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ABSTRACT

Oesophageal adenocarcinoma (OAC) has unmet clinical needs as the UK five-year
survival is 14%. Efforts to enhance early diagnosis uncovered enriched volatile

aldehydes in OAC patients’ breath, although their origins and fate are unknown.

Following comprehensive bioinformatics analyses, it was hypothesised that
detoxification loss enriches aldehydes in the transforming lower oesophagus.
Pursuing this biology could help refine OAC breath testing, deepen understanding of
oncogenesis and uncover therapeutic susceptibilities. This PhD aimed to describe

OAC aldehyde metabolism, its genetic framework, and its oncogenic effects.

A bespoke ultra-performance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS) method was validated to unambiguously quantify 43 aldehydes and
ketones in tissue samples. Multiple aldehyde species were enriched in OAC tissues,
suggesting active carbonyl stress, field effects, and a requirement for competent

defences.

Genetically, aldehyde oxidoreductase expression loss defined OAC tissues,
compared to normally resident tissue. Five aldehyde dehydrogenase isoenzymes
were consistently and significantly depleted (P < 10® ' %) these findings were
validated at the RNA (n = 67) and protein (n = 412) levels in clinical samples. In
particular, loss of ALDH3A2 was associated with disease progression and
independently predicted poorer survival (OR = 1.64, 95% C.I. 1.13 —2.39, P = 0.01).

To explore the effects of aldehyde metabolic rewiring, a second UPLC-MS/MS
method was developed, which suggested that aldehyde-DNA adducts are also
enriched in OAC tissues. Mechanistic studies in vitro revealed that ALDH inhibition is
sufficient to enrich metabolic aldehyde in OAC cells. Finally, stable perturbation of
ALDH3AZ2 in OAC cells highlighted a potential tumour suppressor role for this gene,
as CRISPR-Cas9 mediated knockout enhanced cell growth through cell cycle

shunting and affected redox control.

These data highlight genetically deregulated aldehyde metabolism as a feature of
OAC, which may contribute to carcinogenesis. Clinical implications and future

research directions are discussed.
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1.1 Oesophageal adenocarcinoma

1.1.1 Clinical background & project motivation

In 2012, oesophageal cancer was the 6th most common cause of UK cancer
mortality, and internationally responsible for 400,200 deaths(1). There are two main
histological subtypes — oesophageal adenocarcinoma (OAC) and squamous cell
cancer (OSCC). Worldwide, there are 52,000 new OAC cases each year, and
established risk factors include gastro-oesophageal reflux and obesity (1-3). OSCC
is more common worldwide — 398,000 new cases in 2012 — and is more prevalent in
the Middle East and East Asia. In the last 40 years, the incidence of OAC has
increased 600% in the west, making it among the fastest growing of all cancer
incidences (2—4). The UK has the highest national burden of oesophageal cancer

with an annual incidence of 7.2 per 100,000 men, some 10x the global average(3).

The current standard for treatment for oesophageal cancer varies with histological
subtype and disease stage at presentation (5). OSCC tumours often respond
dramatically to chemoradiotherapy, and surgery may be reserved only for those
which residual, refractory or relapsing disease after treatment. OAC tumours are less
sensitive to non-surgical treatment, and resection remains the primary curative
treatment. For early stage tumours, surgery alone offers excellent survival prospects
at 1 year (95% for T1)(5). Chemotherapy or chemoradiotherapy may be offered in a
‘neo-adjuvant” setting, with the intention of eliminating micrometastasis and
potentially down-staging disease prior to resection; both have shown survival
advantage (6,7). The additional advantage conferred by radiotherapy is being
investigated (8). Further post-operative oncological treatment may be recommended

depending on histopathological features of risk.

The UK OAC short-term survival has been transformed over the last 25 years
through service centralisation, neo-adjuvant treatments, and enhanced recovery after
surgery (9). Thus, short-term mortality after oesophagectomy since 1980s has
reduced 30-fold to <1%, and 5-year survival in surgically treated patients has
improved to 50-55% (5,10,11). However, the overall 5-year survival remains low at
10-14% (12,13). This is explained by the pattern of presentation — 70% of patients

will present with incurably advanced disease (5,14). Thus, there is an urgent unmet

14



need for new strategies to detect preclinical disease, so these safe and effective

treatments can be provided.

A novel, non-invasive means of OAC diagnosis has been developed, using trace
metabolites - volatile organic compounds (VOCs) - in exhaled breath (15,16). The
diagnostic model supporting this test is broadly comprised of certain saturated
aldehydes (in particular, acetaldehyde, butanal, pentanal, nonanal and decanal)
among other molecular classes (15-18). However, the mechanism of this enrichment
is not understood, and it was hypothesised that volatile aldehydes (VAs) signpost
relevant biological events in OAC carcinogenesis. Thus, the strategic rationale for
investigating these biomarkers mechanistic basis is to: (i) uncover new paradigms in
OAC cancer biology, and potentially novel therapeutic opportunities, (i) demonstrate
biologically distinct, clinically relevant patient subgroups, supporting precision
medicine through VOC testing (iii) inform breath test refinement thorough
mechanistic understanding, and so both improve analytics and strengthen the

argument for clinical implementation.

1.1.2 Pathophysiology & genetic landscape

The oesophagus is a muscular tube that conveys liquids and food from the pharynx
to the stomach. A requirement is to convey luminal contents safely, protecting itself
and the wider body from temperature extremes and toxic elements of the undigested
food bolus. Relevant protective adaptations include a pre-epithelial alkaline mucous
barrier, a stratified epithelium lining the entire tube, a robust expression of a large
panel of detoxification genes, including glutathione transferases (GSTs etc)(19),
aldo-keto reductases (AKR)(20), etc, and post-epithelial buffering system of high
intracellular bicarbonate ions(21). Further protective adaptions within the stratified
squamous epithelium includes partial keratinisation, very tight cell-cell adherence,
and lipid metabolic reprogramming to support a particularly inert plasma membrane
composed of ceramides (21,22). However, compared to the gastroduodenal
epithelium, the pre-epithelial barrier is not well developed, and DNA toxicity may

occur even in the healthy oesophagus (23,24).

15
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Figure 1: Human cancers ranked by mutation burden. Arrows indicate the oesophageal

adenocarcinoma dataset (ICGC whole genome sequencing data) (25)

Oesophageal adenocarcinoma (OAC) typically arises in the lower third of the
oesophagus and gastro-oesophageal junction (GOJ). It is associated with pro-
inflammatory risk factors such as gastro-oesophageal reflux, smoking and
obesity(26—28), and has a well-defined carcinogenic sequence beginning with the
replacement of the normal stratified squamous epithelium with columnar cells
(Barrett’s metaplasia). There is considerable debate regarding the origin of Barrett’'s
cells; hypotheses include a direct metaplasia from squamous cells, out-growth of
submucosal glands, or even expansion of remnant embryonic cells residing in the
lower oesophagus and GOJ (29,30). Recent sequencing data suggest that the
Barrett’'s “neoepithelium” copes poorly with genotoxic stress, and acquires
transforming mutations (31-34). Consequently, 0.12-0.16% of Barrett's patients will
progress to invasive OAC each year (35,36). Comparison of pan-cancer whole
genome sequencing data reveals that OAC is among the most mutated of all human
malignancies (see Figure 1)(37). OAC and BM share a unique mutational signature
characterised by A/T>C/G transversions within certain trinucleotide contexts (31,33),
which cannot be fully explained by DNA repair defects or age(37). Apart from TP53,
which is mutated in >80% of OAC cases, there are no recurrently mutated genes with
a prevalence >15% (31-34). Structural variant analyses suggest frequent yet
untargeted chromosomal rearrangements, amplifications, deletions and
chromothripsis, consistent with profound genome instability(31,38). Taken together,
this pattern of locus-indiscriminate, base-specific genotoxicity suggests that OAC is a
prototypical carcinogen-driven malignancy. Recent OAC whole genome sequencing
data have proposed mutational subsets based on age, DNA-damage repair
dysfunction, and “acid mutagenesis” (34), although the precise mutagenic drivers are
not yet determined.
16



1.1.3 Metabolic landscape

To help develop an investigative strategy for volatile biomarker mechanisms, a

survey of empirical data regarding oesophageal cancer metabolism was undertaken.

A systematic review of quantitative data was performed of Embase, Medline and
Web of Science database, using the search terms ((“metabo*omics” OR “metabolic
profiling”) AND (“$esophageal cancer’) and the limits (“2000-2016” and “human”).
Only metabolomic studies comparing cancers subjects with relevant controls were
included. Titles, abstracts, and full-texts were processed using a PRISMA algorithm
(see Appendix 1). Studies were selected if they used nuclear magnetic resonance
spectroscopy (NMR) or mass spectrometry (MS) to compare metabolites from OAC
biospecimens. For the purpose of quality assessments, endoscopic diagnosis was
selected as a reference standard for both controls and cases. The Candidate and a
collaborator (T.W., see acknowledgements) performed independent searches and 19
studies were agreed for data extraction. The primary extraction item was a qualitative
description of significantly altered metabolites. Secondary extraction items included

methods, and methodological and reporting quality.

Methodological quality was summarised using the QUADAS-2 tool(39) (see Figure
2). In biofluids studies, a recurrent limitation was that controls often were not
endoscoped, and therefore may have occult endoluminal pathology. Metabolomic
results of most studies were interpreted with supervised analyses, i.e. the analysis
was not blinded. Reporting quality was assessed using the STARD checklist and
found to be moderate-to-poor (median score 11/25) (40). Given the obvious range in
study quality, a post-hoc Bonferroni correction was applied to all studies not
accounting for multiplicity, using a reporting cut-off of alpha = 0.05/n where n is the

number of reported features. This methodological approach has been published (41).

The results of this review are provided in Table 1. Studies were generally exploratory
in nature and featured case-controlled design. One group has repeated work in
experimentally separate cohorts, with some validation of their previous
findings(15,16). Studies involving serum/plasma were the most common. Changes in
amino acids and sugars were most frequently reported metabolite, which is
unsurprising given the nature of the methods (i.e. NMR and untargeted MS

methods).
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Figure 2: Methodological quality of included OAC metabolomics studies (assessed by
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In plasma studies, consistently enriched metabolite types included ketone bodies
(e.g. acetone, b-hydroxybutyrate), short chain carboxylic acids (formate, acetate),
long chain fatty acids (palmitic and myristic acid), and fuels (glutamate, glucose,
creatine, lactate). Essential amino acids were generally depleted in OAC/OSCC
plasma, although lysine was reported enriched in more than one study. In volatile
metabolomic series in breath and urine, aldehydes, short-chain carboxylic acids and
phenolics were enriched in gastro-oesophageal malignancies. Non-volatile
metabolomics series in urine reported enrichment of short-chain carboxylic acids, a
branched chain amino acid (leucine) and related catabolites (3-hydroxyvalerate).
OAC tissue studies have only been carried out using NMR (two studies) and
revealed enrichment of branched chain amino acids (leucine, isoleucine, valine,
among other essential amino acids), phospholipid metabolites, unsaturated lipids,

short- and long- chain fatty acids, and ketone bodies.

All of these compounds are specific metabolic precursors or products of reactive
aldehydes, although no study had a specific methodology designed to quantify
aldehydes themselves. Other major phenotypes suggested by these findings include
amino acid consumption, glycolytic switch, de novo lipogenesis, and phospholipid

perturbations.
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Table 1: Findings of systematic review into oesophageal cancer metabolomics studies

Ref.

Study

Year

Studies investigating plasma

(42)

(43)

(44)
(45)

(46)

(47)

(48)

(49)

(50)

Djukovic

Zhang

Zhang
Ikeda

Zhang

Sanchez-
Espiridion

Liu

Xu

Jin

2010

2011

2012

2011

2013

2015

2013

2013

2014

Type

OAC

OAC

OAC
OAC

IIEC"

OAC

0SCC

0SCC

0SCC

n (Ca)
26 (14)
118 (68)
113 (67)
27 (15)
50 (25)

652
(321)

152 (72)

228
(124)

110 (80)

Platform

UPLC-
TQMS

'H-NMR

LC-MS &
'H-NMR

GC-MS
UPLC-

diode &
'H-NMR

LC-MS/MS

UPLC-ESI-
TOFMS

RRLC/ESI-
MS

GC-MS

Findings

UP: uridine; DOWN: 1-methyladenosine, 2,2,di-methylguanosine, N2-methylguanosine,
cytidine

See study 3

UP: lactate, carnitine, b-hydroxybutyrate, citrate, lysine, creatine, glucose;
DOWN: Valine, leucine/isoleucine, methionine, tyrosine, tryptophan, 5-hydroxytryptophan,
myristic acid, linolenic acid, linoleic acid
UP: lactate
UP: aspartate, cysteine, leucine, phenylalanine, lysine, b-hydroxybutyrate, creatine,
creatinine, lactate, glutamate, glutamine, histine;
DOWN; methionine, tryptophan, LDL/VLDL, unsaturated lipids, acetate, a-glucose, tyrosine

UP: beta-hydroxybutyrate, d-mannose
DOWN: L-proline
UP: phosphatidylinositol, lithocholyltaurine, phosphatidic acid, |-urobilinogen,
phosphatidylcholine, phosphatidyl ethanolamine, sphingosine 1-phosphate,
phosphatidylserine (16:0/14:0), lithocholate 3-o-glucuronide,
DOWN: desmosine/isodesmosine,

UP: Lactate;
DOWN: LysoPC(14:0), LysoPC(20:3)

UP: Lactic acid, b-hydroxybutyric acid, hypotaurine, aspartic acid, b-alanine, 3-hydroxybutyric
acid, myristic acid, palmitic acid, oleic acid, linoleic acid, palmitelaidic acid, 1-
monooleoylglycerol, ribose, maltose, lactose, creatinine.

