAGGS electroporated TA 

muscles (Figure 39). However, the weight of FHL1 expressing TA muscles in 

dexamethasone treated mice was less that that in vehicle treated mice (p = 0.02, 

ANOVA adjusted by Bonferroni correction, Figure 39). Consistent with vehicle treated 

mice FHL1 protein levels were greater in the pCAGGS-FHL1 electroporated TAs of 

dexamethasone treated mice than in pCAGGS electroporated TAs in terms of % 

FHL1 positive fibre frequency (Control 24 ± 4.2 % vs. FHL1 57 ± 4.8 %) (p = 

<0.0001, Student T test adjusted by Bonferroni correction) (Figure 40E) and area 

(Control 22.5 ± 3.6% vs. FHL1 57.0 ± 4.6 %) (p = <0.0001, Student T test adjusted 

by Bonferroni correction) (Figure 40G). The image density for SDH activity of control 

vehicle TAs was reduced by dexamethasone treatment. SDH staining was similar in 

dexamethasone treated FHL1 and control muscles with all FHL1+ fibres having low 

SDH activity in both groups (Figure 40F, H). Furthermore, SDH staining in both FHL1 

and control plasmid electroporated muscles was weaker in the presence of 

dexamethasone than in its absence (compare Figure 36 with Figure 40).  

	  
Figure 39: Dexamethasone treatment did not alter control overexpressed TA 

muscle mass but did prevent FHL1-induced hypertrophy of the TA muscle. 

pCAGGS or pCAGGS-FHL1 were transfected into the tibialis anterior muscles of 

anesthetized mice, by injection followed by in vivo electroporation. The animals were 

allowed to recover before dexamethasone treatment for 6 days, after which they 

were culled. The wet weight of the TA muscle of control and FHL1 injected mice 

treated with vehicle or Dex. (n= 8 TAs per vehicle treated group or n=8 TAs per Dex 

treated group) Error bars show ± SEM. Treatments marked with (*) differ significantly 

(*p < 0.05, ****p<0.0001). 



	   166	  

 
 

	  
 

	  
	  
	  



	   167	  

	  
	  
	  
	  
	  
Figure 40:  Effect of dexamethasone treatment on muscle weights of control 

and FHL1 injected TAs.  

pCAGGS or pCAGGS-FHL1  were injected into the tibialis anterior muscles of 

anesthetized mice, followed by in vivo electroporation. The animals were allowed to 

recover before dexamethasone treatment for 6 days, after which mice were culled. 

(A, C) FHL1 expression was assessed by immunofluorescence staining with anti-

FHL1 primary antibody and an alexa-fluor secondary antibody. (B, D) SDH 

expression was determined by histochemisty as described in Methods of pCAGGS 

and pCAGGS-FHL1 electroporated TA muscles respectively. Darkly stained fibers 

contain high SDH activity, and pale-stained fibers contain low SDH activity (n= 8 TAs 

per group). Serial sections of images with the same region of muscle delineated by a 

white or black circle in equivalent TA muscles. Scale Bars = 800 µm and insets 

magnified images of muscle sections. Bar graphs of mean +SEM for FHL1-positive 

fibres by (E) proportion (G) area (F) SDH activity in image density and (H) by % 

frequency of low and high SDH. Treatments marked with (*) differ significantly (*p < 

0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Dexamethasone reduces TA fibre size in FHL1 electroporated TA muscles. 

Measurement of fibre diameter showed that dexamethasone treatment did not 

reduce the fibre diameter for control electroporated muscles. Mean myofibre 

diameter was 34.3 ± 1.4 µm in the control containing TAs from vehicle treated mice 

and 35.7 ± 1.0 µm in the control containing TAs from dexamethasone treated mice 

(Figure 41 A,B). However, dexamethasone reduced mean fibre diameter in FHL1 

overexpressing muscles from 43.8 ± 1.6 µm in vehicle treated mice to 37.9 ± 1.1 µm 

in dexamethasone treated mice, (p = 0.01 ANOVA adjusted by Bonferroni correction, 

Figure 41). This reduction in fibre diameter can also be seen by the increase in the 

proportion of smaller fibres in the FHL1 expressing TAs from mice treated with 

dexamethasone compared to those in the vehicle treated mice as shown in the 

histogram (Figure 41D). 
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Figure 41:  FHL1 effect on TA fibre size in the presence of dexamethasone 

treatment  

(A) Fibre Diameter of TA muscles from control and FHL1 TA muscles treated with 

either vehical or dexamethasone. Data are represented by Box and Whisker plots; 

the box defines the group median and interquartile range, whilst the error bars 

indicate the data range. (B-D) Histograms showing mean fibre diameter distribution 

profiles of fiber diameters for TAs: (B) Control Vehicle vs. Control Dexamethasone 

(C) Control Dexamethasone vs. FHL1 Dexamethasone and (D) FHL1 Vehicle vs 

FHL1 Dexamethasone. The histogram represents the mean frequency ± SEM of 

muscle fibres with diameters ranging from 0–5 µm to > 65 µm in 5 µm steps. n=8 

TAs per group, 300 fibres per TA muscle were analysed. Treatments marked with (*) 

differ significantly (*p < 0.05, ****p<0.0001). 

 

 

 

 

 

 

 

 



	   170	  

Dexamethasone treatment did not alter fibre type in TA muscles  

To determine the effect of dexamethasone treatment on fibre-type TA muscle 

sections were stained as described above (See muscle fibre type characterisation). 

There was no difference in the proportion of each fibre type between the control TA’s 

from dexamethasone treated mice compared to the control TAs from the vehicle 

treated mice (Figure 42B). Similarly there were no significant changes between the 

FHL1 expressing TA’s (Figure 42D). Comparing pCAGGS and pCAGGS-FHL1 

electroporated muscles in dexamethasone treated muscles there was a trend to an 

increase in MHC2A (pCAGGs dexamethasone 8.0 ± 2.7 % vs pCAGGS-FHL1 

dexamethasone 14.6 ± 1.9 %, p = 0.07, Student T test) and MHC2X (pCAGGs 35.08 

± 2.7 % vs pCAGGS-FHL1 dexamethasone 42.5 ± 2.6 % p= 0.07, ANOVA) fibre 

types with a significant decrease in MHCIIB fibres (pCAGGS dexamethasone 46.8 ± 

3.3 % vs pCAGGS-FHL1 dexamethasone 33.4 ± 5.0 %) (p = 0.04, ANOVA adjusted 

by Bonferroni correction Figure 42C).   

 
Figure 42: Dexamethasone had no effect on fibre type expression  

(A-D) Percentage of fibre types in pCAGGS and pCAGGS-FHL1 electroporated TA 

muscles are represented by bar graphs; shows mean fibre percentage + SEM. (A) 

pCAGGS vehicle vs pCAGGS-FHL1 vehicle  (B) pCAGGS vehicle vs. pCAGGS Dex 

(C) pCAGGS Dex vs. pCAGGS-FHL1 Dex and (D) pCAGGS-FHL1 Vehicle vs 

pCAGGS-FHL1 Dex. n = 8 TA muscles per group. 300 fibres were analysed per TA 

muscle. Treatments marked with (*) differ significantly (*p < 0.05, **p<0.01). 
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Centralised myonuclei 

In normal adult muscle the majority of nuclei are located on the periphery of the fibre. 

However, in muscle that is damaged or hypertrophying satellite cells become 

recruited to the muscle resulting in the presence of nuclei in the centre of the muscle 

fibre. Consequently centralised nuclei in mice mark fibres that are regenerating or 

have regenerated sometime in the past (Charge and Rudnicki, 2004, Li et al., 2011, 

Pichavant and Pavlath, 2014)(Figure 43A). The electroporation procedure used in 

this study may cause damage to the TA muscle (i.e. the size of the needle, voltage 

applied) that may trigger muscle regeneration by stimulating satellite cells. Therefore 

it was important to make sure that the level of regeneration was similar in all 

experimental groups to ensure that any effects of expressing FHL1 are not dwarfed 

by the injury caused by electroporation. The proportion of muscle fibres with 

centralised nuclei was therefore determined in each of the treatment groups (Figure 

43B). This proportion was less than 2% in individual TA muscles and there was no 

significant difference in the percentage of centralized nuclei among the groups. 

 

 

 

 

	  
	  
 

Figure 43: Centralised nuclei quantification 

(A) Image of a H and E muscle section, with black arrows showing the presence of 

centralized nuclei. Myotubes with centralised nuclei do not occur uniformly across the 

sample and an image of a typical region containing centralised nuclei is presented. 

Scale bar – 50 µm. (B) Bar graph showing the percentage of centralized nuclei as 

mean  + SEM (quantified as the frequency of centralised nuclei as a percentage of 

total muscle fibre nuclei).  n = 8 TA muscles per group. 
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Discussion 

Aim of this study: To determine the effects of overexpressing WT FHL1 in the 

TA of postnatal muscle in the presence and absence of a catabolic agent in 

vivo  

 

a) Postnatal FHL1 overexpression causes hypertrophy and an oxidative 

shift in mouse skeletal muscle.  

Prolonged overexpression models of FHL1 have demonstrated that its protein 

expression induces hypertrophy and a shift towards an oxidative phenotype (Cowling 

et al., 2008). The effects of overexpression of FHL1 in adult mouse skeletal muscle 

has not been studied so far, therefore a gene-transfer approach whereby an FHL1 

expression plasmid was introduced into the muscle by electroporation was used for 

the reasons described in the chapter introduction (Chapter 4, Figure 28). Similar to 

life-long overexpression of FHL1 in mice, increasing FHL1 expression in adult mice 

caused hypertrophy of the TA muscle with an increase in fibre size and a shift 

towards an oxidative phenotype as seen by an increase in the proportion of type IIA 

fibres and a decrease in the proportion of type IIB fibres (Chapter 4, Figures 33, 35 

and 37). The fact that hypertrophy and a shift in oxidative phenotype happened 

within two weeks highlights FHL1 as a potent activator of the hypertrophy pathway 

supporting in vitro data whereby there were synergistic increases of the myotube 

sizes of FHL1 in the presence of testosterone a known anabolic agent (Chapter 3). 

Therefore this study is the first to show that short-term overexpression of FHL1 

causes hypertrophy and a shift towards an oxidative phenotype. 

 

b) The change in the hormonal environment due to treatment with 

dexamethasone causes a modification of the actions of FHL1. 