DOWN: Glucose, alanine, glutamine, citric acid, fumaric acid, 1,5-anhydroglucitol, valine, 2-
ketoisovaleric acid, 2-ketoisocaproic acid, 3-methyl-2oxovaleric acid, tryptophan, indolelactic
acid, iminodiacetic acid, phosphoethanolamine, g-aminobutyric acid, glycolic acid, cysteine,
methylcysteine, a-tocopherol, g-tocopherol, threonine, uric acid, erythritol, inositol, myo-
inositol-1-phosphate, cholestrol, hydroxylamine
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(51) Ma 2014
(52) Mir 2015
Studies investigating breath

(16) Kumar 2012
(15) Kumar 2015

Studies investigating urine

(18) Huang 2012
(53) Davis 2012
(54) Xu 2016

Studies investigating tissue

(55) Wu 2009
(56) Yakoub 2010
(57) Wang 2013

0SCC

0SCC

GO
GO

GO

OAC

0ScCC

EC

OAC

OAC

111 (51)

80 (40)

53 (18)
210 (89)

51 (17)
91 (66)

124 (62)

40 (20)

122 (35)

105 (89)

HPLC-
diode
LC-ESI-
TOFMS

SIFT-MS
SIFT-MS

HS-SIFT-
MS

'H-NMR

LC-ESI-
TOFMS

GC-MS

'H-MAS-
NMR

'H-MAS-
NMR

UP: aspartate; DOWN: glutamate, glycine, histidine, threonine, taurine, alanine, methionine,
isoleucine, leucine, phenylalanine

P values not reported; 652 deregulated features of which 101 were phosphocholines

UP: hexanoic acid, phenol, methyl phenol
UP: hexanoic acid, phenol, methyl phenol, ethyl phenol, butanal, pentanal, hexanal, heptanal,
octanal, nonanal, decanal

UP: acetaldehyde, acetone, acetic acid, hexanoic acid, hydrogen sulphide, methanol

UP: urea, acetate, pantothenate, 3-hydroxyvalerate, acetone, formate, leucine, succinate

UP: pyroglutamic acid, uric acid, deoxycytidine, phenylacetylglutamine, cGMP
DOWN: carnitines C9:0

UP: valine, isoleucine, tyrosine, asparagine, alanine; arabinofuranoside, tetradecanoic acid,
hexadecanoic acid, naphthalene, 1-butanamine, aminoquinolone, myo-inositol, phosphoric
acid, pyrimidine nucleoside
DOWN: L-altrose, d-galactofuranoside, arabinose, bisethane

UP: phospho-choline, myo-inositol, glutamine, inosine, adenosine, uridine

UP: glutamate, valine, leucine/isoleucine, L-tyrosine, methionine, phenylalanine, GABA,
phenylacetylglutamine, taurine; unsaturated lipids, short-chain fatty acids, phosphocholine;
glycoprotein, acetone, malonate, acetoacetate, acetate, trimethylamine, uracil, ATP, NAC,
DOWN: Creatine,glycine, glutamine, creatinine; myo-inositol, choline, glucose, ethanol, AMP,
nicotinamide
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1.2 Normal aldehyde metabolism

1.2.1 Simple aldehydes

Simple aldehydes are low-mass organic compounds that have a terminal —CHO
group, with a double bond between the terminal carbon and oxygen (see Figure 3).
The C=O0 relationship allows the oxygen to glean a disproportionate quantity of the
shared electron cloud, causing a partial charge gradient across the bond. The partial
positive charge on the “carbonyl” carbon renders it susceptible to attack from
nucleophilic spare electron pairs on e.g. thiol or amine groups. These nucleophile
subgroups are biologically ubiquitous, and therefore aldehydes are widely bioactive.
Accordingly, all living systems have broad-spectrum detoxification systems, which
work to convert aldehydes to non-toxic products by manipulating the carbonyl
carbon. An overview of human aldehyde metabolism is given in Figure 3, and the
sources and genetic influences are described below. Examples of selected aldehyde

subtypes are given in Table 2.

Intracellular carbonyl
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— x peroxidation
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Figure 3: Aldehyde metabolism (in the context of selected oesophageal stressors)
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Table 2: Examples of selected aldehyde subtypes

Class Examples Source Structure
Short chain C1-C5* Xenobiotics/environmental; sugar, ch>\,’._O
alkanals amino acid, lipid metabolism; LP/LO o

Formaldehyde (C1)

Medium chain

C6-C13 LP/LO NN
alkanals / HsC o
Hexanal (C6)
Sphingolipid metabolism;
Fatty alkanals >Cl4 HsC o
¥ plasmalogen catabolism; LP/LO D NP NP N P P N~
Hexadecanal (C16)
Acrolein, Xenobiotics and environmental
Enals I ot : Vi e N °
crotonoaldehyde pollution 2
Acrolein
o
Dienal 2,4-decadienal LP/LO He . . |
2,4,decadienal
. Glyoxal, . K p
Dialdehydes . Sugar metabolism, LP/LO H
malondialdehyde
; ; Glyoxal
. X 4-Hydroxy-2-
Bifunctional NS
nonenal, Oxo-2- LP/LO H:CWO
enals
nonenal oH

4-Hydroxy-2-nonenal

. Benzaldehyde, Xenobiotics and environmental 0
Aromatics . . /
Cinnamaldehyde pollution
Benzaldehyde

*Cx refers to an alkanal with carbon chain length x throughout this thesis. LP/LO - lipid peroxidation and auto-oxidation

1.2.2 General sources of aldehydes

The most important process for diverse aldehyde production is a chaotic
phenomenon called “lipid peroxidation” - a chain reaction of radical-initiated
hydrocarbon decomposition in lipidic structures such as plasma membranes — which
occurs in all cells to some degree (58,59). Depending on the structure of the
decomposing lipid, more than 200 aldehyde end-products can be generated (60),
and it is potentiated by any process that generates radicalised oxygen or hydroxyl
species. Similarly, “lipid auto-oxidation” can produce diverse aldehydes at ambient
conditions from simple reactions with oxygen, for example edible oil and animal fat
rancidity (61). The presence of a metal catalyst can expedite these reactions, by
generating radicalised species through Fenton chemistry (62). The common odour of
blood and metal is in fact certain pungent volatile carbonyls (of which 1-octen-3-one,
nonanal and decanal are the most prominent) generated by the action of metallic or
haem iron on tissue and skin-surface lipids (63). In human pathophysiology, the

metal iron storage disorders Wilson’s disease (copper) and haemachromatosis (iron)
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are associated with aldehyde-DNA adducts, presumably arising through enhanced

Fenton chemistry(64).

Aldehydes are common environmental pollutants. Formaldehyde, acetaldehyde,
glyoxal, methylglyoxal, acrolein and aromatic aldehydes are present in petrol and
diesel combustion exhaust(65). Industrial incinerators and forest fires also provide a
significant environment carbonyl burden. Dialdehydes such glyoxal and
methylglyoxal can be produced through photo-chemical reactions on atmospheric

hydrocarbons, explaining afternoon ambient spikes of these compounds in cities(66).

Ingested materials can also provide a significant carbonyl stress. In smoke from a
reference tobacco cigarette there is 3.23 mg of total carbonyls, of which there is
milligram quantities of acetaldehyde, and microgram quantities of diacetyl,
formaldehyde, acrolein, propanal, malondialdehyde, glyoxal and methylglyoxal (67).
Volatile low molecular weight aldehydes are important aroma compounds(68), for
example decanal (meaty), heptanal (fresh-cut grass), cinnamaldehyde (cinnamon),
and isovaleraldehyde (nutty). Accordingly they are found in diverse beverages and
foods, in particular whiskeys (volatile aldehydes), plant waxes (fatty aldehydes) and
charred/smoked meats (aromatic, enals, bifunctional aldehydes). Lastly, oral
microbiota are known to locally produce aldehydes in the presence of ethanol
(69,70), although the carbonyl metabolism of the oesophageal microbiome has not

been assessed.

1.2.3 Sources of specific aldehydes

Myriad metabolic pathways feature specific aldehyde intermediates. Formaldehyde
(C1) links the enzymatic production of formate from gastrointestinal methane(65).
Acetaldehyde (C2) is free product of the enzymatic decarboxylation of pyruvate,
which channels this glycolytic product to the citrate cycle by the formation of acetyl
CoA (71). Acetaldehyde additionally participates in amino acid and ethanolamine
metabolism, and is produced in great quantity in the catabolism of ethanol and is
responsible for the effects of “hangover”. Propanal (C3) is formed in the conversion
of glycolytic products to propanoyl CoA, a precursor to mesaconic acid for vitamin
B12 cofactor synthesis (65). The catabolism of valine and lysine yields isobutanal

(C4). Propenal (acrolein) is produced from spermine metabolism.
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The dialdehydes glyoxal and methylglyoxal are particularly important as the presence
of two carbonyls carbons means they are both highly reactive and able to cross-link
proteins. Glyoxal is an end-product of non-enzymatic oxidative damage to lipids,
DNA and glucose(65). Methylglyoxal is formed enzymatically from glycolyisis
products, ketone bodies or threonine (72). Both are abundant metabolites, and
typical plasma concentrations are in the micromolar range(72). These are among
the most reactive of all aldehydes and form nucleoside adducts in a few seconds at
room temperature(73). Accordingly, these aldehydes have dedicated oxidation
enzymes — the glyoxalase system — which is constitutively expressed in all cells.
Long chain “fatty” aldehydes have different specific sources, as identified by studies
of patients with Sjogren-Larsson syndrome, a specific inborn metabolic error that
leads to fatty aldehyde accumulation (see below)(74). Aside from lipid peroxidation,
breakdown products of sphingosine metabolism and plasmalogens can produce
specific fatty alkanals and alkenals(75). Fatty acid synthesis and beta-oxidation can

also yield fatty aldehydes as intermediates.

1.2.4 Genetic mediators of aldehyde metabolism

Aldehydes from these diverse sources are detoxified by three predominant routes: (i)
oxidation to carboxylic acids (main route, aldehyde dehydrogenase (ALDH)
superfamily), (ii) reduction to alcohols and alkanes (aldo-keto reductases) (iii)

conjugation to glutathione (58,76,77) (see Figure 3).

Aldehyde oxidation In 2005 the human ALDH nomenclature was agreed by
international consensus to include 19 isoenzymes split in to 13 classes (summarised
in Table 1.2), with class members being grouped by sequence homology (78). All
ALDHs contain a catalytic site, an NAD(P)+ cofactor binding site, and
homodimerization domain (79,80). Their chief function is to oxidise carbonyl side-
groups to carboxylic acids by cleaving water and reducing the cofactor to NAD(P)H.
A subset has evolved specialised, specific detoxification functions with a low K, and
high V.. for their substrates (e.g. ALDH2 and acetaldehyde, ALDH5A1 and gamma
aminobutyric acid metabolism, etc, see Table 3). Given the enormous potential range
of molecules bearing a carbonyl moiety, most ALDH isoenzymes have acquired a

wide range of specificity, and there is redundancy across the ALDH superfamily and
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with other detoxification routes (79). They are expressed in all tissues and most

highly expressed in the liver (81,82).

Inborn errors in several ALDH isoenzymes give rise to specific metabolic syndromes,
however all have tissue-limited clinical manifestations, implying non-redundancy is
generally context-dependent (see Table 3). For instance, the neurocutaneous
Sjogren-Larrson syndrome arises specifically from mutations in ALDH3A2, and
characterised by spasticity, mental retardation, and squamous hyperplasia
manifesting as ichthyosis(83). ALDH genes play significant role in several regulatory
and signalling networks, including ligand formation (e.g. by producing retinoic and
phytanic acid, or removing methylglyoxal and hydroxynonenal), redox control and
potentially direct non-metabolic effects (see below, and Table 3). For example,
molecular studies of ALDH3A1 suggest it has structural roles, is a UV-scavenger,
and causes cell-cycle braking, in addition to its usual aldehyde detoxification
properties(84—-86).

Other aldehyde detoxification pathways There are 125 known aldo-keto
reductases which perform general and specific aldehyde reduction in a tissue-
specific manner (for example, recycling of aldehyde neurotransmitters)(87).
Additionally, there are 22 glutathione-s-transferases, including the main detoxification
routes for glyoxal and methylglyoxal detoxification, glyoxalases | and Il. Stable
isotope tracing experiments assessing 4-hydroxy-2-nonenal (HNE) detoxification
revealed that ALDH oxidation is the preferred metabolic route under normoxic
conditions, with alternative pathways reserved for hypoxic conditions(88). This
exemplifies the challenging nature of aldehyde biochemistry — the dominant
metabolic phenotype will depend on (i) the specific aldehyde (ii) tissue-specific gene
expression (iii) microenvironmental pressures, with enormous potential diversity at

each step.
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Table 3: Aldehyde dehydrogenase isoenzymes and selected properties

Name

ALDH1A1l

ALDH1A2

ALDH1A3

ALDH1B1

ALDH1L1

ALDH1L2

ALDH2

ALDH3Al

ALDH3A2

ALDH3B1

ALDH3B2

ALDH4Al

ALDH5A1

ALDH6A1L

ALDH7A1

ALDH8A1

ALDH9A1

ALDH16A1

ALDH18A1

Locus  Celllocalisation

9¢21 Cytosol
15qg21 Cytosol
15923 Cytosol

9p13 Mitochondria
3g21 Cytoplasm

12g23 Mitochondria
Mitochondria

12924

17p11.2 Cytosol, nucleus

17q11.2 Microsome,
membranes

11q13 Cytosol

11q13 ?

1p36 Mitochondria
6p22 Mitochondria
Mitochondria

14924

5¢23 Mitochondria

6923 Cytosol
1q24 Cytosol
19q13 ?
10q24 Mitochondria

Specificity

Broad

Broad

Broad

Broad

Specific

Specific

Broad

Broad

Broad

Broad

Broad

Specific

Specific

Specific

Broad

Broad

Specific

Substrate/Function

Retinal, DOPAL, Acetaldehyde, LPOP

Retinal, DOPAL, Acetaldehyde, LPOP

Retinal, DOPAL, Acetaldehyde, LPOP

LPOP

10-formyltetrahydrofolate

10-formyltetrahydrofolate

Acetaldehyde (very low Km); LPOP

LPOP (high Km for medium and aromatic)

LPOP (high Km for 'fatty' aldehydes)

LPOP (high Km for long-chain)

Unknown

Proline degradation,
LPOP (short to medium chain)

GABA catabolism

Valine and pyrrimidine catabolism

Lysine catabolism

9-cis-retinal,

LPOP (Kmincreasing with chain length)
g-aminobutyraldehyde, betaine, DOPAL,

acetaldehyde

Unknown

Glutamate catabolism

Clinical relevance

?CSC marker

?CSC marker

Silenced in gastric cancer;
?CSC marker

Highly expressedin colon
cancer

Implicated in astrocytomas;
Role in cancer progression

Inactivating polymorphisms
increase risk of cancer

Smith-Magenis syndrome;
role in cell cycle

Sjogren-Larsson syndrome

Maybe psuedogene as codon
17is a stop.

Type Il hyperproliaemia;
induced by p53

Mutations cause 4-
hydroxybutyricaciduria

Mutations enrich hydroxy-
carboxylic acid

Implicated in prostate cancer

?Non-alcoholic
steatohepatosis

Progeria-like neurocutaneous
sydrome

CSC, cancer stem cell; LPOP, lipid perodixation products; DOPAL, 3,4-dihydroxyphenylacetaldehyde
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1.3 Aldehyde metabolism in cancer

1.3.1 Reactive aldehydes as biomarkers of cancer

Aldehydes uncommonly feature in untargeted metabolomics analyses as their
reactivity and wide range of polarity is not typically accounted for in routine MS
profiling methods and their hydrocarbon structure is poorly resolved by routine 'H-
NMR spin-echo sequences. An exception is the profiling of “volatile organic
compounds” (VOC) in breath or in the headspace above biofluids using direct MS, as
many aldehydes’ are volatile. Thus, the majority of evidence for aldehydes in cancer
comes either from untargeted analyses in volatile matrices, or from targeted analyses
in non-volatile matrices following a specific method development. All are single-

centre and of exploratory character, and a selection is briefly reviewed.

Gaseous biosamples Lung cancer was among the first malignancies to be subject
to breath analysis. In 1999 a Lancet paper described the breath analysis of 108
patients with abnormal chest radiographs found hexanal (C6) and heptanal (C7)
among a panel of 22 VOCs that were discriminant for cancer(89). Twelve of the
remaining compounds were alkanes or alkenes, i.e. redox partners of aldehydes.
This study reported 100% sensitivity and 83% specificity for the detection of cancer;
on later cross-validation in independent work, these indices fell to 85% and 81%
respectively(90). A 2010 ltalian study found average breath alkanals from C3-C9 to
be 2-3 fold higher across 40 non-small-cell lung cancer patients, compared to
matched controls(91). Fuch et al described differences in C1-C10 alkanals in lung
cancer patients’ breath, and found C5, C6, C9, and C10 to be significantly enriched,
including a median 10 fold increase for C9 and C10 (92). However, the
concentrations of >40% of samples were below the limit of detection, implying

analytical refinement is required.

In a 2006 report studying 51 patients with breast cancer using sorbent-trap-GC/MS,
the Philips group also reported several discriminatory breath VOCs including C7 (93).
A more recent report determined that nonanal and decanal in addition to hexadecane
and butanone were enriched in the breath of patients with ovarian cancer, which is
striking as the aetiological paradigm for this disease is epigenetic rather than
carcinogen-mediated (94). The same group have also reported a breath study in

gastric cancer featuring 484 unique participants, with eight VOCs identified to be
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enriched(95). These included the aldehyde furfural in addition to hexadecane and
butanone. Spanel and co-workers identified C1 to be significantly increased in the
urine headspace of patients with prostate cancer(96). A recent report in colorectal
cancer by Altomare et al using thermal-desorption (TD)-GC-MS described 15
discriminating VOCs including the aldehyde C10.

In four papers increased concentrations of multiple aldehydes measured by SIFT-MS
were detected in the breath and biofluids of patients with oesophageal and gastric

malignancies(15-18); these are considered below in Chapter 1.4.

Liquid biosamples In 1997 Yazdanpah and colleagues validated a GC-MS method
for aldehyde quantitation in biofluids, and used this to assess carbonyl profiles 27
cases of childhood cancer(97). A range of 27 different aldehydes showed disease-
specific profiles, although this work was not further validated. Guadagni and
colleagues used solid phase microextraction GC-MS to assess urine headspace
hexanal and heptanal in 10 patients with lung cancer, and noted significantly
increased concentrations of both compounds (98). These aldehydes were found to
be similarly enriched in lung cancer blood headspace, measured with SPME-GC/MS.
Xue et al applied the same technique to liver cancer blood headspace, and found
sensitivities and specificities of 94.7% and 100% for hexanal, 84.2% and 100% for 1-

octen-3-ol, and 89.5% and 100% for octane (99).

Tissue biosamples A study from Poland in 2007 used a dinitrophenylhydrazine LC-
MS/MS approach to measured lipid peroxidation aldehydes in astrocytomas and
found concentrations of lipid peroxidation products such as hydroxyhexanal and
hydroxynonenal to be significantly increased in higher grade disease(100). A recent
Austrian study measured a variety of alkanes, alcohols, ketones, and aldehydes, in
the headspace of surgical lung cancer specimens using TD-GC/MS. C1, C2, C3, C4,
C8, C10 and acrolein were all easily quantifiable and increased in cancer, although
only C2 was significantly increased in these samples (101). These were the only

studies identified which profiled aldehyde analysis in tissue.

This evidence indicates that the biochemistry of reactive aldehydes and their redox
partner compounds (alkanes/alkenes, alcohols, and carboxylic acids) is likely to be
fundamental to cancer, although the molecular mechanisms and clinical utility are not
established. The first large-scale studies supported by sensitive analytics, clinically-

orientated analyses and appropriate validation are beginning to be reported.
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1.3.2 Aldehyde genes and cancer

Aldehyde metabolising genes as oncosuppressors Recently, two large-scale
genome-wide association studies indicated that polymorphisms near ALDH1A2
increase risk of future Barrett's oesophagus(102,103). Methylation silencing of
ALDH1A3 is associated with gastric cancer(104). Inactivating variants in ALDHZ2 are
the most common of all human inherited non-silent somatic polymorphisms, and they
predispose to oropharyngeal and oesophageal malignancies(105,106). These data
have been extended to show that acetaldehyde-DNA adducts are enriched in
Japanese alcoholics harbouring ALDH?Z2 risk alleles (107). Further epidemiological
series implicate molecular aldehydes (e.g. acetaldehyde, benzaldehyde) in
oesophageal squamocellular carcinogenesis(71,108), in addition to other
malignancies(70,109). Methylation silencing of glutathione pathways typify Barrett’s

oesophagus and progression to dysplasia(110).

From a mechanistic perspective, two groups have demonstrated enriched
acetaldehyde-DNA adducts in the oesophageal mucosa of an Aldh2 knockout mouse
that was fed ethanol (23,111). One group went on to show similar DNA adducts in
gastric and hepatic samples from the same model (112,113). In other work in
haematopoiesis, loss of Aldh2 and a specific DNA repair pathway (Fandc2)
generated a particular susceptibility to ingested ethanol, and was sufficient to
generate leukaemias in double-knockout mice, reaffirming the carcinogenic nature of
acetaldehyde (114,115). Conversely, a model of ALDHZ2 over-expression reported

attenuated acetaldehyde-mediated cytotoxicity and genotoxicity (116).

Inborn metabolic errors consequent to ALDH variants can provide some insights into
how these genes might contribute to malignancy. Typically, substrate accumulation
causes specific neurological or neurocutaneous syndromes (e.g. ALDH4A1 and
hyperprolinaemia; ALDH3A2 and fatty alcohols in Sjogren-Larrson syndrome),
implying that only certain tissue are sensitive to ALDH loss-of-function. For example,
loss of ALDH3AZ2 is associated with keratinocyte hyperplasia. These syndromes are
also extremely rare, suggesting that inactivating somatic traits are only compatible
with life given appropriate collateral genetics. In recent OAC/OSCC sequencing
studies there are no recurrent mutations in aldehyde genes (although only TP53 is
recurrently mutated in >10% of either malignancy (33,34,117)), although ALDH
effectors affect proliferation and differentiation (see Table 3). Thus, ALDH expression

can influence oncogenic phenotypes, but only in specific contexts and poised states.

29



Aldehyde metabolising genes as oncogenes There has been much focus on
aldehyde metabolising genes in the context of normal and cancer stem cells, owing
to an assay which identifies subpopulations with high tumorigenic qualities based on
their abilty to metabolise an aldehyde-bearing fluorescent pro-dye
(Aldefluor™)(118). This property has traditionally been attributed to ALDH1AT,
although more recently ALDH1A3 (119) and ALDH2 (115). ALDH1A1 is thought to
identify a tumorigenic subpopulation of gastric adenocarcinoma cells(120). Several
groups have also noted high ALDH1A71 expression in OSCC tumorigenic
subpopulations, and high tissue immunoreactivity is associated with aggressive and
advanced tumours (121-123). In non-small cell lung cancer, ALDH1A1 and -3A1
expression selects for cancer stem cells and highly expressing tumour are
associated with adverse outcomes(124). In prostate cancer, strong expression of
ALDH7A1 is associated with disease progression and aggression. However, there
are no reports of ALDH over-expression in OAC (in fact there are no convincing
descriptions of OAC cancer stem cells by any method). In summary several
aldehyde-detoxifying genes have some cancer association, although these

relationships are not uniform, often contradictory, and seem context specific.

1.3.3 Consequences of deregulated aldehyde metabolism

Aldehydes participate in diverse chemical reactions at ambient temperatures. From a
toxicity perspective, the most important are nucleophilic-condensation reactions with
thiol and amine nucleophiles, which are widespread subgroups on biological
molecules. An imine conjugate is formed (“aldehyde adduct”) with loss of a water
molecule. Thus, the partner molecule’s structure is altered with potential significance
for function. Evidence suggests that 1 in 10 proteins will be carbonylated at some
point, rising to 1 in 3 in the last third of life(125,126). One example is protein
glycation in diabetic hyperglycaemic states, which is mediated by the carbonyl-C1
carbon of linear monosaccharaides(127). Another is protein adducts of lipid
peroxidation products such as 4-hydroxy-2-nonenal (HNE), malondialdehyde and
glyoxal. These bifunctional adducts can lead to protein crosslinking and
accumulation, and may form the basis for multiple deposition-based
diseases(125,126). Interestingly target binding can be specific, HNE adducts have
been shown to selectively impair glutathione metabolism and proteasome activity,

activating feedback loops that propagate protein dysfunction(128). Tools for
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assessing protein carbonyl based on polyclonal antibodies have been available since
the 1950s, and thus a significant literature has developed, assessing these adducts

in disease ranging from ischaemic heart disease to Alzheimer’s and cancer.

Aldehydes can also react with DNA amine groups. This can alter the macromolecular
structure, affecting how polymerases, histones and repair proteins interact with the
double-helix(65). Worse still, if the modified amine normally participates in Watson-
Crick base-pairing, the distorting adduct could interfere with normal transcription,
leading to polymerase arrest, polymerase mismatch (i.e. mutation), and even double
strand breaks. For example, in a bacterial model, site-specific mutagenesis from an
acetaldehyde-adenosine adduct reveals transversion preference at a rate of 2-
7%(129). Thus, multiple aldehydes have thus been designated suspected or
confirmed mutagens by the International Agency for the Research on Cancer (IACR),
including formaldehyde, acetaldehyde, malondialdehyde, furfural, glyoxal,
methylglyoxal, acrolein, crotonaldehyde and 4-hydroxy-2-nonenal (130). The
carcinogenicity of these compounds (in contrast to linear sugars, fatty aldehydes etc)
is explained by their small size, which allows them to infiltrate the nucleus and then
DNA grooves, permitting exposure of their carbonyl carbon to relevant DNA amine.
As with protein carbonyls, aldehyde-nucleoside adducts are stable compared to free

aldehydes, and therefore appropriate targets for genotoxicity analyses (58,60,131).