In cell culture studies FHL1 increased the activity of the glucocorticoid receptor, by 

promoting a greater decrease in C2C12 myotube size in response to dexamethasone 

(Chapter 3). To determine whether a similar effect could be observed in vivo mice 

overexpressing FHL1 in one TA were treated with dexamethasone (Chapter 2, 

Dosing). Whilst dexamethasone did not alter the TA weight or indeed fibre size of 

control muscles, there was a reduction in the size of FHL1 overexpressing muscles 

and in both control and FHL1 overexpressing muscles there was a reduction in SDH 

staining (Chapter 4, Figure 39, 40). One possible mechanism leading to the reduction 

in relative size of the pCAGGS-FHL1 electroporated muscle is a 
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suppression/reduction of FHL1 protein levels by dexamethasone. However, there 

was no apparent difference in FHL1 expression comparing the fluorescence in the 

pCAGGS-FHL1 expressing TAs from dexamethasone and vehicle treated mice 

(Chapter 4, Figure 40). Thus this observation indicates that FHL1 is serving a 

different role under atrophy conditions, suggesting that the hormonal milieu is likely 

to contribute to the actions of FHL1 on muscle mass and/or phenotype. 

 

Implications for chronic disease 

The findings in this chapter demonstrating that FHL1 may interact with the atrophy 

pathway especially in the presence of dexamethasone suggest that in humans under 

a similar hormonal environment FHL1 could cause muscle atrophy (Chapter 4, 

Figure 39, 40 and 41). Depending on the stage of disease COPD patients are treated 

with glucocorticoids to treat acute exacerbations and increase their FEV1 levels by 

reducing airway inflammation thereby relieving airflow obstruction (Murata et al., 

1990, Albert et al., 1980, Davies et al., 1999, Fein and Fein, 2000, Niewoehner et al., 

1999). One side-effect of prolonged glucocorticoid use is muscle weakness.  The 

data presented here suggest that increased FHL1 will amplify the effects of the 

glucocorticoids in wasting muscle and would associate FHL1 with muscle weakness 

under these conditions. This effect is consistent with previous data from the lab 

demonstrating an association of FHL1 with weakness rather than with strength in 

COPD patients (Riddoch-Contreras, 2009) , although these data did not investigate 

the effect of glucocorticoids (endogenous or exogenous levels) in patients and the 

association of FHL1 and weakness in the cohort. The association of FHL1 with 

weakness was not observed in control individuals who are not exposed to chronic 

glucocorticoid treatment.  It is important to note that FHL1 expression was not altered 

in COPD patients compared to controls, thus a modification of the role of FHL1 rather 

than its reduction in protein levels (such as in XMPA, RBM etc.) is likely to cause 

muscle weakness in quadriceps of COPD patients.  

 

Chronic disease is often accompanied by a marked shift in the hormonal balance 

with a suppression of testosterone/androgen levels and an increase in the levels of 

cortisol (Makarevich, 2003, Josiak et al., 2014). Although the effects of testosterone 

or testosterone analogues on fibre size were not investigated in this study, they have 

been well studied in human and animal models. In man administration of 

testosterone increases muscle strength by both increasing protein synthesis (Urban 

et al., 1995, Rooyackers and Nair, 1997) and by decreasing muscle protein 

breakdown (Ferrando et al., 2002, Sinha-Hikim et al., 2002, Sinha-Hikim et al., 2003, 
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Sinha-Hikim et al., 2006). These effects of androgens cause hypertrophy in both type 

I and type II fibres as the androgen oxandrolone induced gain in muscle mass in 

young men was associated with hypertrophy of both fibre types (Sheffield-Moore et 

al., 1999) Testosterone has also been shown to cause an increase in muscle mass in 

animal models. For example C57/BL6 male mice with 2 cm testosterone filled silastic 

implants placed sub dermally in their neck region show a significant increase in 

skeletal muscle fibre cross sectional area in the gastrocnemius muscle compared to 

controls after 8 weeks (Brown et al., 2009).  

These data presented in this chapter together with that from Chapter 3 suggest that 

the function of FHL1 may shift from a predominantly hypertrophic agent to an 

atrophic agent as the balance of these hormones changes. As FHL1 is more highly 

expressed in type II fibres than type I fibres (Windpassinger et al., 2008) this 

observation suggests that FHL1 may be an important component of the fibre-type 

change that occurs in chronic disease and in the increased susceptibility of type II 

fibres to atrophy. As such expression of FHL1 may be a component of the downward 

spiral of muscle function and muscle wasting that accompanies chronic disease.  

Critical analysis of the Experimental Model 

• Damage caused to the TA muscle due to needle size and voltage determined 

by the percentage of centralized nuclei was found to be similar between the 

groups (Chapter 4, Figure 43). Additionally sections stained with H and E did 

not reveal changes in muscle structure indicative of muscle fibre damage 

(Chapter 4, Figure 35). Thus the results between the groups were not 

attributed to a difference in muscle damage caused by the method of in vivo 

gene transfer into skeletal muscle.  

• Dexamethasone treatment caused a reduction in total body weight of mice, 

but did not cause a reduction in TA size of control muscles (Chapter 4, 

Figures 38, 39). This lack of dexamethasone wasting in control muscles 

indicates although total body composition showed an overall loss of lean body 

mass this was less pronounced in a single muscle (e.g. TA) this may mean 

that a higher dose of dexamethasone may have been required to cause 

detectable wasting within the time frame of the experiment. In this study a 

subset of 12-week old C57BL/6 mice were treated with 0.3 mg/kg/day every 

morning for 6 days by subcutaneous injection (Chapter 2, Dosing). Other 

established models of dexamethasone induced muscle wasting in mice differ 

by the concentration, timing, duration and route of delivery of 
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dexamethasone: for example, C57BL/6 (8-10 week old) male mice treated for 

14 days following electroporation with a 2 mg/kg/day continuous 

dexamethasone infusion through a subcutaneous implanted mini- osmotic 

pump (model 2002, Alzet), experienced both a reduction in body weight and 

TA muscle mass (Proserpio et al., 2013). In another study male ICR mice 

treated with 10 mg/kg/day dexamethasone for 14 days by intraperitoneal 

injection had a significant reduction in their TA muscle weight and muscle 

fibre cross sectional area accompanied by an increase in both mRNA and 

protein levels of MuRF1 and MAFBx, compared to treatment of mice with 

vehicle (saline, control) (Sun et al., 2014). As glucocorticoid levels vary 

throughout the day, the timing of dexamethasone treatment is also important.  

Some studies have compared single daily doses of dexamethasone given to 

mice for 10 days, at times of the day corresponding to peak (early night) or 

trough (early morning) endogenous glucocorticoid levels. The administration 

of dexamethasone at the peak of endogenous glucocorticoids attenuated 

dexamethasone induced wasting of the gastrocnemius and TA muscles that 

comprise mostly of fast-twitch muscle fibres. This observation was supported 

by data showing that the expression of mRNAs encoding MAFbx and MuRF1 

were significantly attenuated in the same muscles by dexamethasone 

administered during the early night (Nakao et al., 2014).  Our administration 

of dexamethasone in the morning therefore should have allowed the greatest 

effect of the drug.   

• The study has only reviewed the expression of FHL1 in a predominantly Type 

II muscle as the TA is easy to access for electroporation purposes, it would 

therefore of been interesting to see the effects of dexamethasone on FHL1 

overexpression in other muscle groups which can only be done by systemic 

expression of FHL1. Dexamethasone induced wasting has been shown in a 

number of studies to be more prevalent in type II fibres than in type I fibres 

(for review of dexamethasone wasting see (Schakman et al., 2013)) 

suggesting that looking in a muscle with a high type II fibre proportion is the 

most appropriate approach.  This increased sensitivity has been suggested to 

occur for a number of reasons including higher GR expression and that 

increased myostatin is an important contributor to dexamethasone dependent 

wasting (Ma et al., 2003, Gilson et al., 2007). Furthermore, the effects of 

FHL1 on skeletal muscle fibre-type may complicate this experiment.  In 

transgenic mice FHL1 has been shown to increase the proportion of type IIA 
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fibres and reduce the proportion of type IIX fibres (Cowling et al., 2008). As 

FHL1 is more highly expressed in type IIA fibres than type I fibres in man 

(Windpassinger et al., 2008) it is possible that overexpressing FHL1 in 

muscles with a high type I fibre proportion may also promote the formation of 

type IIA fibres.   

• The design of the experiment did not allow for obtaining histological, protein 

and RNA samples from the same region of the tissue as muscles were 

divided into three with the histology sections being taken from the belly of the 

TA where greatest over-expression of FHL1 occurred. The side sections used 

for the other analyses were from areas with lower levels of FHL1 expression 

and not sufficient for protein and qPCR analysis. Although an attempt was 

made to pre-amplify the mRNA this could not be validated by qPCR. An 

alternative approach to overcome this problem is to section the muscle all the 

way through keeping sections at defined levels in the muscle for histology 

and adjacent sets of sections for protein and RNA analysis. This approach 

allows a more detailed picture of the gene expression in response to gene 

expression to be established. However, the sectioning requires a specialist 

cryostat set up that was not available for this study (Gollins et al., 2003) 

(Molnar et al., 2004, McGrath et al., 2006, Mori et al., 2014). 

 

Future perspectives 

The data presented in this chapter are the first known study of FHL1 as a stimulator 

of muscle atrophy but are derived from a model system raising the question of 

whether FHL1 ever contributes to skeletal atrophy.  As described above, some data 

suggest such a role for FHL1 for example in COPD, (Riddoch-Contreras, 2009) and 

elevated FHL1 has been found in mice following denervation (Raffaello et al., 2006). 

It would therefore be interesting to determine whether FHL1 mRNA and protein 

expression are altered in man in other chronic diseases (e.g. chronic heart failure) or 

in to response prolonged bed-rest and spaceflight. Similarly FHL1 may contribute to 

wasting in other conditions of elevated glucocorticoids. One such example would be 

Cushing syndrome, a rare hormonal disorder triggered by prolonged exposure of 

endogenous or exogenous glucocorticoids (Virot et al., 2011) where it would be 

interesting to investigate to determine whether levels of FHL1 are elevated in the 

skeletal muscle of patients thereby possibly increasing GR activity in patients. 
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This study has primarily focused on the actions of FHL1 on muscle in terms of 

atrophy pathways as little evidence has been collected in this area. The in vitro 

studies showed that as well as modifying GR activity FHL1 also increased AR activity 

suggesting that it could contribute to anabolic stimuli (Chapter 3). This is another 

experimental avenue that could be analysed in vivo using the same approach to that 

used here. For this purpose ARKO mice generated by MacLean et al., 2008 could be 

used to investigate whether AR function is crucial for some of the anabolic effects of 

FHL1 and to identify the downstream targets of FHL1 (MacLean et al., 2008).  

Alternatively, the approach taken here could be used in orchidectomised mice. In 

such an experiment FHL1 would be over-expressed in orchidectomised mice and the 

effect of 4-hydroxytesterone on fibre size determined. These data would then 

implicate FHL1 in the fibre-specific effects of androgens as well as glucocorticoids.  

Conclusion 

In conclusion, this study shows that localised short-term overexpression of FHL1 in 

skeletal muscle causes an increase in TA muscle mass with an increase in fibre 

diameter and a shift towards an oxidative phenotype. Dexamethasone caused a 

reduction in the size of FHL1 overexpressing fibres suggesting that FHL1 amplified 

the effects of this glucocorticoid.  The short-term overexpression of FHL1 in skeletal 

muscle leading to hypertrophy, the shift towards an oxidative phenotype and the 

mechanistic link between FHL1 and wasting are novel findings.  
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Chapter 5 

Creation of the FHL3 overexpression TA mouse model and the implication of 

dexamethasone wasting on FHL3 expressed TA muscles. 

Introduction 

In Chapter 3, cell culture studies were used to demonstrate that FHL3 could interact 

functionally with Class 1 (AR, GR) and Class 2 nuclear receptors (TRα/TRβ). 

Specifically, in proliferating myoblast cells, FHL3 had no effect on the ability of the 

AR or TR to promote reporter gene activity but inhibited GR dependent reporter gene 

activity. In committed myoblast cells FHL3 enhanced the effects of the AR, TR and 

GR on appropriate reporter genes.  

 

As described in Chapter 1 there is no animal model investigating the effects of FHL3 

overexpression in skeletal muscle. Therefore the first objective was the creation of a 

mouse model whereby FHL3 is overexpressed in adult skeletal muscle. It was not 

possible to analyse the effects of FHL3 following differentiation in cell culture, as in 

previous studies using overexpression of hemagglutinin-tagged, FHL3 inhibited 

myotube formation, leading to reproducibly smaller and thinner myotubes, with fewer 

nuclei per myotube relative to control cell lines (Cottle et al., 2007). This inhibition of 

myotube formation is an important role for FHL3 in muscle development but would 

render experiments similar to those described for FHL1 in Chapter 3 impossible to 

interpret. The second objective was to explore the FHL3 interaction with GR in vivo, 

which is of particular interest as the effect of FHL3 on GR activity difference between 

proliferating and committed myoblast cells. Finally as FHL3 and FHL1 are both 

expressed in skeletal muscle, a comparison was attempted in a novel model 

measuring the strength of the TA muscle.   
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Experimental Design 

To express FHL3 in vivo the same approach of in vivo electroporation described in 

Chapter 4 for FHL1 was used with the addition of a strength assessment. Briefly an 

FHL3 expression vector was generated in pCAGGS for electroporation into mice. 

The lean mass of 16 mice was determined by QMR. The mice were then randomly 

assigned to 2 groups based on lean body mass using a ‘block assignment’ approach. 

In this approach the two mice with the greatest lean body mass were randomly 

allocated to either a treatment or a control group. Then the next two mice with the 

highest lean body mass were randomly allocated to the groups and so on, until all 

mice had been allocated into a group (Altman and Bland, 1999, Kahan and Morris, 

2012). Both groups were electroporated with pCAGGS-FHL3 (FHL3) into the right TA 

and with pCAGGS (control) into the left TA. One group of mice was treated with 

vehicle (saline) and the other group with dexamethasone (0.3mg/kg/day) from 3 days 

after electroporation for a further 6 days. After which the mice were sacrificed and the 

TA analysed by immunofluorescence, and histology (for flow diagram see Figure 30, 

Chapter 4).   

 

Note: As FHL3 is normally expressed in skeletal muscle and the experimental design 

includes the overexpression of FHL3 in the right TA muscles, the expression of 

endogenous FHL3 needs to be controlled for by having the left contralateral TA 

muscles electroporated with empty pCAGGS vectors serve as baseline controls.  
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Results 

 
Cloning full length FHL3 sequence (mouse) 

To generate the FHL3 expression vector, FHL3 DNA was amplified from mouse 

skeletal muscle cDNA by PCR and inserted into the pGEMT-easy cloning vector for 

sequencing. After confirmation of the correct full-length sequence, the FHL3 coding 

sequence was excised by restriction digestion with EcoRI, and subcloned into an 

EcoRI digested pCAGGS plasmid (Figure 44). The pCAGGS expression vector 

drives a target gene under the CAG (cytomegalovirus immediate-early enhancer-

chicken β-actin hybrid) promoter, and has a high activity in skeletal muscle (Fujii et 

al., 2004; Ho et al., 2004). The pCAGGS-FHL3 DNA plasmid construct was screened 

to ensure that the FHL3 gene was inserted into the pCAGGS expression vector in 

the correct orientation (i.e. in the "forward" direction and not in the reverse direction) 

in order for the expression of the FHL3 protein to occur. Screening was carried out 

by sequencing using a forward primer which annealed to the pCAGGS vector 

spanning 963-986 bp and a reverse primer annealing to the pCAGGS vector 

spanning 2141-2117 bp thereby sequencing the FHL3 gene including regions 

spanning the pCAGGS vector and FHL3 insert boundaries at Source Bioscience 

(London, UK).   

1058 EcoRI (2)
pCAGGS Forward Primer 963..986

FHL3 1147..1987

2017 EcoRI (2)
pCAGGS Reverse Primer 2141..2117

M13-rev 2595..2575
LacO 2623..2601

SV40 origin  2798..2933

ColE1 origin 3990..3308

AmpR 4747..4088

CMV-IE enhancer 5155..5459

pCAGGS-FHL3

5738 bp

CAG enhancer 5160..5447

Chicken ß²-actin promoter 5462..5737

 
 

Figure 44: Generation of pCAGGS-FHL3 (FHL3) Expression Construct.  

Schematic representation of the pCAGGS-FHL3 vector (FHL3) which, shows the 

mouse FHL3 gene under the control of the CAG promoter. Location of specific 

primers and EcoRI sites are shown.  
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Randomization 

The lean mass and fat mass of un-anesthetised C57BL/6 mice were determined by 

EchoQMR, allowing for the randomisation of mice based on their lean body mass 

into two groups (vehicle and dexamethasone treated) as described above. The 

vehicle treated mice (n=8) maintained their body composition levels over the course 

of the study, showing no difference in body weight (25.2 ± 0.6 g at day 1 versus 25.5 

± 0.6 g at day 11) (p = 0.34,  Student T test, Figure 45A), fat mass (2.6 ± 0.4 g at day 

1 versus 2.9 ± 0.2 g at day 11) (p = 0.47,  Student T test, Figure 45B), or lean mass 

(20.3 ± 0.6 g at day 1 versus 20.5 ± 0.5 g at day 11) (p = 0.85,  Student T test, Figure 

45C) between days 1 and 11.  As there was no effect of the vehicle on body mass, 

the vehicle treated mice were analysed as control mice for the effects of FHL3 on 

muscle phenotype and function (Figure 45). 
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Figure 45: Body composition parameters of vehicle treated mice.  

12-week-old male C57BL/6 mice were injected subcutaneously with vehicle, weighed 

on an electronic scale and analysed by QMR at day 1 and day 11 (pre- and post-

electroporation) of the study to obtain measurements of body composition (A) body 

weight (B) fat total body mass (C) lean total body mass after vehicle treatment. Data 

are represented by Box and Whisker plots; the box defines the group median and 

interquartile range, whilst the error bars indicate the data range. n = 8 mice. 
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Effects of FHL3 on muscle phenotype 

Following final QMR measurements mice were culled (after 5 days of vehicle 

treatment) and the TA muscles from the control mice were extracted and weighed to 

determine the effect of FHL3 overexpression on muscle mass. The weight of the 

control electroporated TA muscle did not differ compared to overexpression of FHL3 

in the right TA muscle (43.8 ± 1.3 mg in control versus 45.2 ± 1.8 mg in FHL3) (p = 

0.55,  Student T test, Figure 46).  
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Figure 46: There was no effect of FHL3 overexpression on TA muscle weight. 

TA muscles were extracted from vehicle treated male C57BL/6 mice and weighed. 

The wet weight of the control and FHL3 electroporated TA muscles from vehicle 

treated mice (n=8 TA muscles per group) is shown. Central bar shows mean, error 

bars indicate ± SEM. Open circles are the weights of individual muscles. 
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Overexpression of FHL3 in mouse skeletal muscle did not alter muscle fibre 

size  

To determine whether FHL3 altered fibre size, the shortest diameter of fibres 

(minimal fibre Feret distance) was measured manually using Image J (NIH) (Figure 

47A-C). Electroporation with an FHL3 expression vector compared to control had no 

effect on fibre diameter (33.4 ± 1.0µm in control versus 34.8 ± 1.2 µm in FHL3) (p = 

0.36,  Student T test, Figure 47), which was reflected in the subsequent percentage 

frequency histogram, which showed no shift in fibre diameter comparing control to 

FHL3 overexpressing TAs (Figure 47C).  
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Figure 47:  FHL3 overexpression did not alter skeletal muscle fiber size  

(A) Representative images of H and E stained sections from pCAGGS and 

pCAGGS-FHL3 electroporated TA muscle from vehicle treated mice. Black double 

arrows show the minimal fibre feret distance (images taken using a 20X objective), 

scale bar = 50 µm and inset magnified images of muscle sections (B) Fibre diameter 

(µM) data are represented by Box and Whisker plots; the box defines the group 

median and interquartile range. (C) Histogram showing mean fibre diameter profile 

for pCAGGS and pCAGGS-FHL3 electroporated TA muscles (n=8 per group). The 

histogram represents the mean frequency of muscle fibres with diameters ranging 

from 0–5 µm to > 65 µm in 5 µm steps, ± SEM. n = 8 TA muscles in each group; 300 

muscle fibres were analysed per group.  
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Overexpression of FHL3 in mouse skeletal muscle did not effect the proportion 

of larger fibres. 