The carcinogenicity of several aldehydes have been confirmed in long-term animal
studies(130). In humans, formaldehyde is linked to the development of leukaemias
(reviewed in 70). There is now considerable evidence linking acetaldehyde from
ingested ethanol to numerous cancers (reviewed in 50,76). Observational series
have shown increases in aldehyde-DNA adducts in leucocyte DNA of alcoholics
(134). In oesophageal cancers, epidemiological series have linked excess alcohol

with both squamous cell and adenocarcinoma of the oesophagus (135,136).

Certain aldehydes and aldehyde-adducts can also act as direct signalling ligands.
With relevance to the oesophagus, acetaldehyde has been shown to stimulate
hypertrophy and hyperplasia of rat oesophageal keratinocytes(71). HNE rapidly
activates JNK and nf-kB oncogenic pathways, with measurable signalling cascades
within 30 minutes of treatment(137) Aldehydes can also modify the cysteine residues
of Keap1, allowing stabilisation and nuclear translocation of the pro-survival
transregulator nrf2(138,139). Inhaled 2,4, decadienal can induce cell proliferation in

bronchial epithelial cell, etheno-DNA adducts and murine lung tumours(140-142).
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However, all aldehydes induce apoptosis at high concentrations, typically through
BCL2 and c-Jun pathways. There is also evidence that aldehyde-modified
nucleotides can influence purinergic receptor signalling(143), which are important in

oesophageal inflammation and motility(144).

1.3.4 Aldehyde metabolism the oesophagus

The oesophagus additionally undergoes a number of specific aldehyde stress
processes. The undigested food bolus may contain free aldehydes, either native to
the food, from the cooking method (e.g. the Mallard reaction of meat searing), or
from the actions of oral microbiota (69,70,109). Tobacco smoke also contains
numerous carbonyl and radical species, which can be swallowed either directly
(aerophagy), solubilised in saliva, or delivered haematologically to the oesophagus.
Aldehydes may be produced in situ, most importantly through the enzymatic
oxidation of consumed alcohols (135,145). Additionally, lipids of epithelial cells will
undergo auto-oxidation or peroxidation (e.g. with ionic iron from ingested red meat);
the recent findings of peroxidation-prone lipidomes in Barrett's metaplasia and
adenocarcinoma raise the possibility of corresponding characteristic aldehyde flux
(146,147).

In the refluxing oesophagus, local processes add to carbonyl stress. Reflux of bile
salts solubilise pre-epithelial hydrophobic protectants, exposing the apical membrane
to chemical attack(148). Cell necrosis from low pH will generate inflammatory
cytokines, leading to neutrophil activation, the production of superoxide radicals, and
enhanced peroxidative phenotypes(126). Most importantly, carbonyl addition
reactions require protonation as a rate-limiting step, and therefore low pH greatly
enhances aldehydes’ ability to react with nucleophilic partners. This is uniquely
important in the oesophagus, as the poorly developed pre-epithelial alkaline barrier

affords little protection compared to the stomach.

So far, metabolomics studies in oesophageal malignancies have reported aldehyde
enrichment in breath and urine, although none have specifically assessed carbonyls
in oesophageal tissues or blood (see section 1.1.3). However, numerous precursors
of aldehyde metabolism have been shown to be enriched in oesophageal cancer
tissues and biofluids, including branched-chain essential amino acids, sphinogosine-

1-phosphate, and unsaturated lipids. Additionally, numerous products of aldehyde
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metabolism have been shown to be enriched, including aliphatic carboxylic acids

from C1-C16, branched-chain carboxylic acids and alkanes.

In addition, genomic, methylomic and epidemiological studies (see 1.3.2) indicate
that impaired aldehyde detoxification pathways predispose to and are associated
with Barrett’s metaplasia and OAC. In particular, glutathione transferases are widely
methylation silenced (19), and glutathione itself is generally and sequentially
depleted through disease progression(149). Additionally, there is evidence of de
novo activated fatty acid synthesis in OAC (147), which can place enormous
pressures on redox capacity and impair alternative detoxification routes for
aldehydes (a single palmitate molecule requires 14 reducing equivalents for de novo
synthesis(150)). Thus, there is the potential for a “perfect storm” of increased
aldehyde production with enhanced carbonyl reactivity and impaired detoxification
(through genetically-determined “metabolic reprogramming”), which is unique to the

refluxing oesophagus, and which is entirely unaddressed by the literature.
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1.4 Gaps in the literature

These connected gaps in the literature were identified:

1. No data regarding aldehyde quantitation in oesophageal tissue, despite evidence
that in OAC (i) aldehydes are present in breath and urine samples (ii) the
oesophagus undergoes mechanisms of and is uniquely susceptible to aldehyde
stress (iii) detoxification systems are impaired (iv) metabolomics evidence reports
enriched aldehyde precursors and redox products (iv) extreme and untargeted

genotoxic burden cause by unknown mutagens
2. Very limited aldehyde-biofluids data in any cancer, including OAC.
3. No assessment of the genetic basis of aldehyde detoxification in OAC

4. No quantitative data regarding aldehyde-nucleotide interactions in OAC despite (i)
evidence of aldehyde-DNA adducts in animal models of oesophageal cancer and
clinical material from related cancers (ii) evidence of severe and indiscriminate DNA

damage by unknown mutagens

Rationale for OAC disease focus Aldehyde metabolism may be important in both
OAC and OSCC, which is consistent with the view that the structure and function of
this organ is a key determinant of oesophageal aldehyde stress. It was decided to
focus the work on OAC, because: (i) OAC formed the case majority in the index non-
invasive biomarker studies (ii) the changes in aldehyde detoxification pathways in
OAC were more pronounced in the exploratory transcriptomic screens (see Chapter
3) (iii) these are highly heterogeneous diseases, and for the purposes of mechanistic
dissection, it is important to rationalise the studied biology as much as possible (iv)
the OAC disease burden is higher in the UK.
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1.5 Thesis hypothesis and objectives

This thesis addresses these gaps by pursuing the following hypothesis: Metabolic

reprogramming enriches aldehydes in the OAC microenvironment and this

contributes to oncogenesis. Thus three interconnected objectives were planned.

1. Assess aldehydes metabolic profiles in OAC tissue samples

Develop and validate an analytical method to unambiguously quantify
common aldehydes in tissue samples and other biospecimens

Use this method to quantify aldehydes in OAC tissue samples and
appropriate controls

Also use this method to determine aldehyde metabolic profiles in OAC

murine-xenografts and OAC biofluids.

2. Assess the genetic basis for aldehyde metabolic reprogramming in OAC

Vi.

Use a candidate-based approach to discover candidate drivers of aldehyde
reprogramming, initially using archived expression datasets

Validate leading candidates by direct expression analysis in clinical material
Establish the clinical significance of candidate gene deregulation

Position candidate gene deregulation within OAC transformation

Discover upstream coordination of candidate perturbation

Define aldehyde gene expression in normal and malignant oesophageal

models, and compare this to aldehyde phenotypes

3. Assess the effects of aldehyde metabolic reprogramming in OAC

Develop and validate a second analytical method to measure aldehyde-
nucleotide adducts in DNA hydrolysates, and use this to quantify aldehyde
DNA damage in OAC DNA samples and controls

Provide in vitro demonstration that candidate reprogramming driver genes are
sufficient to generate metabolic flux

Provide in vitro dissection of the non-metabolic oncogenic effects of aldehyde

reprogramming arising from key genetic drivers.
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CHAPTER 2 - ALDEHYDES IN
OESOPHAGEAL ADENOCARCINOMA
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Summary

Biologically relevant reactive aldehydes pose analytical challenges owing to volatility,
reactivity, and variation in polarity. Thus, numerous quantitative approaches have
been attempted including ranging from colorimetric and immunoreactive assays to
modern methods based on mass spectrometry. Derivatisation to
dinitrophenylhydrazine (DNPH) prior to liquid chromatography triple quadrupole mass
spectrometry (LC-MS/MS) has proven a popular analytical choice as sub-ng/ml
concentrations can be unambiguously determined over a broad range of chain length
and configurations. However, analytics can be complicated by other biologically
relevant DNPH-reactive isomers/isobars, which may be significantly more abundant
in biological samples. For example, aliphatic ketones, alkanals and saturated
dialdehydes are isomers at the same carbon chain length (C-1 for dialdehydes). In
this chapter, an LC-MS/MS method was developed to measure 43 carbonyl
compounds comprising 35 aldehydes (18 aliphatic, 2 aromatics, 9 enals, 6
bifunctional aldehydes), and 8 ketones. The method was sensitive to the low ng/ml
range and gave accurate results from biofluids and tissue samples. The method was
applied to the measurement of aldehydes in human and murine-xenograft OAC

tumours, OAC patient biofluids, and relevant controls.

This section was undertaken in collaboration with Dr Zsolt Bodai, who closely

supervised the student in the initial characterisation of the method.
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2.1 Methodological rationale

2.1.1 Choice of analytical technique

Analytical challenges Compared to their redox partners fatty acids, aldehydes are

uncommonly measured metabolites (151). Reasons for this include(79,152—-155):

(i) High reactivity of the electrophilic carbonyl group in biological matrices
leading to analyte instability and necessitating derivatisation

(ii) A range of volatility, necessitating derivatisation

(iii) A range of polarity and solubility with increasing chain length.

(iv) Some aldehydes (acetaldehyde (C2), glyoxal) are ubiquitous, and can
contaminate analytical glassware and solvents increasing background

(v) Large range of specific, aldehyde-active enzymes in biological matrices

(vi) Less likely to be identified in untargeted metabolomic screens, in particular

nuclear magnetic resonance and non-derivatised MS

This diverse set of analytical challenges means that no single analytical platform is
perfectly suitable for measuring aldehydes in liquid or solid samples, and thus a large
number of techniques have been reported. The first techniques included colorimetric
assays, gas-liquid chromatography, and thin layer chromatography. More recently,
mass spectrometry coupled to a separation technique (e.g. gas chromatography,
liquid chromatography) or a selection technique (selected ion flow tube or proton
transfer reaction mass spectrometry) has become the standard for unambiguous
quantitation (131,152,156).

Early techniques and non-specific detectors Brady and Elsmie (1926) are
credited with first promoting the use of dinitrophenylhydrazine for the derivatization of
aldehydes and ketones to stable, non-polar dinitrophenylhydrazones (157). The
different hydrazones were initially described by their characteristic crystallisation
properties. With the advent of ultraviolet spectroscopy, the yellow-orange hydrazones
could be determined by their characteristic absorption spectra, and this was the
mainstay of aldehyde quantitation until the 1980s together with thin layer
chromatography(156,158,159). Other carbonyl-reactive dyes have been described,
which form colorimetric or fluorimetric detectable products, and which are suitable for

summative aldehyde quantitation in the context of a rapid assay. The most

38



commonly used was the “thiobarbituric acid reactive substances” (TBARS) assay,
which was thought to be specific for malondialdehyde but in fact was widely reactive
with hydroperoxides and conjugated aldehydes(160). These inherently limited
methodologies were widely superseded by hyphenated mass spectrometry over 30

years ago.

Gas chromatography with mass spectrometry (GC-MS) Biological matrices’
extraordinary complexity complicates targeted quantification of individual
components. Within the remit of mass spectrometry, the selectivity of the mass
spectrometer is limited by mass resolution, and so different compounds of equal
mass-to-charge ratio will be indistinguishable in the detector. Separation techniques
seek to overcome this, and including pre-analytical sample preparation, followed by
gas or liquid chromatography. Gas chromatography separates molecules using
thermal energy (see Figure 4). The sample is evaporated to high temperature and
applied to a low temperature column, and is retained. The column then is slowly
heated, and individual compounds elute from the column, depending on boiling point,
polarity, column properties etc. In addition, the gaseous nature of samples facilitates
sample pre-concentration (e.g. thermal desorption, needle-trap device, solid phase
microextraction, and solid phase extraction), thus improving sensitivity. Deng et al
described blood aldehyde quantification by solid phase microextraction (SPME) -
GC-MS, and commented that the “volatility and activity” of aldehydes made
quantification from the liquid phase very challenging (161). These properties will be
enhanced at high temperature, and so prior modification to a stable state is
necessary, most commonly derivatisation to pentafluorobenzylhydrazine (PFBHA)
(162-164).