As there was a general rightward shift in the fibre-size distribution profile of the 

muscle expressing FHL3, (i.e. towards a larger fibre size) the proportion of fibres with 

a diameter greater than 35 µM was compared between the two groups. This analysis 

did not reveal a significant increase in the proportion of large fibres (40.0 ± 7.0% in 

control versus 44.4 ± 6.0 % in FHL3, (p = 0.62, Man-Whitney U test, Figure 48). 
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Figure 48: FHL3 overexpression did not alter the percentage of skeletal muscle 

fibers greater than 35 µM.  

The proportion of fibres with a diameter greater than 35 µM was determined in both 

FHL3 and control transfected muscle. The percentage of fibres with diameters 

greater than 35 µM is represented by Box and Whisker plots; the box defines the 

group median and interquartile range, whilst the error bars indicate the data range. 

Control and FHL3 TA overexpressed muscles (n = 8 TA muscles with 300 muscle 

fibres quantified for each group). 
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Overexpression of FHL3 in mouse skeletal muscle induced an oxidative 

phenotype  

To ensure FHL3 overexpresson was induced following electroporation of pCAGGS-

FHL3, FHL3 protein levels were determined by immunoflourescence. This analysis 

showed a marked increase in fluorescence in the TAs electroporated with pCAGGS-

FHL3 compared to the TAs electroporated with pCAGGS (Figure 49A, C, F, H).  To 

quantify this increase the percentage of FHL3 positive fibres was determined 

(pCAGGS 18.6 ± 3.8 % vs. pCAGGS-FHL3 58.3 ± 3.3 %, p = <0.0001 Student T 

test) (Figure 49F) as well as the area of muscle expressing FHL3 (Control 21.0 ± 2.7 

% vs. FHL3 57.0 ± 3.3 %, p = <0.0001, Student T test)(Figure 49H). FHL3 

overexpression caused a small but significant increase in oxidative phenotype as 

pCAGGS-FHL3 electroporated muscles had a higher intensity of succinate 

dehydrogenase staining (SDH) compared to muscles electroporated with pCAGGS 

alone (pCAGGS-FHL3 70.7 ± 7.1 % vs. pCAGGS 54.3 ± 2.6 %, p = 0.04, Student T 

test) (Figure 49B, D, G, I). Upon further analysis of pCAGGS-FHL3 containing TA 

muscles a majority of the fibres that were both FHL3+ and SDH+ had low SDH 

activity (Figure 49I).  
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Figure 49:  Gene injection and in vivo electroporation of FHL3 in mouse tibialis 

anterior muscles resulted in FHL3 overexpression and an oxidative shift 

viewed after 11 days.  

pCAGGS or pCAGGS-FHL3 constructs were transfected into the tibialis anterior 

muscles of anesthetized mice by injection followed by in vivo electroporation. The 

animals were allowed to recover before vehicle treatment for duration of 6 days after 

which mice were culled. (A, C) FHL3 expression was determined by 

immunofluorescence staining with anti-FHL3 primary antibody and a green alexa-

fluor secondary antibody. (E) Secondary antibody only control. (B, D) SDH staining 

of control vehicle and FHL3 vehicle TA muscles respectively. Darkly stained fibers 

contain high SDH activity, and pale-stained fibers contain low SDH activity (n= 8 TAs 

per group). Images are from serial sections of muscle and the same region of muscle 

is delineated with black circle. Scale Bars = 800 µm and insets are magnified images 

of muscle sections. Bar graphs showing mean +SEM showing % FHL3-positive fibres 

by (F) frequency and (H) area. (G) Bar graphs showing mean +SEM showing SDH 

activity in optical density and (I) by % frequency of low and high SDH. Treatments 

marked with (*) differ significantly (*p < 0.05, ****p<0.0001). 
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Muscle fibre type characterisation 

As the different muscle fibres vary in their oxidative capacity, the proportion of 

different fibre types was determined by immunofluorescent staining as described in 

Methods (Chapter 2), to see whether previous SDH findings were reflected in fibre 

type changes. Pure (Type I, IIA, IIX and IIB) and hybrid (Type I/2A, 2A/2X and 

2X/2B) fibres were stained and viewed by immunofluorescence (Figure 50A-D) and 

manually counted using Image J software. Overexpression of FHL3 did not alter fibre 

proportions of pure or hybrid fibres. Interestingly, more of the sections analysed were 

positive for type I fibres in the FHL3 expressing TA than in the control TA but the 

increase in the proportion of type I fibres did not reach statistical significance (0.1 ± 

0.1 % in control versus 0.6 ± 0.4 % in FHL3) (p = 0.19,  Student T test, Figure 50E). 

The number of TA muscles that contained type I fibres were 1 out of 8 in the 

pCAGGS vehicle group and 3 out of 8 in the pCAGGS-FHL3 vehicle group.  
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Figure 50: FHL3 overexpression did not alter fibre type composition. 

(A-D) Mouse TA muscle serial cross-sections were immunostained with (A, B) either 

cocktail 1 MHC antibodies [MHCI (blue), MHCIIA (green), MHCIIB (red)] (C,D) or 

stained with cocktail 2 antibodies [MHCIIA (green), MHCIIX (artificial purple)]. White 

circles represent position of the same region of muscle in serial sections. Scale Bars 

= 800 µm and insets are magnified images of the marked areas. (E) The proportion 

of each fibre type in the pCAGGS and pCAGGS-FHL1 electroporated TA muscles 

and inset showing Type I fibres is represented by bar graphs of mean +SEM. 

n = eight TA muscles in each group;  300 muscle fibres were analysed per group 
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Effect of FHL3 expression on muscle mass in the presence of dexamethasone 

In chapter 3 it was found that the effects of FHL3 on GR activity were dependent on 

the cell culture conditions. In proliferating cells, FHL3 suppressed GR activity but in 

differentiating cells FHL3 increased GR activity. To determine whether expression of 

FHL3 modified the glucocorticoid response 8 mice electroporated with pCAGGS-

FHL3 in the right TA and with pCAGGS in the left TA were treated with 

dexamethasone as previously described (Chapter 5: Experimental design). To 

confirm an effect of dexamethasone treatment the mice were analysed by QMR. 

Body composition readings taken at day 1 and day 11 of the study showed a 3.6 % 

reduction in total body weight (25.1 ± 0.4 g at day 1 versus 24.2 ± 0.5 g at day 11) (p 

= 0.02,  Student T test, Figure 51), no alteration in fat body mass (2.8 ± 0.4 g at day 

1 versus 3.4 ± 0.4 g at day 11) (p = 0.1,  Student T test, Figure 51) and a 7.8 % 

reduction in lean body mass (19.8 ± 0.4 g at day 1 versus 18.2 ± 0.2 g at day 11) (p = 

0.006,  Student T test, Figure 51) over the period of the experiment. Therefore mice 

treated with dexamethasone (n=8) were subject to a drop in body weight attributed to 

a reduction in lean body mass. During the course of the experiment one mouse died 

due to unknown circumstances therefore n = 7 in the data analysis of the 

dexamethasone treated group. 
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Figure 51: Body composition parameters of dexamethasone treated mice 

showed a reduction in total body mass attributed to a decrease in the total lean 

mass.  

12-week-old male C57BL/6 mice expressing FHL3 in one TA and a control in the 

contralateral TA were injected subcutaneously with dexamethasone on days 5-11 of 

the study as described in Methods (Chapter 2). The mice were weighed using an 

electronic scale balance and automatically measured by QMR at day 1 and day 11 

(pre- and post-electroporation) of the study to obtain measurements of body 
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composition (A) body weight (B) fat total body mass (C) lean total body mass. Data 

are represented by Box and Whisker plots; the box defines the group median and 

interquartile range, whilst the error bars indicate the data range. Treatments marked 

with (*) differ significantly (*p < 0.05, **p<0.01). 

 

Dexamethasone treatment did not alter TA muscle mass 

Consistent with the experiments described in Chapter 4 dexamethasone treatment 

had no effect on the weight of pCAGGS electroporated TA muscles (pCAGGS 

vehicle 44.8 ± 1.3 mg versus 42.4 ± 0.8 mg pCAGGS Dex group, p = >0.99, ANOVA 

with Bonferroni correction) (Figure 52A). Similarly, there was no effect of 

dexamethasone on muscles expressing FHL3 (pCAGGS-FHL3 vehicle 45.2 ± 1.8 mg 

versus pCAGGS-FHL3 Dex 42.8 ± 0.4 mg p = 0.74, Anova with Bonferroni 

correction), (Figure 52A).  Nor was there a difference between the weight of FHL3 

and control expressing muscles in the presence of dexamethasone (pCAGGS Dex 

42.4 ± 0.8 mg versus pCAGGS-FHL3 Dex 42.8 ± 0.4 mg, p = > 0.99, ANOVA with 

Bonferroni correction) (Figure 52A). Consistent with vehicle treated mice FHL3 

protein levels were greater in the pCAGGS-FHL3 electroporated TAs of 

dexamethasone treated mice than in pCAGGS electroporated TAs in terms of % 

FHL3 positive fibre frequency (pCAGGS-FHL3 Dex 60 ± 3.6 % vs. pCAGGS Dex 16 

± 1.8 % p = < 0.0001 Student T-Test)(Figure 52B) and area (pCAGGS-FHL3 Dex 

58.0 ± 3.8% vs. pCAGGS Dex 22.0 ± 3.4 % p = < 0.0001, Student T-Test) (Figure 

52D). Furthermore, dexamethasone did not alter the proportion of fibres expressing 

FHL3 in either the control or FHL3 expressing muscle. 

Consistent with the observations in Chapter 4 dexamethasone reduced SDH activity 

(measured by image analysis of SDH stained sections) in both the control and FHL3 

expressing muscles (Figure 52C,E). Furthermore in the presence of dexamethasone 

SDH staining was similar in dexamethasone treated FHL3 and control muscles and 

all FHL3+ fibres had low SDH activity in both groups (Figure 52C, E).  
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Figure 52: Dexamethasone treatment did not alter control or FHL3 

overexpressed TA muscle mass. 

pCAGGS or pCAGGS-FHL3 were transfected into the tibialis anterior muscles of 

anesthetized mice, by injection followed by in vivo electroporation. The animals were 

allowed to recover before dexamethasone treatment for 6 days, after which they 

were culled. (A) The wet weight of the TA muscle of control and FHL3 injected mice 

treated with vehicle or Dex. (n= 8 TAs per vehicle treated group or n=7 TAs per Dex 

treated group) Error bars show ± SEM (C, E) SDH expression in pCAGGS and 

pCAGGS-FHL3 electroporated TA muscles, was determined by histochemistry (as 

described in Methods). Darkly stained fibers contain high SDH activity, and pale-

stained fibers contain low SDH activity (n= 8 TAs per vehicle treated group or n=7 

TAs per Dex treated group. 300 fibres were counted per TA). Bar graphs of mean 

+SEM for FHL3 positive fibres by (B) proportion and (D) area. (C) Bar graphs of 

mean +SEM showing SDH activity in image density and (E) by % frequency of low 

and high SDH (n= 8 TAs per vehicle treated group or n=7 TAs per Dex treated 

group). Treatments marked with (*) differ significantly (*p < 0.05, **p<0.01, 

****p<0.0001). 
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Effect of FHL3 and Dexamethasone treatment on fibre size 

Data presented in chapter 4 showed that FHL1 expressing fibres were smaller in the 

presence of dexamethasone than in its absence. To determine whether FHL3 

modified the effects of dexamethasone on fibre size fibre diameters were measured.  

This analysis showed that dexamethasone treatment did not reduce the fibre 

diameter for control electroporated muscles (consistent with the observations in 

chapter 4). Median myofibre diameter was 32.7 (31.6, 33.8) µm in the control 

electroporated TAs from vehicle treated mice and 33.5 (31.7, 36.5) µm in the control 

electroporated TAs from dexamethasone treated mice (Figure 53B). Furthermore, 

dexamethasone did not reduce mean fibre diameter in FHL3 overexpressing muscles 

from 34.8 ±1.2 µm in vehicle treated mice to 36.5 ± 1.0 µm in dexamethasone treated 

mice, (p = 0.29, , Anova with Bonferroni correction).  

    

Effect of FHL3 and dexamethasone treatment on larger fibre sizes 

To determine whether there was a change in the proportion of fibres with a diameter 

greater than 35 µm was compared between groups. Dexamethasone did not alter the 

percentage of fibres greater than 35 µm in the control electroporated TAs vehicle 

(40.0 ± 7.0 % vehicle treated vs 43.9 ± 7.8 % dexamethasone treated mice, p = 0.71, 

ANOVA with Bonferroni correction, Figure 54). Similarly, there was no effect of FHL3 

on the porportion of large fibres in dexamethasone treated mice as although the 

proportion of large fibres was greater in FHL3 expressing muscles the difference did 

not reach statistical significance (control TA 43.9 ± 7.8 % versus FHL3 TA 58.1 ± 4.4 

%, p = 0.15,  ANOVA with Bonferroni correction , Figure 54). Furthermore, 

dexamethasone did not alter the percentage of fibres greater than 35 um in FHL3 

overexpressing muscles (44.4 ± 6.0 % in vehicle treated mice vs 58.1 ± 4.4 % in 

dexamethasone treated mice, p = 0.09 Anova with Bonferroni correction, Figure 54).  
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Figure 53: Dexamethasone did not alter skeletal muscle fiber size in control or 

FHL3 overexpressed mice  

(A) Median fibre diameter (µM) data are represented by Box and Whisker plots; the 

box defines the group median and interquartile range, whilst the error bars indicate 

the data range. (B-D) Histograms showing mean fibre diameter distribution profiles of 

fiber diameters for TAs (B) Control Vehicle vs Control Dexamethasone (C) Control 

Dexamethasone vs. FHL3 Dexamethasone and (D) FHL3 Vehicle vs FHL3 

Dexamethasone.  The histogram represents the mean frequency ± SEM of muscle 

fibres with diameters ranging from 0–5 µm to > 65 µm in 5 µm steps (n = 8 TAs per 

vehicle group, 300 muscle fibres per TA muscle were analysed or n = 7 TAs per Dex 

group, 300 muscle fibres per TA muscle.  
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Figure 54: Dexamethasone did not alter the percentage of skeletal muscle 

fibers greater than 35 µM in control or FHL3 overexpressed mice.  

The percentage of fibres with diameters greater than 35 µM in electroporated TAs is 

represented by Box and Whisker plots; the box defines the group median and 

interquartile range, whilst the error bars indicate the data range. Control and FHL3 

TA overexpressed muscles (n = 8 per vehicle treated group or n = 7 per 

dexamethasone treated group).  
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Dexamethasone treatment did not alter fibre type in TA muscles 

overexpressing control or FHL3 plasmids   

To determine the effect of dexamethasone treatment on fibre-type proportions, cross-

sections of muscle were stained as described above. There was no difference in the 

proportion of pure fibres containing only one myosin isoform or hybrid fibres 

containing more than one myosin isoform between control TA muscles. Similar 

observations were made for the FHL3 expressing TA muscles with the exception of 

an increase in Type IIA/IIX fibre types (3.2 ± 0.5 % in pCAGGS-FHL3 vehicle versus 

7.4 ± 1.9 % in pCAGGS-FHL3 Dex) (p = 0.04, ANOVA with Bonferroni correction, 

Figure 55D). The number of TA muscles that were positive for type I fibres were 1 

out of 7 in the pCAGGS Dex group and 4 out of 7 in the pCAGGS-FHL3 Dex group.   

 

 
 

Figure 55: Dexamethasone had no effect on pure fibre type proportion. 

(A-D) The percentage of each fibre type in pCAGGS and pCAGGS-FHL3 

electroporated TA muscles is represented by bar graphs; each bar shows mean fibre 

percentage ± SEM. (A) pCAGGS vehicle vs pCAGGS-FHL3 vehicle (B) pCAGGS 

vehicle vs. pCAGGS Dex (C) pCAGGS Dex vs. pCAGGS-FHL3 Dex and (D) 

pCAGGS-FHL3 Vehicle vs pCAGGS-FHL3 Dex. n = 8 TA muscles with 300 fibres 

analysed per TA muscle in the vehicle treated groups (i.e control vehicle and FHL3 

vehicle). n = 7 TA muscles with 300 fibres analysed per TA muscle in Dex groups 

(i.e. control Dex and FHL3 Dex).  



	   199	  

 

 

 

Quantification of centrally nucleated muscle fibres in electroporated mice 

Due to the possibility of regenerating muscle fibres as discussed previously (See 

Chapter 4; Centralised myonuclei) the proportion of muscle fibres with centralised 

nuclei was determined in each of the treatment groups (Figure 56). This proportion 

was less than 2 % in individual TA muscles and there was no significant difference in 

the percentage of centralized nuclei among the groups. 

 

             
                 

 

Figure 56: Quantification of the percentage of centralised nuclei in the TA 

muscle of electroporated mice.  

The proportion of centralized nuclei was determined by counting the number of 

centralised nuclei as a percentage of total muscle fibre nuclei.  The bar graph shows 

the percentage of centralized nuclei as mean  + SEM.  n = 8 TA muscles per vehicle 

group or n= 7 TA muscles per Dex group. 
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Contractility Assay 

To look at potential effects of FHL1/3 overexpression on skeletal muscle function, the 

strength of the TA muscle was assessed during dorsiflexion (which involves lifting of 

the foot). The TA is not only the strongest dorsiflexor muscle but also causes 

inversion of the foot. This procedure was adapted from previous protocols used to 

measure in vivo contractility of skeletal muscle (Childers et al., 2011, Ashton-Miller et 

al., 1992). The adapted procedure carried out for the first time by GSK included 

transection of the Achilles tendon to reduce plantarflexion (lifting of the whole body) 

interference by the gastrocnemius muscle (novel procedure). The twitch and tetanic 

force were measured among the FHL electroporated TA muscles alone as due to the 

preliminary nature of the study the contralateral control limb data could not be 

obtained. The effects of FHL1 are therefore compared with the effects of treatment 

with FHL3 in the following section.  

 

Consistent with the effects on fibre size in FHL1 expressing TA muscles, 

dexamethasone suppressed force of contraction (twitch and tetanic) from a median 

twitch force in vehicle treated FHL1 overexpressing muscles of 3.0 (2.3, 3.7) g to 2.0 

(1.7, 2.3) g in dexamethasone FHL1 overexpressing muscles, (p = 0.03, ANOVA, 

Figure 57). Measurements of tetanic force also showed a greater force of contraction 

in FHL1 overexpressing muscles from 8.3 (7.5, 9.3) g in vehicle treated mice 

compared to 6.1 (5.4, 7.6) g in dexamethasone FHL1 overexpressing muscles, (p = 

0.03, ANOVA, Figure 57). In FHL3 expressing TA muscles there was no significant 

difference between vehicle and dexamethasone treated groups comparing twitch and 

tetanic force. 

 

Note: Force transducers are used to measure the force of muscular contractions.  

Normally force is reported as in Newtons (N) which is defined to be the force that 

accelerates a mass of one kilogram at the rate of one meter per second per second 

as identified in the International System of Units (SI) (Thompson et al., 2008). 

However, as calibration of transducers is done by attaching weights of known mass 

to the transducer this has led to the common practice of reporting force in terms of 

mass units. Consequently grams (g) instead of Newtons (N) has been used in this 

thesis to denote the unit of the calculated isometric force (Dempster, 2001). The 

derived formula - taking into account the force of gravity pulling on the calibration 

weight exerting the force on the transducer represented as the force F (N), exerted 
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by a weight of mass m (kg) and gravitational acceleration g (9.80 m s-2) - is defined 

as F = m g (Dempster, 2001).  

A.                              

 
 

 B.                                                    C. 

 

  
Figure 57: FHL1 overexpressed TA muscles subjected to vehicle treatment had 

greater twitch and tetanic force than any other FHL expressing TA muscles.  

The Achilles tendon of mice overexpressing FHL1 in TA muscles treated with vehicle 

(n=8) or Dex (n=8) and mice overexpressing FHL3 in TA muscles treated with 

vehicle (n=7) or Dex (n=7) were assessed. (A) Schematic of the procedure set-up 

used to test the strength of the TA. (B) Twitch and (C) tetanic force measurements (g 

denotes grams – see note on previous page) represented by Box and Whisker plots; 
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the box defines the group median and interquartile range, whilst the error bars 

indicate the data range. Treatments marked with (*) differ significantly (*p < 0.05). 

 

Combined Data 

The data from all mice used in the in vivo studies were pooled together so that 

control muscles analysed in Chapter 4 were grouped with those control muscles 

analysed in this chapter according to vehicle and Dex treatment (Chapter 5) to see 

whether this altered or revealed different experimental results (Figure 58). 

 

Note: As SDH and fibre type staining of muscles for FHL1 and FHL3 after in vivo 

experiments were not carried out with the same solutions or simultaneously, 

comparisons could not be made.  