In the context of cancer, GC-MS aldehyde applications has included blood, tissue,
urine, breath, and breast milk(162,165-167). However, GC-MS carries notable
issues in the context of measuring aldehydes in biological matrices. Primarily, the
GC-MS system is not well suited to non-volatile compounds, especially carbon
lengths >C12 which may be unstable at desorption temperatures(151). Additionally,
GC-MS systems are less robust to biological contamination compared to LC-MS
systems, and thus stringent sample preparation is needed. Lastly, run times are often
x2-3 longer than UPLC-MS methods. With the requirement for additional sample
preparation, these issues limit high-throughput analysis and expose the method to
drift and batch effects.
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Injactor

lonisatlon source

He or N2 gas
source Temperature controlled oven

Gas chromatography -MS: 1. A high temperature complex sample is injected to a low temperature column, and
analytes condense onto the column 2. The oven temperature is slowly increased 3. Different compounds elute
off the column at different temperatures, allowing individual quantitation in the detector

Injector

lonisation source

Liquid chromatography -MS: 1. The system is flushed with a particular ratio of two solvents, usually water and an
organic solvent such as methanol or acetonitrile 2. The sample is injected into the solvent stream, becoming
absorbed onto the column packing through ionic and weak interactions. 3. As the ratio of solvents is slowly
changed, analytes elute off the column and are individually ionised and then quantified in the mass spectrometer

MS/MS detector: 1. Analyte ions from the ion source enter the vacuum housing of the mass
spectrometer and pass to the first quadrupole [(Q1). 2. Q1 filters the ions according to m/z. Only specific
‘parent ions’ enter the collision cell {Q2). 3. Parent ions are fragmented. 4. Daughter ions are selected in
the second mass filter (Q3). 5. A stream of pure daughter ions are exchanged for electrons and amplified
6. The electrons are counted are the mass detector. Electron count is thus proportional to the parent ions
entering the mass spectrometer.

Figure 4: Schematics of general principles of GC, LC, and MS/MS.

MS, mass spectrometry. He, helium; N2, nitrogen; m/z mass-to-charge.
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Liquid chromatography mass spectrometry (LC-MS) Liquid chromatography
separates compounds by how they interact with an adsorbent solid, using a solvent
stream of varying dissociative strength (see Figure 4). Thus, samples are prepared
and injected in the liquid phase, and so volatile and/or unstable compounds are
poorly suited to LC-MS quantification in their native state. Aldehydes can be
measured directly by LC-MS, but better sensitivity, recovery and separations can be
achieved by derivatization. Owing to its heritage, dinitrophenylhydrazine (DNPH) was
among the first derivatisation agents used for this purpose (see Figure 5 for example
reactions)(168); there have been recent success with dansylhydrazine,
cyclohexanedione, and 4-APEBA (169-172). However, DNPH remains the most
popular, and combined with LC-MS remains the choice approach for quantifying
aldehydes in the methods of Western environmental standards agencies (e.g.
Environmental Protection Agency EPA 8315A (SW-486) (152,173)). The ‘DNP-
hydrazone’ products are stable, non-volatile, and non-polar across the aldehyde
mass range, and thus are suitable for reverse phase liquid chromatography and

sample preparation techniques such as liquid-liquid or solid phase extraction.

Recent publications in aldehyde quantitation have trended toward quantifying many
target aldehydes in a signal analytical run, including facility for quantifying and
identifying unknown carbonyls (169,171,174). This indicates that aldehydes’ are
increasingly being recognised as a biologically related group, and that a helpful
strategy is to measure particular target aldehydes with others simultaneously. From
the technical perspective, there are a number of debated issues in quantifying
aldehydes with LC-MS, including derivatisation, sample clean-up (169,175), choice of
ionisation source (176-178), dealing with background contamination (145,153), and
the implementation of technological advances in instrumentation. For example, the
Waters “ultra-performance” liquid chromatography (UPLC) systems utilises smaller
particle sizes and higher pressures to provide enhance selectivity, yet there are only
a small number of reports applying this to simple aldehyde quantitation (174,179).
Aldehyde LC-MS method literature is further discussed in the Method Development

Section 2.3 below.

Other mass spectrometry methods for aldehyde quantitation As discussed in
section 1.3.2, volatile aldehydes are frequently measured in breath or headspace
analyses using direction forms of mass spectrometry (SIFT-MS, PTR-MS) or indirect
methods (SPME-GC-MS). The chief advantage of these techniques is that

aldehydes’ volatility provides natural separation from most interferences. However,
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by its nature, these techniques cannot measure non-volatile aldehydes, and
reproducible tissue-headspace analysis of unstable compounds is a challenge. Given
that key biomarker aldehydes are poorly volatile (e.g. decanal), it was decided to use

DNPH-LC-MS as the full range of aldehydes could be assessed without compromise.
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Figure 5: Dinitrophenylhydrazine reactions with selected aldehyde subtypes

DNPH (1) forms different products with aldehydes depending on the number and position of
carbonyl carbons. Products include (i) Mono-derivatisation, e.g. with formaldehyde (2) forming
formaldehyde-dinitrophenylhydrazone (3). (ii) Di-derivatisation, e.g. with the dialdehyde
glyoxal (4) forming glyoxal-(1,2)-di-(dinitrophenylhydrazone). (iii) Special derivatization e.g.
with dialdehyde malondialdehyde (6), which forms a unique closed ring hydrazine derivative

(7)
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2.1.2 Method goals & selection of targets

The primary objective for this section is to quantify aldehyde concentrations in tissue
samples from the normal and malignant oesophagus, with appropriate analytical
confidence. Secondary goals are to generalise quantitation to plasma, urine, and cell
and animal samples. Thus, the robust method would have to identify low
concentrations of highly reactive compounds in complex matrices with potentially
strong but inconstant interferences, in particular from lipids. Ultra-high performance
liquid chromatography was favoured over gas chromatography as analysis is better
suited to high throughput acquisitions, is more robust to complex matrices, and

because of the wide range of polarity and boiling points of the target compounds.

The following issues were projected:

. Use of ESI or APCI ion source

. Best parent ion to measure bifunctional and dialdehydes.

. Disambiguation of isomers/isobars

. DNPH reaction time, pH; adjustment for background and stereocisomerisation
. Analyte loss due to reactivity of aldehydes during sample preparation

. Sample preparation suited to high throughput processing

. Method validation (FDA protocol was selected (180))

N OO o A WDN -

A total of 43 carbonyl species were selected for analysis (full list provided in Table 4).
These included all available alkanals (18), a selection of enals (9), aromatic
aldehydes (2), dialdehydes (4) and other biologically relevant lipid peroxidation
products (2), and a selection of ketones (8). The rationale for this large group of
targets was to provide a comprehensive description of aldehyde phenotypes, and in
particular capture key substrates for suggested drivers of aldehyde reprogramming
(e.g. medium chain alkanals and aromatics for ALDH3A1, fatty alkanals for
ALDH3A2; see Chapter 3). Ketones were additionally included as these DNPH-
reactive molecules are isomers of alkanals in both free and DNP-hydrazone form.
Therefore, the unambiguous determination of alkanals requires the knowledge that

they are not ketones.
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2.2 Hypothesis and aims

Chapter hypothesis: There are significant and consistent differences in aldehyde

concentration in OAC tissue and biofluids compared to relevant controls.

The objective of this section was to develop and validate a quantitative LC-MS
method for a panel of aldehydes and their DNPH-reactive isomers/isobars, and apply
this to understand local and systemic aldehyde dynamics in oesophageal
adenocarcinoma. Specifically, this section aimed to:
1. Develop an LC-MS method to unambiguously identify all of the major
aldehyde classes, satisfying the analytical goals set out in 2.1.2.
2. Validate the method & determine appropriate biosample-types for
aldehyde phenotyping
3. Use this method to determine aldehyde metabolic profiles in the malignant
oesophagus and appropriate controls
4. Use this method to determine aldehyde metabolic profiles in OAC
patients’ biofluids
5. Use this method to compare aldehyde metabolic profiles in patient and

subcutaneous murine xenograft tumours.
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2.3 Aldehyde method development

2.3.1 Materials

External and selected isotope-labelled standards (ISTDs) for the intended targets
were purchased (see Table 4). Analytical grade (UPLC) water, acetonitrile, sodium
chloride, formic acid and acetic acid were all purchased from Sigma, as was 2, 4-
dinitrophenylhydrazine (0.2M, in 70% phosphoric acid). Malondialdehyde (MDA) was
synthesised from the precursor tetraethoxypropane (TEP) by hydrolysing 10ul TEP in
0.1% HCI dissolved in 10ml UPLC water for 10 minutes at 90°C (181). MDA-d2 was

similarly prepared from the fully deuterated TEP precursor.

2.3.2 Human and murine biospecimens

Patient samples were accessed following Imperial College Healthcare Tissuebank
Review approvals R14097, R15097 and R16018 (see Appendix 2). Samples were
collected under standardised protocols designed to preserve metabolic information
without artefact formation (182—-184). Single biopsies were placed directly into a pre-
labelled cryovial (Nunc) and snap frozen in liquid nitrogen, and then moved to -80°C

for storage.

Biofluid processing followed similarly standardised procedures(184—-187). Urine
samples were collected as a mid-stream catch into polypropylene 40mL vials and
placed on ice. Aliquots of 500ul were snap frozen as soon as practically possible to -
80°C (<3 minutes). For plasma samples, 10 mL whole blood samples were taken by
antecubital venepuncture using the direct Vaccutainer system (BD Biosciences) into
EDTA, mix by inversion 10 times, iced, and centrifuged at 4000 RPM for 3 minutes at
4 °C. The plasma supernatant was removed without disturbing the cellular layers, and
frozen in 500pl aliquots at -80°C. The buffy coat was saved for DNA extraction (see
Section 5.1).

All animal experiments were conducted with full Home Office approval, under project
license 70/7997 (P.l. Prof H Gabra, ICL), and Establishment License 70/2722
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Table 4: Aldehyde materials

Common Name Abbrev. -R MW CAS Supplier

Aldehyde External Standards

Formaldehyde Cc1 H 30.03 50-00-0 Sigma
Acetaldehyde Cc2 CH3 44.05 75-07-0 Sigma

Propanal c3 C2H5 58.08 123-38-6 Sigma

Butanal Cc4 C3H7 72.11 50-89-5 Sigma

Pentanal C5 C4H9 86.13 110-62-3 Sigma

Hexanal Cc6 C5H11 100.16 66-25-1 Sigma

Heptanal c7 C6H13 114.18 111-71-7 Sigma

Octanal c8 C7H15 128.21 124-13-0 Sigma

Nonanal Cc9 C8H17 142.24 124-19-6 Sigma

Decanal C10 C9H19 156.27 112-31-2 Sigma
Undecanal C11 C10H21 170.29 112-44-7 Sigma
Dodecanal C12 C11H23 184.32 112-54-9 Toronto Research Chemicals
Tridecanal C13 C12H25 198.34 10486-19-8 Sigma
Tetradecanal Cl4 C13H27 212.37 124-25-4 Sigma
Pentadecanal C15 C14H29 226.4 2765-11-9 Tokyo Chemical Industries
Hexadecanal Cl6 C15H31 240.43 629-80-1 Sigma
Heptadecanal Cc17 C16H33 254.45 629-90-3 Tokyo Chemical Industries
Octadecanal Cc18 C17H35 268.49 638-66-4 Tokyo Chemical Industries
Benzaldehyde Benz Benzenering 106.12 100-52-7 Sigma
Cinnamaldehyde Cinn Benzene-C2H4- 132.16 104-55-2 Sigma

Acrolein Acr C2H3 56.06 107-02-8 Sigma
Crotonaldehyde Cro C3H5 70.09 4170-30-3 Sigma
Trans-2-pentenal C5= C4H7 84.12 1576-87-0 Sigma
Trans-2-hexenal C6= C5H9 98.14 6728-26-3 Sigma
Trans-2-heptenal C7= C6H11 112.17 18829-55-5 Sigma
Trans-2-octenal C8= C7H13 126.2 2548-87-0 Sigma
Trans-2-nonenal C9= C8H15 140.22 18829-56-6 Sigma
2,4-nonadienal C9== C8H13 138.22 5910-87-2 Sigma
2,4-decadienal C10== C9H15 152.21 25152-84-5 Sigma
4-Hydroxy-2-nonenal HNE C8H140H 156.22 29343-52-0 Cayman Chemicals
4-oxo-2-nonenal ONE C8H130 154.21 103560-62-9 Cayman Chemicals
Tetraethyoxypropane (for MDA) MDA CH2* 72.06 542-78-9 Sigma

Glyoxal Gly -* 58.04 107-22-2 Sigma
Methylglyoxal MGly CH3* 72.06 78-98-8 Sigma
Glutaraldehyde Glut C2H5* 100.117 111-30-8 Sigma

Ketone External Standards

Acetone K3 n/a 58.08 67-64-1 Sigma
2-Butanone K4 n/a 72.11 78-93-3 Sigma
2-Pentanone K5 n/a 86.13 107-87-9 Sigma
2-Hexanone K6 n/a 100.16 591-78-6 Sigma
2-Heptanone K7 n/a 114.18 110-43-0 Sigma
2-Octanone K8 n/a 128.21 111-13-7 Sigma
2-Nonanone K9 n/a 142.24 821-55-6 Sigma
2-Decanone K10 n/a 156.27 693-54-9 Sigma

Internal Standards

Tetraethoxypropane-d2 (for MDA-d2) MDA-d2 n/a 74.06 Santa Cruz
Acetaldhyde-d4 C2-d4 n/a 48.05 Sigma
Hexanal-d12 C6-d12 n/a 112.16 Sigma
Hexadecanal-d5 C16-d5 n/a 245.43 Santa Cruz
Hydroxynonenal-d3 HNE-d3 n/a 159.22 Cayman Chemicals
Oxononenal-d3 ONE-d3 n/a 157.21 Cayman Chemicals

*These are dialdehydes, i.e. two functional aldehyde groups, separated by the indicated atoms. MDA, malondialdehyde; MW,
molecular weight; CAS, chemical abstracts service registry number.
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(Central Biomedical Services, Imperial College London). The Candidate obtained a
personal license for the work, Home Office ref: ICFFBEG6F8. For xenograft
experiments, FOX-P1™™ mutant mice (athymic nudes) were purchased (Envigo,
Surrey, UK) at 6-8 weeks age and allowed to settle for one week. The mice were fed

sterilised water and chow ad libetum.