 

Effects of dexamethasone alone 

Combining these data sets did not alter the effects of dexamethasone on the control 

electroporated muscles.  There was no reduction in muscle weight (pCAGGS vehicle 

41.0 ± 1.1 mg  vs pCAGGS Dex 41.3 ± 0.7 mg  , p= 0.58, Students T-Test ) or fibre 

diameter (pCAGGS vehicle 34.0 ± 1.0 µM vs pCAGGS Dex 35.0 ± 0.7 µM, p = 0.47, 

Students T-Test) (Figure 58A, B).    

 

Effects of FHL1 in the absence and presence of dexamethasone 

Consistent with these data presented in Chapter 4, in the combined data sets FHL1 

overexpression increased muscle mass in the absence of dexamethasone (pCAGGS 

vehicle 41.0 ± 1.1 mg vs pCAGGS-FHL1 vehicle 45.0 ± 0.8 mg, p = 0.02, ANOVA 

with Bonferroni correction) (Figure 58A) and increased mean fibre diameter 

(pCAGGS-FHL1 vehicle 44.0 ± 1.6 µM vs. pCAGGS vehicle 34.0 ± 1.0 µM, p = < 

0.0001, Anova with Bonferroni correction) (Figure 58B). Similarly dexamethasone 

reduced the size and fibre diameter of FHL1 expressing muscles (pCAGGS-FHL1 

vehicle 45.0 ± 0.8 mg vs pCAGGS-FHL1 Dex 40.0 ± 1.0 mg, p = 0.03, and pCAGGS-

FHL1 vehicle 44.0 ± 1.6 µM vs. pCAGGS-FHL1 Dex 38.0 ± 1.1 µM, p =  0.003 

ANOVA with Bonferroni correction)  (Figure 58A and B).  

 

Effects of FHL3 in the absence and presence of dexamethasone 

Unlike the results obtained for FHL1 overexpression, combining the groups identified 

a number of differences between the FHL3 expressing TAs and the control 

electroporated TA’s. In the absence of dexamethasone, there was a significant 

increase in the weight of the TA following pCAGGS-FHL3 electroporation  (pCAGGS 
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vehicle 41.0 ± 1.1 mg vs pCAGGS-FHL3 vehicle 45.0 ± 1.8 mg, p = 0.03, Anova with 

Bonferroni correction) (Figure 58A). However, this increase in weight did not manifest 

as an increase in fibre diameter. Consistent with the analysis of the FHL3 group 

alone (i.e. un-combined data) there were no effects of FHL3 on muscle mass and 

fibre size in the presence of dexamethasone (Figure 58A-B).  

 
 

Figure 58: Combined data of all experimental mice showing the analysis of 

weight, SDH activity and fibre diameter of TA muscles.   
pCAGGS or pCAGGS-FHL1 or pCAGGS-FHL3 were transfected into the tibialis 

anterior muscles of anesthetized mice, by injection followed by in vivo 

electroporation. The animals were allowed to recover before vehicle or Dex treatment 

for 6 days, after which mice were culled. (A) Mean TA muscle weights (mg) are 

shown with error bars showing ± SEM. (B) Fibre diameter (µM) data are represented 

by Box and Whisker plots; the box defines the group median and interquartile range, 

whilst the error bars indicate the data range. n = 16 TA muscles in the pCAGGS 

vehicle group, n = 15 TA muscles in the pCAGGS Dex group, n = 8 TA muscles in 

the pCAGGS-FHL1 vehicle, pCAGGS-FHL1 Dex and pCAGGS-FHL3 vehicle 

groups. n = 7 TA muscles in the pCAGGS-FHL3 Dex group. 300 fibres were 

analysed per TA muscle. 

 

Comparison of the effects of FHL1 and FHL3 overexpression  

Although FHL1 and FHL3 expressing muscles were similar in weight (pCAGGS-

FHL1 vehicle 45.0 ± 1.8 mg vs pCAGGS-FHL3 45.2 ± 1.8 mg, p = 0.9, Students T-

Test),  FHL1 expressing muscles had  larger fibres (pCAGGS-FHL1 vehicle 44.0 ± 

1.6 µM vs pCAGGS-FHL3 34.8 ± 1.2 µM, p = 0.0005, Students T-Test). Furthermore, 
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these differences were only detectable in the absence of dexamethasone (Figure 

58A, B).  

Discussion 

 

Aim of this study: To investigate the effects of FHL3 overexpression in the TA 

of postnatal muscle in the presence and absence of a catabolic agent in vivo 

(and also in comparison to FHL1) (Chapter 5). 

 

The effects of short - term overexpression of FHL3 in mouse skeletal muscle have 

not previously been investigated. The data presented in this chapter show that 

expression of FHL3 in the absence of any treatment did not change in TA muscle 

weight (Figure 46) or fibre diameter (Figure 47). However, there was a small increase 

in the proportion of larger fibres in the FHL3 expressing mice but this did not reach 

statistical significance (Figure 48) when restricting the analysis to the FHL3 

electroporated mice alone.  If the whole cohort was analysed there was a significant 

increase in the weight of FHL3 expressing TAs but no difference in fibre diameter. It 

is therefore possible that FHL3 has a mild hypertrophic effect on muscle, but this 

effect does not appear to be as great as that produced by the expression of FHL1.   

 

Like FHL1, there was an increase in oxidative phenotype as measured by SDH 

staining in the presence of FHL3 suggesting that FHL3 will increase endurance 

(Figures 36G and 49G respectively). However, unlike the effect of overexpression of 

FHL1, this change in oxidative phenotype was not accompanied by a significant 

alteration in fibre type proportions suggesting that FHL3 affects mitochondriogenesis 

alone and does not contribute to the type IIA fibre-type in the same way that FHL1 

appears to (Figures 37G and Figure 50E respectively). Interestingly, the presence of 

Type I fibres was detected in FHL3 expressing TA muscles (Figure 50E).  However, 

the number of type I fibres present in the muscles is insufficient to account for the 

increase in SDH staining observed.  

Dexamethasone treatment caused a reduction in body weight attributed to wasting of 

total lean body mass, which was not reflected in control TA skeletal muscle weights 

(Figure 51 and Figure 52A). FHL3 overexpression did not alter TA fibre size reflected 

by quantification of fibre diameters but interestingly histogram analysis showed a 

general trend towards a greater percentage of larger fibre sizes in TA muscles 

overexpressing FHL3 than in control muscles (Figure 47B, 48). Furthermore, this 
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effect was larger in the presence of dexamethasone although not statistically 

significant (Figure 53D, 54) consistent with the observation that FHL3 reduced GR 

activity in myoblasts (Figure 16).  One corollary of the data that are difficult to explain 

is that there was also an apparent increase in the number of large fibres in muscles 

overexpressing FHL3 in the presence of dexamethasone compared to the absence 

of dexamethasone (Figure 53D).  One explanation for this discrepancy is that it has 

arisen from the comparison of muscle sizes from different animals i.e. the variability 

in the TA muscle sizes that was present between individual mice before vehicle or 

dexamethasone treatment. However, this seems unlikely as the body composition 

analysis and subsequent randomisation to treatment groups should have minimized 

such differences.  Alternatively, it is possible that FHL3 protects the fibres from the 

effects of dexamethasone (consistent with the effects of FHL3 on GR activity in 

myoblasts) and that because of this protection there is a tendency for the animal to 

favor the use of the ‘protected’ limb.  Such an effect may lead to a relative 

hypertrophy because the muscle is working harder.  This speculative suggestion is 

difficult to demonstrate without the generation of mice in which FHL3 can be 

inducibly over-expressed.  

Combined data of the pCAGGS electroporated TA muscles of mice versus 

pCAGG-FHL1 or pCAGGS-FHL3 overexpressed TA muscles: 

 

The combined data show that pCAGGS-FHL1 electroporated muscle contained 

fibres of larger median diameter compared to pCAGGS-FHL3 electroporated 

muscles (Figures 58B). The differences seen between the analysis of the combined 

data and that done within the individual groups, raises a number of questions. The 

advantage of combining the groups is primarily an increase of the power of the 

experiment as there are 16 control muscles to compare rather than just 8.  However, 

this assumes that there is no direct or indirect effect of the expression FHL1 or FHL3 

on the control muscle. For example when data sets were uncombined, although not 

statistically significantly smaller, the median size of the control muscles in the FHL1 

expressing mice was less than that of the FHL3 expressing mice. If this was due to 

FHL1 expression in the contralateral leg the apparent increase in muscle size 

identified by comparing the FHL3 electroporated muscles with the whole group would 

be erroneous. This problem can only be resolved by repeating the experiment with a 

larger number of animals.  

 

Fibre type assessment comparing experimental TA muscles with TA muscles 
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from the literature. 

 

As the fibre type analysis of the contralateral control muscles taken from mice 

overexpressing FHL1 (Figure 37G), were very different from the contralateral control 

muscles of mice overexpressing FHL3 (Figure 50E), it is possible that these 

differences derived from variation in the regions of muscle used for the fibre-typing 

experiment. All of the sections were taken from the same region of the muscle and 

any variation due to differences in muscle size should be random so not contribute to 

the dataset.  However, in a small group size it is possible that in spite of care taken to 

identify the same muscle region in each case, this was not successful and that bias 

was introduced into the data. Comparing the experimental data to published data, the 

fibre typing in Chapter 5 (Figure 50E) more closely resembles that of the fibre type 

analysis of red TA muscle in the literature as it shows a higher proportion of type I 

fibres whereas the fibre typing in Chapter 4 (Figure 37G) more closely resembles the 

combined data of red and white TA muscles (Bloemberg and Quadrilatero, 2012). If 

the studies were repeated in the future and the whole muscle mounted for fibre 

typing, it would be interesting to see whether analysing the white and red 

components independently would identify further effects of FHL1 or FHL3 

expression. 
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Red TA 

muscle 

(Bloemberg 
and 

Quadrilatero, 

2012) 

White TA 

muscle 

(Bloemberg 
and 

Quadrilatero, 

2012) 

 

Combined 

Data  
Red and 

White TA 

muscle 

Chapter 4 
Figure 37G 

Chapter 5 
Figure 50E 

MHCI 0.6 + 0.6 % 0 0.3 % 0 0.1 ± 0.1 % 

MHCI/IIA 0 0 0 % 0 0 

MHCIIA 18.2 + 2.4 % 0.6 + 0.3 % 9.4 % 6.9 + 1.0 % 9.7 + 1.5 % 

MHCIIA/X 8.3  + 0.5 % 4.4 + 0.5 % 6.4 % 0.3 + 0.2 % 4.1 + 0.8 % 

MHCIIX 44.7 + 1.9 % 16.3 + 1.7 % 30.5 % 31.7 + 2.6 % 46.0 + 4.1 % 

MHCIIX/B 3.0 + 0.5 % 7.7 + 1.2 % 5.4 % 14.8 + 1.3 % 6.0 + 0.8 % 

MHCIIB 25.1 + 1.6 % 70.9 + 1.8 % 48 % 46.3 + 3.6 % 34.0 + 5.9 % 

 

Table 5: Comparison of vehicle treated control muscles in the experimental 

data to the literature.  

 

Nonetheless there is an increase in the proportion of MHCIIA fibres after pCAGGS-

FHL1 overexpression compared to pCAGGS control in the vehicle treated group 

(Chapter 4 Figure 37G). As these data support the increase of MHCIIA fibre 

proportions in transgenic mice, the FHL1 electroporation overexpression model 

appears to be accurate and valid (Cowling et al., 2008). (Fibre typing data of 

dexamethasone treated TA muscles found in the literature is mentioned in Chapter 4 

- Critical analysis of the Experimental Model).  
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TA strength assessment was carried out comparing FHL1 and FHL3 

overexpressed TA muscles. 

 

A strength assessment was used to further characterize the effect of overexpressing 

FHL1 or FHL3 in skeletal muscle (Figure 57A-C). After FHL1 overexpression, greater 

force of contraction (twitch and tetanic) in the saline treatment group than in the 

dexamethasone treated group supported the FHL1 anabolic activity in muscle 

(Figure 57B,C). In contrast dexamethasone treatment did not alter the twitch or 

tetanic force of FHL3 overexpression TA muscles. As the strength assessment of the 

TA muscle was a pilot experimental method, no data for control TA muscles were 

collected. Therefore there are unanswered questions such as were pCAGGS-FHL 

electroporated muscles stronger than control muscles in the vehicle treated and/or 

dex groups? (Figure 57B,C).   

 

In conclusion, the work in this chapter has shown that like FHL1, FHL3 increases 

oxidative phenotype in muscle but FHL3 did not cause any significant change in fibre 

proportion. Any effects of FHL3 on fibre diameter were small but comparison of the 

effect of FHL3 on dexamethasone treated muscle suggested a role for FHL3 in the 

inhibition of dexamethasone activity. However the data are derived from short-term 

experiments, consequently these experiments would need to be repeated over a 

longer time period to confirm any such effect. It is also possible that longer-term 

expression experiments would identify other effects of the expression of FHL3 but 

these are likely to require the generation of mice that can over-express FHL3 in an 

inducible manner.  
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Chapter 6 - Main Discussion 

 
 
The overarching themes of this thesis & how the regulation of muscle mass 

and phenotype by the FHL proteins fit in: 

 

Chapter 1: Models of muscle wasting impact the same molecular pathways 

with nuclear receptors and FHL proteins playing important roles in the 

regulation of skeletal muscle. 

 

Muscle wasting or atrophy can be caused by a range of different stimuli such as 

immobilisation, injury, denervation, bed rest and glucocorticoid treatment. Wasting 

also occurs in a number of chronic diseases, as described in the introduction 

including COPD, heart failure, and cancer. To date, whilst there are a number of 

postulated mechanisms that lead to muscle wasting in these conditions, there are no 

effective treatments that improve patient’s physical performance and quality of life.  

The ineffectiveness of these treatments suggests that the understanding of the 

mechanisms that contribute to muscle wasting and the control of muscle mass are 

incomplete.  Consequently, identification of the function of proteins that contribute to 

muscle hypertrophy or muscle atrophy is an important step in the identification and 

generation of new therapeutic interventions. As steroid hormones are significant 

regulators of muscle protein synthesis and muscle protein breakdown, proteins that 

modify the activity of steroid hormone receptors are likely to be important in the 

control of muscle mass. The FHL family of proteins of which two members – FHL1 

and FHL3 - are found highly expressed in skeletal muscle and in this study have 

been shown to functionally interact with steroid hormone receptors and could 

therefore potentially play a role in the regulation of muscle mass.   

 

Chapter 3: FHL1 and FHL3 are able to interact with a wide range of nuclear 

receptors that play important roles in the regulation of skeletal muscle.  

 

The ability of the FHL2 protein to bind to the AR through either N-terminus LIM 

domains 1 and 2 or C-terminus LIM domains 3 and 4 has been identified in the 

literature (Muller et al., 2000, Chan et al., 1998). The findings in this thesis have 

shown that both FHL1 and FHL3 functionally interact with the AR, TR and GR in 

skeletal muscle cells by determining the activity of these receptors on luciferase 
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reporter gene expression in the presence or absence of the FHL.  Furthermore, this 

functional interaction required specific motifs located in LIM domain 1 (LXXL) in 

terms of FHL1 and LIM domain 3 (FXXLF) in terms of FHL3 (see FHL1 and FHL3 

contain conserved nuclear receptor interaction motifs) as shown by the lack of effect 

of mutant forms of the FHL in which the leucines in the motifs were replaced with 

alanines. Whilst these data are consistent with the conclusion drawn it would be 

possible to reinforce the importance of the presence of the motif, by generating a 

series of GST-FHL1 and GST-FHL3 deletion mutants in which the role of individual 

LIM motifs could be explored. These mutants would be used to test whether a 

specific LIM domain contributes to the ability of FHL1 and/or FHL3 to interact with the 

AR, GR and TR. For example deletion of LIM domain 1 in FHL1 where the LXXL 

motif resides should abolish or at the least reduce the ability of FHL1 to interact with 

the AR, GR and TR.  

 

In addition to the ability of the FHLs to modify steroid dependent luciferase activity 

the experiments in Chapter 3 also showed that FHL1 could modify the effect of the 

steroids on myotube size raising the possibility that the protein could also do the 

same in vivo.  However, it was not possible to further investigate the mechanism by 

which this increase in activity occurred as the experiments were performed using a 

transient transfection system.  As a result only a subset of the cells was transfected 

and it was not possible to examine changes in gene expression in the FHL1 

expressing cells compared to the control cells.  One way to have achieved this would 

have been to generate an adenovirus to express the FHL1 and thereby to express 

the protein in all the myotubes.  However, this experiment was beyond the timescale 

of the project. 

 

 

Chapter 4: Overexpression of FHL1 in skeletal muscle in vivo demonstrated 

that FHL1 caused hypertrophy and a fibre shift to occur, which was negated by 

dexamethasone treatment. 

 

 Analysis of the effects of FHL1 on dexamethasone induced wasting in vivo showed 

a similar effect to those identified in vitro, i.e. dexamethasone caused muscle wasting 

in the presence of FHL1 to a greater extent than in its absence.  However, as FHL1 

alone caused an increase in muscle mass there is a possibility that FHL1 expression 

(either endogenous or exogenous) is suppressed by dexamethasone treatment 

rather than FHL1 enhances dexamethasone treatment. However there are two 
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arguments against this suggestion. Firstly FHL1 expression caused a similar 

increase in the proportion of type 2A fibres in both the presence and absence of 

dexamethasone suggesting that there was sufficient FHL1 expression in the 

presence of dexamethasone to have a physiological effect.  Secondly in a similar in 

vivo research study in our lab whereby female mice were electroporated with FHL1 

and myostatin a negative regulator of muscle mass showed that FHL1 enhanced 

myostatin muscle wasting (J Lee unpublished data).  Interestingly in these mice 

FHL1 did not cause as large an increase in fibre diameter as was observed in the 

male mice studied here perhaps due to the difference in testosterone levels between 

male and female mice. Such an observation would require the analysis of over-

expression of FHL1 on testosterone dependent hypertrophy in orchidectomised mice. 

This FHL1 activated myostatin dependent wasting is interesting as there are a 

number of studies in the literature linking glucocorticoid wasting to myostatin. Firstly 

atrophy as a result of high doses of glucocorticoids is associated with elevated 

myostatin levels (Ma et al., 2003). Secondly several glucocorticoid response 

elements are found in the myostatin promoter with myostatin deletion able to prevent 

glucocorticoid-induced muscle wasting (Gollnick et al., 1973). Finally deletion of the 

myostatin gene prevents glucocorticoid dependent wasting in mice (Gilson et al., 

2007). As FHL1 enhances atrophy through two different protein degradation 

signalling pathways this would suggest FHL1 is a good candidate for a molecular 

mediator of atrophy related degradation under the appropriate hormonal conditions.  

 

 

Chapter 5: FHL3 regulation of skeletal muscle in vivo  

 

From the findings in this thesis apart from FHL3 overexpression causing a slight 

increase in oxidative capacity there is minimal evidence that FHL3 has a large role to 

play in regulating muscle mass and phenotype, with comparison studies in Chapter 5 

demonstrating that FHL1 serves a greater role in this capacity than FHL3. 
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The literature review and findings in this thesis have raised two important 

points in understanding how FHL1 mediates its role in muscle mass and 

function.  

 

1. Fibre-type specificity in glucocorticoid-induced muscle atrophy  

Fluorinated glucocorticoids such as dexamethasone, triamcinolone and 

betamethasone produce weakness and myopathy more often than non-fluorinated 

corticosteroids such as prednisone (Williams, 1959, Golding et al., 1961, Askari et 

al., 1976, Anagnos et al., 1997). Glucocorticoids tend to induce greater wasting of 

muscles of type II fibres than in either slow-twitch or cardiac muscles (Shimizu et al., 

2011, Sandri et al., 2006, Goldberg and Goodman, 1969, Gardiner et al., 1978, Roy 

et al., 1983, Minetto et al., 2010). This preference of glucocorticoids inducing wasting 

of fast-twitch muscles could be due to a number of factors. Firstly, as the GR is more 

abundantly expressed in fast twitch muscles with relatively low expression of the GR 

in slow twitch muscles, glucocorticoids will therefore impact the muscle fibres where 

they have more opportunities to bind to GR’s to regulate gene transcription (Sandri et 

al., 2006, Shimizu et al., 2011). Secondly the transcriptional co-activator PGC-1α 

which is expressed in slow twitch but not in fast twitch fibres, has been shown in 

several studies to have the ability to protect skeletal muscle from atrophy, suggesting 

that type II fibres are more susceptible to atrophic signalling such that for an 

equivalent atrophic signal type II fibres will waste more than type I fibres (Cannavino 

et al., 2015, Sandri et al., 2006, Shimizu et al., 2011). The data in chapters 3 and 4 

showing that FHL1 increased the activity of glucocorticoids provides an additional 

mechanism that may contribute to preferential wasting of type II fibres in response to 

glucocorticoids.  This suggestion comes from the fact that FHL1 is preferentially 

expressed in type II fibres in man (Windpassinger et al., 2008). Consequently, FHL1 

dependent activation of the glucocorticoid receptor will be greatest in the type II 

fibres that express FHL1. 