At the start of xenografting experiments, 4 million OAC cells were injected into one
flank only (5 mice per cell line) in a 50:50 mix of Matrigel® (Sigma) and culture media
(see Chapter 4). The original intention was to take paired tissue and plasma samples
at the end of the experiment. The mice were weighed daily and checked for adverse
local and constitutional sequelae of tumorigenesis. Tumours were allowed to develop
until the project license limit (200mm?) at which point the mice were culled by lethal
intra-peritoneal injection of Euthatol™ (Envigo), with secondary confirmation by
femoral laceration. This termination route was selected the other available methods
(cervical dislocation, CO, asphyxiation, intravenous lethal injection) could all
compromise adequate blood sampling. The samples were frozen as dissected and

the whole procedure was completed <3 minute after confirmation.

2.3.3 Instrumentation

All aldehyde experiments were conducted using a Waters (Acquity) UPLC binary
solvent manager and autosampler interfaced to a Waters Xevo TQ-micro (MS/MS)
detector, equipped with either APCI or ESI ion sources depending on the experiment.

The proprietary Masslynx software (SCN 909) was used for all experiments.

2.3.4 Initial settings

The Waters automatic optimisation Intellistart™ program was used to define initial
source and optimum compound-dependent mass spectrometry, using a sample
infusion. The outcome of this process is given in Table 5. Optimisation standards
were prepared as 1 mL aliquots in 50:50 water:acetonitrile, a derivatised with 20l
80mM DNPH for 1 hour at 25°C without further pH modifications (it was found these
conditions fully derivatised the aldehyde stock solutions, following the optimisation

experiments described in 2.3.9).
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Table 5: Initial instrument settings

Sample manager

Injection volume (pl)
Temperature (°C)

Column

Precolumn filter frit size (um)
Column Temperature (°C)

Binary solvent manager

Flow rate (ml/min)

Mobile phase A/Weak needle wash
Mobile phase B/Strong needle wash
Seal wash

Agueous modifier (concentration, mM)

Source settings

Type

Source temperature (°C)
Desolvation temperature (°C)
Desolvation Gas Flow (I/Hr)
Cone Gas Flow (I/h)

Capillary voltage (V)

Cone voltage (V)

2.3.5 Aldehyde precautions

As detailed in the EPA protocol and others, the ubiquity of aldehydes can lead to
unacceptable background interference if appropriate precautions are not taken.
Thus, all glassware was scrupulously cleaned immediately after use and left in a
70°C oven for at least 3 hours to evaporate contaminants(152,153,188). Background
values in all reagents were assessed prior to experiments. A dedicated pipette was
used for liquid handling of DNPH. All external standards at any concentration were
handled in a Class 1 environment. All non-derivatised aldehydes were handled on ice
or dry ice depending on the solvent and experiment, including biological specimens.

Samples were moved to an unused 2mL glass or 0.3mL polypropylene vial prior to

1-5

4

Cortecs C18 1.6um
0.2

35

0.5

Water
Acetonitrile
Water
None

Electrospray ionisation (pos + neg mode)
150

400

650

200

2500

10

analysis, and sealed with a Teflon lined cap.
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2.3.6 MS/MS development

lonisation was initially carried out in the negative mode, using the [M-H] predicted
parent ion mass of the mono-derivatised DNP-hydrazone (169,176-179). This
strategy worked well for most targets, although for MDA and other bifunctionals, the
[M-H] intensity was weak. A literature evaluation revealed that MDA preferentially
forms a unique cyclic DNPH derivative, which only ionises in the positive mode (see
Figure 5). Additionally, bifunctional aldehydes including 4-oxo-2-nonenal and the
dialdehydes form di-DNPH derivatives. Derivatisation studies revealed the ratios and
reaction times for the corresponding mono- and di- DNPH products of targets with
two carbonyls; this is presented in Section 2.3.8. These experiments led to a
complete list of preferred parent ions for fragmentation optimisation (see Table 6).
Daughter ion scans were performed using individual 10mcg/mL stock solution of
each selected target, and the most intense daughter ions were selected for manual
fragmentation optimisation. For this, a combined 10mcg/mL stock solution of all
targets was analysed at the preferred parent ion mass and most intense daughters,
with incremental increases in collision energy (CE) and then cone voltage (CV). On
the basis of these experiments, the optimised transition masses and energies were
selected (Table 6).

Mono-derivatised DNPH hydrazones gave 163, 152, and 151 daughter ions, with the
163 being typically the most intense (these are fragments of the DNPH, hence their
commonality between different aldehydes, see

Figure 6)(175,189). It was seen in parallel chromatography experiments (see later)
that ketones and alkanals isomers co-elute, and therefore disambiguation on
fragmentation pattern was required. Comparative analysis of a ketone mix and an
alkanal mix revealed that co-eluting aldehyde/ketone isomers give similar intensities
of 152 and 151 ions. However, ketones do not give significant 163 fragments at any
carbon number (see Table 7)(175). The 163 ion is also the most intense aldehyde
fragment, and so is suitable for unambiguous alkanal quantification in the presence
of ketones. In the absence of a 163 peak, either the 152 or 151 daughters can be
used for ketone quantification. In mixed samples, the ketone gives an early peak in
the 152 transition, which can be used for unambiguous quantification (albeit with
relatively high limit of quantification as the intensity of this minor peak is low, see
Figure 7). The m/z 182 daughter ion was the most intense for all bifunctional
aldehydes.
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Table 6: Monitored ion transitions and fragmentation energies

Parention Quantitative daughterion Other daughter(s)

Compound MwW Hydrazone-MW Mode [M-H]* Daughter MW CE cv
Aldehydes
Formaldehyde 30.0 210.0 Neg 209.0 163 10 10 151,178
Acetaldehyde 44.1 224.0 Neg 223.0 163 20 10 152, 151
Propanal 58.1 238.1 Neg 237.1 163 20 10 152,151
Butanal 72.1 252.1 Neg 251.1 163 20 10 152,151
Pentanal 86.1 266.1 Neg 265.1 163 10 10 152,151
Hexanal 100.2 280.1 Neg 279.1 163 15 10 152,151
Heptanal 114.2 294.2 Neg 293.2 163 20 12 152,151
Octanal 128.2 308.2 Neg 307.2 163 15 12 152, 151
Nonanal 142.2 322.2 Neg 3212 163 15 14 152, 151
Decanal 156.3 336.2 Neg 335.2 163 15 20 152,151
Undecanal 1703 350.3 Neg 349.3 163 15 15 152,151
Dodecanal 184.3 364.3 Neg 363.3 163 20 15 152,151
Tridecanal 198.3 378.3 Neg 377.3 163 20 22 152, 151
Tetradecanal 212.4 392.3 Neg 3913 163 20 25 152, 151
Pentadecanal 226.4 406.4 Neg 405.4 163 20 25 152,151
Hexadecanal 240.4 420.4 Neg 419.4 163 20 25 152,151
Heptadecanal 254.5 434.4 Neg 433.4 163 20 25 152,151
Octadecanal 268.5 448.5 Neg 447.5 163 20 25 152,151
Benzaldehyde 106.1 286.1 Neg 285.1 163 15 15 152,151
Cinnamaldehyde 132.2 312.1 Neg 3111 163 15 20 152,151
Acrolein 56.1 236.0 Neg 235.0 163 15 12 152,151
Crotonaldehyde 70.1 250.1 Neg 249.1 163 20 10 152,151
Trans-2-pentenal 84.1 264.1 Neg 263.1 163 15 12 152,151
Trans-2-hexenal 98.1 278.1 Neg 2771 163 15 15 152,151
Trans-2-heptenal 112.2 292.1 Neg 2911 163 10 10 152,151
Trans-2-octenal 126.2 306.2 Neg 305.2 163 15 12 152,151
Trans-2-nonenal 140.2 320.2 Neg 319.2 163 15 14 152, 151
2,4-nonadienal 138.2 318.2 Neg 317.2 163 15 15 152, 151
2,4-decadienal 152.2 332.2 Neg 331.2 163 20 20 152,151
4-Hydroxy-2-nonenal 156.2 336.2 Neg 335.2 163 15 12 152,151
4-oxo-2-nonenal* 154.2 514.7 Neg 513.7 182 15 30 167, 317
Malondialdehyde* 72.1 234.1 Pos 235.1 159 15 20 143, 188
Glyoxal* 58.0 418.6 Neg 417.6 182 15 30 234
Methylglyoxal* 72.1 432.2 Neg 4312 182 10 10 122
Glutaraldehyde* 100.1 460.0 Neg 459.0 182 15 20 163
Ketones
Acetone 58.1 238.1 Neg 237.1 152 15 15 151
2-Butanone 72.1 252.1 Neg 2511 152 15 15 151
2-Pentanone 86.1 266.1 Neg 265.1 152 15 15 151
2-Hexanone 100.2 280.1 Neg 279.1 152 15 15 151
2-Heptanone 114.2 294.2 Neg 293.2 152 15 15 151
2-Octanone 128.2 308.2 Neg 307.2 152 15 20 151
2-Nonanone 142.2 322.2 Neg 321.2 152 15 20 151
2-Decanone 156.3 336.2 Neg 335.2 152 20 20 151
Internal Standards
Malondialdehyde-d2 74.1 236.1 Pos 237.1 161.1 15 20 190.9
Acetaldhyde-d4 48.1 228.0 Neg 227.0 163 20 10 152, 151
Hexanal-d12 112.2 292.1 Neg 2911 163 20 10 152,151
Hexadecanal-d5 245.4 425.4 Neg 424.4 163 20 25 152, 151
Hydroxynonenal-d3 159.2 339.2 Neg 338.2 163 15 12 152.151
Oxononenal-d3 157.2 517.7 Neg 516.7 182 15 30 167, 317

*These dialdehydes or oxo-aldehydes form di-DNPH derivatives. **Malondialdehyde's unique conformation allows the formation of a unique close-
ring derivative
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Figure 6: Major fragments of mono-DNP-hydrazones.

Mono-DNP-hydrazones (1) form characteristic daughter ions at m/z 163 (2) and 152 (3), both
of which entirely originate from the DNP moiety. Thus, these daughters are constant for all

chain lengths.

Table 7: Differentiation of ketones and alkanals on fragmentation pattern

m/z 163 m/z 152
Carbon Alkanal Ketone k:aratio (%) Alkanal Ketone k:aratio (%)
3 5835 46 0.8 1711 3629 212.1
4 5929 79 1.3 5909 870 14.7
5 6880 3 0.0 8135 1072 13.2
6 6574 23 0.3 5673 1940 34.2
7 5748 21 0.4 4507 1591 35.3
8 5334 2 0.0 6357 2483 39.1
9 6708 0 0.0 5845 3178 54.4
10 3127 6 0.2 3425 1889 55.2
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These data were used to populate a “scheduled multiple reaction monitoring” method
for the detector. The MRM concept greatly enhances signal-to-noise ratios by fixing
the detector at specific m/z values, rather than scanning across the mass range. This
increases the dwell time at the target mass, which in turn increases the evidence by
which the detector populates a peak. Typically the detector can cope with a modest
number of different transitions, and thus the MRM method is scheduled to match the

detectors’ settings to the targets which are eluting at a given point in the method.

Towards the end of method development, detector dwell times were further
enhanced by rationalising the final aldehyde MS/MS method to two (alkanals) or
three (others) transitions. Ketones were also removed from the method after it was
clearly possible to distinguish them from alkanals on fragment ions (see below).
Including internal standards this led to a total of 156 monitored transitions, which

were split into groups of 10-20, scheduled according to column elution.

2.3.7 Chromatography development

For initial experiments, the stationary phase (C18) and mobile phases (A, aqueous
phase: water; B, organic phase: acetonitrile) were selected on the available literature
(153,169,176-179). A starting ratio of 70% A to 30% B was selected as this gave
good retention and provides optimal ionisation of the more polar hydrazones(176).
The Waters ultra-performance chromatographic system is designed to operate at
high pressures using bonded-phase columns with small particle sizes. This means
high flow rates across the column can be used, which decreases the time for
beginning to end of elution, leading to narrow peak width and higher intensities in a
shorter overall run. The C18 column selected for this study had a particularly low
particle size (1.6um, “Cortecs” Waters brand), and this study was the first to apply
this technology to aldehyde quantitation. Mobile phase modification by pH or volatile
buffer did not significantly improve signal intensity in the MRM method, and therefore

the mobile phases were left unchanged.

A critical chromatography goal is to separate target isomers/isobars. If they co-elute,
the detector will not distinguish them on parent m/z, and may not be able to
distinguish them on daughter m/z. Thus, the mobile phase gradient was adjusted

until separation of target isomers/isobars was achieved (see Figure 7):
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(i) Acetone, propanal, glyoxal (MW = 58). Mono-DNP-hydrazones (m/z 238) of
acetone and propanal separated by 1 minute. The di-DNPH derivative of glyoxal
eluted much later and has a different parent (m/z 418). The minor mono-DNPH

derivative of glyoxal (m/z 238) eluted at 1.44 minutes and was thus well separated.

(i) Butanone, butanal, methylglyoxal (MW = 72): Mono-DNP-hydrazones (m/z 252)
could not be separated by chromatography (co-eluting at 8 minutes), but can be
distinguished by aldehyde/ketone fragmentation pattern (see 2.2.6 and Table 2.2.4
as for all heavier aldehyde/ketone pairs). Methylglyoxal gave an abundant di-DNPH
derivative (m/z 432) eluting 3 minutes after butanal and butanone. It also gave a less
abundant mono-DNPH derivative (m/z 252), which eluted at 1.71 and 2.5 minutes,

thus separated from the isomer DNP-hydrazones by 6 minutes.

(iii) Glutaraldehyde and hexanal (MW = 100): separated by 20 seconds, and also
because glutaraldehyde formed di-DNPH-derivative

(iv) Hydroxynonenal and decanal (MW = 156) separated by 3 minutes

(v) Hexanal-d12 and trans-2-heptenal (MW = 112) separated by 30 seconds.

Thus, all isomer/isobar target compounds and ISTDs could be unambiguously

determined. The finished chromatographic method is illustrated in Figure 8.
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Figure 7: Total ion chromatograms of separated DNP-hydrazone isomers/isobars.

All of the pre-determined isomers groups could be separated by chromatography except
aldehydes/ketones pairs above C3. However, these could be distinguished by their
characteristic daughter ions (see 2.2.6). *Indicates di-DNPH derivative — these were therefore
separated by chromatography and by parent/daughter m/z.
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Figure 8: Final chromatographic method

Panel (a) Schematic of mobile phase gradient. Panel (b) Chromatogram of the 35 aldehydes in the final method (ketones removed for clarity; external
standards at 100 ng/mL, ESI ion source in negative mode except MDA). 1 Malondialdehyde; 2 Acetaldehyde; 3 Formaldehyde; 4 Acrolein; 5 Propanal; 6
Crotonaldehyde; 7 Butanal; 8 Benzaldehyde; 9 Pentenal; 10 Hydroxynonenal; 11 Pentanal; 12 Glyoxal; 13 Glutaraldehyde; 14 Cinnamaldehyde; 15 Hexenal;
16 Methylglyoxal; 17 Hexanal; 18 Heptenal; 19 Heptanal; 20 Octenal; 21 Octanal; 22 Nonadienal; 23 Nonenal; 24 Decadienal; 25 Nonanal; 26 Oxononenal;
27 Decanal; 28 Undecanal; 29 Dodecanal; 30 Tridecanal; 31 Tetradecanal; 32 Pentadecanal; 33 Hexadecanal; 34 Heptadecanal; 35 Octadecanal.
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Each target compound could now be confidently quantified from a mixture of target
compounds, dissolved in neat mobile phase. Measuring range was tested next.
Calibration curves were fitted, plotting response against serial dilutions of standards.
This allows the “linear range” of the detector to be determined (i.e. the concentration
range at which a given response of the unknown sample is likely to yield an accurate
concentration), in addition to a preliminary understanding of the method sensitivity.
The lower limit of quantification (LLOQ) was defined for each target compound as the
lowest calibration point in which the analytical precision (%RSD) was <5%. Linear
regression can then be used to provide line-of-best fit (see Figure 9), using the
coefficient to describe how well model describes the measured calibration points

(>0.99 is acceptable, see Table 8).
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Figure 9: Example calibration curves (electrospray ionisation results provided)

There is considerable debate regarding the best ionisation source for aldehyde
quantitation in biological matrices (169,177-179). The available choices for this
project were atmospheric pressure chemical ionisation (APCI) and electrospray
ionisation (ESI). Aldehydes’ range of polarity and structural similarity to lipids renders
them susceptible to ion suppression when extracted from complex samples. This can
happen in both APCI and ESI sources, although the ESI source may be more

susceptible (190,191). One paper has discussed their use for aldehyde quantitation
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in the setting of the Waters UPLC system (191), and this found the ESI sources to be
more stable and sensitive. Both were examined for this method at the point of
calibration testing, and ESI was found to be more precise, stable, and with better limit
of detection across the calibration range (see Table 8). Potential matrix effects
arising from ionisation suppression due to co-eluting interferences were examined in

the next section.

Table 8: Comparison of calibration properties of ESI and APCI ion sources

APCI ESI
Hydrazones of ty P LLOQ*  %RSD P LLOQ*  %RSD Linear range*
Formaldehyde 1.72 09950 5.0 12.5 0.9989 0.10 4.7 0.1- 100
Acetaldehyde 2.79 0.9826 1.0 10.8 0.9984 1* 2.7 1*- 100

Propanal 5.21 0.9597 1.0 8.1 0.9993 0.10 6.2 0.1- 100
Butanal 8.1 09618 5.0 11.2 0.9994  0.10 41 0.1-100
Pentanal 10.09 0.9976 5.0 17.3 0.9992 0.10 1.8 0.1- 100
Hexanal 11.11 0.9510 1.0 23.7 0.9964  0.10 5.4 0.1- 100
Heptanal 11.98 0.9840 5.0 21.1 0.9804 0.10 5.9 0.1- 100
Octanal 12.68 0.9895 2.5 15.4 0.9950  0.05 0.9 0.05- 100
Nonanal 13.31 0981 25 14.7 0.9980  0.05 1.8 0.05- 100
Decanal 13.91 0.9943 1.5 11.2 0.9592  0.05 7.0 0.05- 100
Undecanal 14.46 09912 8.0 40.7 0.9967  0.05 3.8 0.05- 100
Dodecanal 14.96 09941 5.0 11.8 0.9962  0.05 7.5 0.05- 200
Tridecanal 15.43 0.9944 25 26.4 0.9973  0.05 0.6 0.05 - 200
Tetradecanal 15.85 0.9886  10.0 10.5 0.9931  0.05 3.1 0.05 - 500
Pentadecanal 16.22 09729  10.0 17.2 0.9953  0.05 2.7 0.05 - 500
Hexadecanal 16.57 09822  10.0 21.3 0.9954  0.10 1.8 0.1-500
Heptadecanal 16.93 0.9533 2.5 31.9 0.9978 0.10 3.7 0.1- 500
Octadecanal 17.37 0.9797 1.9 26.4 0.9939  0.10 5.3 0.1-500
Benzaldehyde 9.41 0.9970 1.0 20.7 0.9978  0.10 3.1 0.1- 100
Cinnamaldehyde 10.72 09742  10.0 26.2 0.9924  0.50 5.5 0.5-100
Acrolein 4.51 0.9958 1.0 7.2 0.9934  0.05 5.3 0.05- 100
Trans-2-pentenal 9.56 09758 2.0 15.6 0.9913  0.25 5.8 0.25- 100
Trans-2-hexenal 10.82 0.9801 1.0 1.1 0.9875  0.50 5.5 0.5-100
Trans-2-heptenal 11.72 0.9689 1.0 22.3 0.9824  0.25 4.9 0.25- 100
Trans-2-octenal 12.45 0.9608 2.5 15.5 0.9399 0.25 5.6 0.25-100
Trans-2-nonenal 13.08 0.9935 5.0 9.9 0.9875  0.50 0.6 0.5-100
2,4-nonadienal 12.64 0.9855 2.5 11.6 0.9920 0.10 9.0 0.1- 100
2,4-decadienal 13.26 09926 25 17.4 0.9968  0.50 1.2 0.5-100
Crotonaldehyde 6.86 0.9840 25 10.6 0.9976  0.05 4.1 0.05- 100
4-Hydroxy-2-nonenal  9.86 0.9974 5.0 24.6 0.9950  0.25 0.1 0.25- 100
Malondialdehyde 1.37 09842  <0.1 24.1 0.0574  5.00 7.2 5-100
Glyoxal 10.25 0.8158 25 27.6 0.9594 1* 6.3 1*- 100
Methylglyoxal 11.09 0.9581 25 33.1 09732 0.10 2.7 0.1- 100
Glutaraldehyde 10.73 0.9937 05 16.3 0.9996  0.05 4.3 0.05- 100
4-ox0-2-nonenal 13.45 0.9841 1.0 21.5 0.9897 0.50 2.7 0.5- 100

*Lower limit of quantification (LLOQs, see text) and linear range given in ng/mL. C2 and glyoxal were detectable at much lower
values, although background typically precluded quantitation below this value. tR = retention time (minutes); %RSD, relative
standard deviation, n =5 at the LLOQ. APCI, atmospheric pressure chemical ionisation; ESI, electrospray ionisation. All samples
prepared in 50:50 acetonitrile/water mix with no pH correction, 1 hour derivatisation with standard DNPH protocol.
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2.3.8 Injector settings

The highly non-polar nature of DNP-hydrazones may cause a problem of carry-over
between injections, usually because of sampling needle contamination in the injector
system. Thus, mitigation of carry-over is a key item for aldehyde method
development. Using the mobile phases as the wash buffers, carryover with DNP-
hydrazones of fatty aldehydes was >20% between samples. Thus the wash cycles
for the needle were manipulated to improve carry-over. It was eventually found that
changing the washes to 2 mL of 100% isopropanol followed by 4mL of 100%
acetonitrile improved the carry-over to acceptable limits <2% (Table 9), without

contaminating the injector with isopropanol.

Different sample injection sizes were trialled (1, 2, 5, 7.5, 10, and 20ul). There was
evidence of column overload after 7.5ul, and thus 5l injection volume was chosen.
Samples were maintained at 4°C immediately prior to injection in the UPLC system.
Stability experiments confirmed acceptable variation to >24 hours when maintained

at this temperature (see Table 9). Storage for >24 hours was at -80°C.

2.3.9 Sample preparation development.

Derivatization DNPH derivatization was selected as it is convenient, stable,
available, well validated and is the method of choice of major standards agencies
(152,176,178,192,193). However, the requirement for molar excess of DNPH, low
pH, reaction time, and subsequent extraction of the non-polar derivatives from the
native sample introduces several opportunities for error, and thus these variables
must be individually optimised to maximise recovery and combat inconsistency from

partial derivatization.

The first step of DNPH/aldehyde reaction is protonation of the hydrazine side-group,
and therefore acidic conditions are required for the reaction (generally a pH of 2-3,
even as high as 5 (145)). Solid pure DNPH is explosive, and so it is supplied as a
0.2M solution in 70% phosphoric acid, (11.6M, pH 0.14). At least a x100 molar
excess of DNPH is required for complete derivatization (145,176,178,189,193).
Using 100 ng/mL spiking experiments (thought to be toward the upper end of natural
biological concentrations), it was shown that a x200 molar excess of DNPH in

11.6mM phosphoric acid in 50:50 aqueous acetonitrile yielded similar intensities to
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x400/23.2mM conditions, in keeping with previous reports (see Figure 10a)(145,189).
Further pH modification of the reaction mix with 0.1% or 1% formic acid (measured
pH 2.7 and 1.8 respectively) mildly impaired responses. The x200 molar excess
without further pH modification was selected for further optimisation studies

(measured pH 3.2).

These results were taken forward to biofluids. Using plasma samples in which the
protein had been removed with an equal volume of acetonitrile, the measured
intensities of a 100 ng/mL spike dropped to <10% for nearly all targets (see Figure
10a). Biofluids are robust buffers and may be rich in unknown carbonyl moieties, and
thus both insufficient acidity and insufficient DNPH could both contribute to poor
recoveries. To estimate their relative effects on the reaction, the same reaction was
supplemented with 0.3% HCI, which facilitated improved recoveries of most targets
by 30-100%. However, supplementing the reaction with a greater amount of DNPH —
to x1000 molar excess (116mM phosphoric acid, measured pH 2.1) - generally
improved recoveries to 80-120% of the reference. Additionally in the HCI
supplemented replicates, there was a 170% recovery of acetaldehyde, suggesting
adventitious liberation of the target by acid hydrolysis of the sample or column, as
suggested by previous reports (145,194). On the basis of these experiments, the
x1000 molar excess conditions were selected for derivatization of biosamples (it
should be noted that the data presented here are repeats of the initial derivatization
experiments, following optimisations presented below regarding reaction time,

acetonitrile deproteination, and clean-up with liquid-liquid extraction).

Special attention was given to the rate kinetics of dialdehyde-hydrazones and MDA-
DNPH formation under test conditions, by serially quantifying concentrations every
four minutes from the initiation of the reaction. It was found that peak and stable
intensities were reached after 1 hour derivatization at ambient temperature (see
Figure 10Db).
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Figure 10: Derivatisation development.
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Background Formaldehyde, acetaldehyde, glyoxal and methylglyoxal are ubiquitous
environmental aldehydes, leading to high background and potentially masking
natural variation in biosamples (145,152,153). This is illustrated in Figure 11a, where
the concentrations of the aldehydes were measured after simply adding 40ul DNPH
to 960ul week-old acetonitrile. This represents contamination of DNPH, glassware
and/or solvent with lab air aldehydes, the effect will be additive each time the bottle is
opened. The background concentrations were higher still in a DNPH-blank sample
containing OCT, a common sectioning media for frozen tissue samples, and in a
DNPH-blank sample also containing HPLC water and sodium chloride (see Figure
11a). Thus, steps to reduce this background as fully as possible were undertaken,
including strict adherence to EPA recommendations for clean glassware (152),
hexane extraction of the DNPH stock solution, which is made in a large batch using
fresh solvents and tested before use (145,152), and finally baking sodium chloride,
ceramic, plastic and all glassware in a 70°C oven for at least three hours prior to use.
This lead to the final background concentration of <1ng/mL for acetaldehyde, glyoxal
and methylglyoxal (“Best salt”); the normal range for these metabolites in human
biofluids was 2 to 25 ng/mL, and thus considered acceptable background. The
background level of all other targets was either undetectable or <10% of the normal

lower limit in natural samples.