 

 

2. Molecular mediators of atrophy can often suppress hypertrophy 

signalling 

In Chapter 1, we often see that pathways have the ability to diverge so that they are 

not distinctly hypertrophy related or atrophy related. Thus an outcome of hypertrophy 

sometimes relies on the suppression of the atrophy pathway ensuring that the net 
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effect tips in favour of protein synthesis or vice versa. Reinforcement of FHL1 being 

important in muscle mass and phenotype therefore comes from the fact that it can 

influence both hypertrophy signalling pathway (i.e. through the AR) and atrophy 

pathways (i.e. through the GR and myostatin). This may explain the mixed muscle 

morphology present in XMPMA patients whereby muscles with mainly type I fibers 

were generally atrophic compared to muscles with mainly type II fibers, which were 

generally hypertrophic even though these are the fibres that express most 

FHL1(Windpassinger et al., 2008). However, loss or atrophy of particular muscles 

leads to a compensatory increase in the activity of other muscles. This increase in 

physical activity increases hypertrophic signaling in the compensating muscle. As a 

result it is very difficult to rationalize all the changes in muscle fibre size that can 

occur in diseases that can take many years to manifest. Furthermore, FHL1 has also 

been shown to contribute to myoblast differentiation (Cowling et al., 2008) and these 

effects may further complicate the observed phenotype.  
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Limitations and omissions of experimental work 

 

In Vitro  

In Chapter 3, only C2C12 cells were used in all experiments. C2C12 cells come from 

immortalised cell lines which means that they are often genetically abnormal (Yaffe 

and Saxel, 1977). They are also maintained under artificial conditions in culture for 

very long periods of time, which can cause them to deviate from normal function. A 

second drawback from using the mouse C2C12 cells alone is that another skeletal 

muscle cell line which is extensively used for myoblast proliferation and 

differentiation, the rat L6 cell line responds to hormones differentially (as discussed in 

Chapter 3) and also differentiates from myoblast to myotubes under different serum 

conditions (Lawson and Purslow, 2000). Therefore using the L6 cell line to 

corroborate experimental results would possibly make findings more robust. Another 

alteration that could have been made in terms of in vitro studies would be the use of 

primary cultures derived from satellite cells directly isolated from mouse myofibres 

and grown in vitro as an alternative myoblast source. This is advantageous as firstly 

muscle development is recapitulated more precisely compared to using immortal 

myogenic cell lines (Charlton et al., 1997, Mohler and Blau, 1996, Mohler and Blau, 

1997, Yang et al., 1996). Secondly, myoblasts can be extracted from differently aged 

animals allowing for experiments to be conducted seeing whether findings indicating 

FHL1/3 can alter hormonal activity are dependent on the age of the animal that cells 

were extracted from.  

 

In Vivo  

A limitation of the in vivo experiments conducted in this thesis were that only a 

strength test was carried out when there are other parameters that could have been 

more useful in determining the importance of FHL1 interaction with the GR such as 

muscle fatigue. Fatigue described experimentally as a decrease in muscle force in 

response to exercise, is influenced by both testosterone and glucocorticoids. 

Testosterone enhances force and resistance to fatigue in normal males in soleus 

type I fibres but not in EDL type II fibres whilst glucocorticoids increases muscle 

fatigue of gastrocnemius-plantaris-soleus muscle but not in the diaphragm, in rats 

(Allen et al., 2008, Burnes et al., 2008, Fitts, 1994).  As only a single muscle was 

electroporated with FHL1 whole animal methods of determining endurance (e.g. 

swimming or running) would not have been suitable.  However, either by isolating the 
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muscle, or using a set up similar to that used for testing the strength of the muscles, 

it would have been possible to determine fatiguability of the muscle using repetitive 

stimulation and comparing the relative rate of decline in muscle force in control and 

FHL1 transfected muscles.  As there was an apparent increase in the proportion of 

type IIA fibres at the expense of the more glycolytic type IIB fibres in the FHL1 

expressing muscles, I would predict that the FHL1 electroporated muscle would have 

a greater endurance. However, it would not have been possible to analyse gene 

expression in muscles that had been exercised to fatigue.  Consequently the ability 

to do these experiments was inhibited by the number of animals that could be 

generated and the requirement to generate the mice in at GSK in America but to 

analyse the samples in London.   

 

Future Work 

 

Clinical subjects 

The research in this thesis has used cell culture and animal models to study the 

interaction of FHL1/3 with the GR. In order to make research findings more robust, 

human subjects could be used in future. To this end patients suffering from steroid 

myopathy or Cushing’s syndrome can be studied. Steroid myopathy is usually an 

insidious disease process that causes weakness mainly to the proximal muscles of 

the upper and lower limbs and to the neck flexors (Cushing, 1969). An excess of 

either endogenous or exogenous corticosteroids is believed to cause the condition. 

Glucocorticoid-induced muscle atrophy was first addressed in relation to Cushing 

Disease, a condition whereby endogenous adrenocorticotropic hormone (ACTH) is 

overproduced by pituitary adenomas leading to the release of excess cortisol (a 

glucocorticoid steroid hormone) from the adrenal gland (Cushing, 1994). An excess 

of corticosteroid in the body is also caused by the long-term usage of steroid 

medication for treatment of chronic obstructive pulmonary disease, rheumatoid 

arthritis and asthma (Yamaguchi et al., 2007, Decramer et al., 1996, Genel et al., 

2003). Long-term steroid medication is the most common reason for the 

development of Cushing’s disease. Patients have quadriceps weakness 

accompanied by reduced type II mean fibre areas (Khaleeli et al., 1983). For future 

studies, patient groups with Cushing syndromes could be used to determine whether 

levels of FHL1 are associated with muscle strength or fibre size in patients with 

Cushing’s disease. Consistent with a role for FHL1 in wasting, previous studies from 
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the group have shown that FHL1 expression is inversely correlated with strength in 

COPD patients (Riddoch-Contreras, 2009).  

 

Use of MicroRNAs 

MicroRNAs (miRNAs) are small non-coding single-stranded RNAs, which belong to a 

novel class of gene regulators (He and Hannon, 2004). miRNAs control diverse 

biological processes including cell growth, differentiation and apoptosis by either 

inhibiting translation or promoting mRNA degradation (He and Hannon, 2004). 

Aberrant miRNA expression has been widely reported in multiple disease contexts 

with profiling approaches identifying distinctive patterns of miRNA expression in a 

number of primary muscle disorders demonstrating the important functional roles 

miRNAs play in muscle (Bartel, 2004, Chen et al., 2009). A subset of miRNAs 

referred to, as “myomiRs” constitute a family of miRNAs whose expression is 

restricted to, or at least enriched in muscle; these include miR-1, miR-133a/miR-

133b, miR-206, miR-499 and miR-208 which are crucial for the regulation of skeletal 

muscle development and function (Chen et al., 2006, van Rooij et al., 2008). For 

instance, miR-1 and miR-133 reduce the expression of their respective targets 

histone deacetylase 4 (HDAC4) and the splicing protein neuronal polypyrimidine 

tract-binding protein (nPTB) to positively regulate the differentiation of muscle cells in 

humans (Chen et al., 2006).  

 

Both glucocorticoids and testosterone have been shown to modulate the expression 

of some miRNAs including the myomiRs. In dexamethasone (DEX)-treated C2C12 

cells compared to normal differentiated C2C12 cells, the levels of miR-1, miR-147, 

miR-322, miR-351, miR-503 and miR-708 are elevated (Shen et al., 2013). Mouse 

models of Dex-induced atrophy have also shown that Dex can induce miR-1 

expression through the GR (Kukreti et al., 2013). Conversely inhibition of miR-1 in 

C2C12 myotubes reduces the Dex-induced increase in atrophy related proteins 

(Kukreti et al., 2013). In terms of testosterone, myomiRs 133a and 133b have lower 

expression in the skeletal muscle of castrated mice (i.e. mice with no circulating 

testosterone) than sham operated control mice, consistent with findings in luteinizing-

hormone releasing hormone-agonist treated men with low circulating testosterone 

(Nielsen et al., 2013). For future studies it would therefore be interesting to see 

whether there are mechanisms of miRNA-mediated regulation during the process of 

Dex-induced muscle atrophy or testosterone induced muscle hypertrophy, miRNA 

microarray hybridization between test and control groups would be performed and 

stem–loop real-time RT-PCR used to confirm the differential expression of miRNAs 
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that are up-regulated or down-regulated. The results of these future studies would 

decipher the potential roles of these differentially expressed miRNAs in skeletal 

muscle hypertrophy or atrophy, creating a model whereby FHL1 and/or FHL3 interact 

with steroid receptors to alter Dex-mediated atrophic signals or testosterone-

mediated signals which are then integrated through miR1, 133a or 133b to either 

directly or indirectly inhibit the proteins involved in providing protection against 

atrophy.  Furthermore miRNAs are likely to control the expression of FHL1.  Once 

such miRNA is miR-499 a miRNA important in the maintenance of the type I fibre 

type which is predicted to target the FHL1 3’UTR.  Given the specificity of FHL1 for 

type II fibres it is possible that miR-499 suppresses FHL1 in type I fibres to help 

protect them from GR dependent atrophy. It would therefore be interesting to 

determine whether FHL1 is suppressed by the expression of miR-499.  

 

Conclusions 

The identification of FHL1/3 as regulators of skeletal muscle mass and/or phenotype 

could possibly enable strategies for tackling skeletal muscle atrophy either by drug 

inhibition or miRNA-based or siRNA-based therapeutics (e.g. miR-499). For 

example, measurements of high levels of FHL1 expression in wasting diseases 

followed by the subsequent suppression of FHL1 by the methods above could help to 

counteract muscle wasting. Either way the fact that FHL1 can interact with nuclear 

receptors to alter hormonal status has implications for the regulation of muscle mass 

and phenotype. 
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