Clean-up The purpose of sample clean-up is to preserve the natural targets while
removing interferences (195,196). GC-MS systems are vulnerable to interference
contamination and thus multiple clean-up techniques have been described, including
headspace analysis, solid phase micro-extraction and single-drop microextraction
sample clean-up have been reported (165,197,198). LC-MS systems are more
robust to contamination, but ESI and to a lesser extent APCI ionisation efficiency can
be sensitive to co-eluting non-target compounds (“matrix effects”). Liquid-liquid
extraction (LLE) is a relatively simple clean-up technique which takes advantage of a
differing solubility in immiscible solvents to separate solutes, and has been widely
used for DNP-hydrazone clean-up as it is simple, cheap and effective (169,175).
Solid phase extraction is sometimes favoured at it suits the non-polar nature of DNP-
hydrazones and several groups have reported excellent clean-up and pre-
concentration (153,169,179). However, it is more involved than LLE, and is thus less
suited to high-throughput sample preparation, a pre-determined goal of this method,

and thus LLE was selected.
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In measuring aldehydes in biosamples, proteins are a particular problem as they can
sequester or even metabolise aldehydes, in addition to direct covalent reaction (see
Loss Experiments, below)(154). DNP-hydrazones could also be sequestered to
hydrophobic protein regions. Thus, several groups report sample deproteination prior
to derivatisation (153,169,193). Published alternatives for deproteination include
ultrafiltration or precipitation with methanol, perchloric acid or acetonitrile
(145,153,199). Ultrafiltration was not favoured as the spin columns are expensive
and single use. Methanol and perchloric acid were also discounted as they may

cause adventitious formaldehyde production (152,200).

Conveniently, after protein precipitation, acetonitrile becomes immiscible in water if
saturated with sodium chloride. It was established that a 50:50 mix of acetonitrile to
biofluid was sufficient to fully deproteinate all samples (including plasma, the most
proteinaceous biosample tested), by vortexing the mixture for 10 seconds, and then
centrifuging at 14,500 rpm for 3 minutes at 4°C. The supernatant was then removed
to a fresh vial, derivatised by adding DNPH as above, and then phase separated
(LLE) by saturating with sodium chloride (100mg / 1mL total volume). The organic
phase containing the extracted DNP-hydrazones was then injected into the UPLC-
MS/MS system.

The efficiency of this process (DNP-hydrazone extraction) was checked by spiking
plasma samples with known concentrations of pre-derivatised external standards

dissolved in acetonitrile; these results are given in the Validation section (2.3.12)

Figure 11: Sample preparation development (nhext page).

Panel a, Initial background levels of selected aldehyde in the indicated solutions (1mL) with or
without sodium chloride (100mg). The optimised background is presented, following all
precautions to minimise background contamination (‘best salt’). Panel b, Internal standard
pairing by accuracy of concentration correction to predicted in plasma (n = 5). Yellow highlight
indicates the best ISTD-target pair used for phenotyping experiments. Panel c, Rate of loss
(minutes, at top) of 100ng/mL aldehyde spike in urine, before (right and after correction with
internal standard (middle). Also provided is urine loss corrected by loss of paired internal
standard (right). Each compound is normalised to the measured concentration at 0 min. ACN,
acetonitrile; OCT — optimal cutting temperature compound; MGlyoxal, methylglyoxal; other
aldehyde abbreviations as previously.
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Internal standard correction Despite extensive efforts to control variables and
simplify method elements, sample preparation variation is inevitable, and
necessitates internal control procedures. Stable isotope dilution is a powerful means
of controlling variation introduced by sample processing, with a 75-year heritage
(195,196,201). This involves spiking a known concentration of target compound
labelled with a stable isotope (herein required to as an ‘internal standard’ — ISTD).
The ISTD should then be exposed to the same variation as the native target, react
identically, and yet still be distinguishable in the mass spectrometer. Hence ISTD
loss should be equal with target compounds losses, and therefore individual sample
variation can be accurately corrected. Sample processing error is often correctable
by a single ISTD for all targets. However, ionisation mechanism interferences
(“matrix effects”) may disproportionately affect targets, and be different between
samples. If clean-up is inadequate and variable matrix effects are active, then ISTDs
for each target compound is required to ensure accuracy. However, this requires

pragmatism, as isotope-labelled standards are expensive and may not be available.

The following internal standards were selected for initial testing: (i) acetaldehyde-
deuterium 4 (C2-d4) for polar alkanals (ii) hexanal-d12 for medium chain alkanals (iii)
hexadecanal-d5 for fatty alkanals (iv) hydroxynonenal-d3 for enals and co-eluting
aromatics (v) ONE-d3 for dialdehydes (vi) MDA-d2 for malondialdehyde as ionisation
and derivatization was unique to this compound. To test the performance of these
ISTDs in correcting analyte loss during sample preparation, triplicate urine samples
were spiked with external standards (final concentration 100ng/mL) and ISTDs
(50ng/mL), and then immediately derivatised using the optimal conditions presented
previously (the following data is the result of a late experiment which also used the

optimised deproteination and LLE technique described in subsequent sections).

The measured concentrations of the external standards were then corrected by each
ISTD, and compared to the measured concentration of a 100ng/mL calibration point
made in acetonitrile, and the accuracies were calculated as: ((measured
concentration in spiked — measured concentration in blank)/ expected concentration)
x 100. The results are presented in Figure 11b. Accurate correction (80-120%
expected (196) was observed across the intended pairing, and so a 5 mcg/mL ISTD
100x stock mix was made in volume and divided into multiple single use aliquots.
Although lower concentrations of ISTD would still be easily detectable and more
economical, this higher concentration was selected to support accurate analysis in

the event of a significant fall in recovery.
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Loss studies Literature accounts of the instability of free aldehydes in biospecimens
are relatively sparse (e.g. Tomono et al (169)). Therefore it was decided to test this
for the pre-determined target compounds in two biofluids of different protein content.
Thirty millilitre samples of urine and plasma (fetal bovine serum in this case (F9665,
Sigma)) were spiked to a starting concentration of 100ng/mL of the target
compounds. The ISTDs were also added to the same concentration, and the reaction
proceeded on ice (to reduce volatile losses). Triplicate samples were then prepared
at regular time intervals using the optimised derivatisation and extraction conditions

described above and injected into the LC-MS system.

Both biofluid types exhibited analyte loss (see Figure 11c), but aldehydes were
generally less stable in plasma than in urine. Acrolein in particular was undetectable
in plasma after 7 minutes, and after 45 minutes in urine. Dialdehydes and
bifunctionals were also rapidly lost, again in plasma more than urine. Interestingly
alkanals C11-C15 seemed to be mildly unstable in urine but not plasma; this was
verified in a repeat of this experiment. The efficacy of the ISTDs in correcting these
losses was assessed (see Figure 11c, right panel). Accuracies were between 80-
105% for all targets and time-points, except acrolein after 10 minutes. This was
because the spiked acrolein disappeared below the limit of quantification after 10
minutes, and thus the ISTD correction could not be applied. This exemplifies the

importance of combining ISTD correction with at least reasonable analyte recovery.

These data suggest that free aldehydes’ stability in a biofluid is inversely proportional
to the protein content. Thus, perfect recovery of in situ concentrations from fluids
such as plasma is likely to be very difficult, especially with the requirement to remove
red cells before derivatisation. This should not preclude aldehydes’ measurement
altogether, in particular the less labile species, although it underlines the importance
of taking samples on ice, working quickly, and adding ISTDs, deproteinating and
derivatising the as soon as practically possible, with great care in handling all

samples uniformly from the instance of biological disconnection.

Sample collection With these principles in mind, sample collection was considered
for each biospecimens-type. For urine samples, mid-catch urine was aliquotted in
200ul samples and directly frozen at -80°C. One aliquot was sent for creatinine
concentration (measured by contract with Imperial College Healthcare Biochemistry

Department, under contract, and using clinical grade analytics), and another was
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tested for the presence of infection (Siemens Multistix 10SG, Siemens) The samples
were thawed on ice with regular vortexing and as soon as practically possible 200ul
aliquots were mixed with 160ul acetonitrile containing 62.5 ng/mL ISTDs, and then
deproteinated and derivatised as described. In the case of whole blood, rapid and
complete removal of red blood cells is required before deproteination to remove
erythrocyte reducing agents (i.e. haem) without disrupting the red cell membrane,
and this is achieved by taking the sample in EDTA on ice, and centrifugation at 4000
rpm at 4°C for 3 minutes in line with international metabolomics standards (184,202).

The plasma supernatant was then processed as for urine.

Quantifying aldehydes from tissue had slightly different requirements, although the
principles of analyte preservation, deproteination and derivatization were similar.
Tissue samples were snap frozen in liquid nitrogen within a few seconds of
anatomical disconnection, and thus the aldehydes were less vulnerable to
confounding reactions as in biofluids. However, these solid-phase analytes must be
extracted to a liquid for measurement in the MS system, and this must be done
quickly and completely without losing target compounds. Options of this include
cryogenic grinding, rotor-stator homogenisation, or bead-beating. Following
published recommendations for metabolomics analysis of tissue samples (183,203)),
the final method involved grinding the frozen tissue in a ceramic pestle and mortar
pre-chilled to -80°C, which was kept on dry ice reduced the tissue particle size to
<1mm (usually <1 minute). The still-frozen tissue powder is then weighed on a
microgram scale to allow for input normalisation of the final measured concentration,
and then extracted in bead-beater (Mixer Mill MM 200, Retsch, Dusseldorf,
Germany) for 60 seconds in a 50:50 water-acetonitrile solvent at 30 cycles per
second, with a single 5mm stainless steel ball-bearing. The solvent and the tube rack
were maintained at -20°C. Debris and protein was then pelleted by centrifugation at
14,500 rpm for 3 minutes and the sample was then derivatised and analysed as per
biofluids. This method was favoured to avoid adventitious aldehyde formation

through heating from excessive bead-beating.

After each use, the ceramic grinding equipment was scrubbed with Virkon,
thoroughly rinsed with 18-ohm water and then UPLC water, baked at 70°C overnight,
wrapped in foil and then stored at -80°C. Microdissection was not undertaken as the
OCT mounting medium contained crotonaldehyde, acetaldehyde, butanone and
some fatty aldehydes, and alternative methods were not possible without thawing the

specimen (see Figure 11a).
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2.3.10 Optimised sample preparation method

Preparation of derivatization agent: The derivatization stock solution was prepared
by extracting 1ml of the 0.2M DNPH in 70% phosphoric acid stock solution in 5mL
hexane and vigorously agitating for 10 minutes on an orbital shaker (300rpm). The
phases were separated by centrifugation at 4000 rpm for 5 mins, and the extraction
was repeated four times. One millilitre of extracted DNPH was diluted in 19 mL
UPLC-grade acetonitrile from a fresh bottle. This diluted stock solution (about 10mM
DNPH) was tested for background by injection into the UPLC-MS/MS system, and
sealed as 1mL aliquots in glass vials with Teflon caps. One aliquot was used to

check pH 1-1.2 with a pH meter.

Preparation of internal standards A mix of all six internal standards (concentration
5 mcg/mL) was prepared, aliquotted into Teflon sealed glass vials, stored at -80°C

and used once. The final spiking concentration was 50 ng/mL.

Biofluids: Frozen liquid samples were thawed as rapidly as possible. As soon as
possible aliquots of 200ul were mixed with 160ul ice-cold acetonitrile spiked with
ISTDs to a final concentration of 62.5 ng/ml. The mixture was vortexed on a strong
setting for 5 seconds, and centrifuged at 14,500 RPM in a pre-chilled centrifuge for 1
minute. The supernatant was removed to a fresh pre-chilled 1.5mL tube, and 40l of
the diluted DNPH was added from a fresh aliquot per experiment. The mixture was
vortexed every 10 minutes for 1 hour at ambient temperature. Then, the mixture was
saturated with sodium chloride (approximately 20mg, baked overnight at 70°C),
vortexed, and centrifuged at 14,500 RPM for 5 minutes. At least 100uL of the yellow
organic layer was moved to a polypropylene vial, sealed with a Teflon cap, and
stored at -80°C until analysis by UPLC-ESI-MS/MS. All samples were prepared or

analysed in a single bench effort.

Tissue and murine xenograft samples: Tissue samples were dissected on dry ice
to 8 to 20mg (if necessary), and freeze-homogenised in a ceramic pestle-and-mortar,
moved to a fresh pre-chilled 2mL tube and re-weighed. This second weight was used
to correct the final measured concentration to biomass input. The powder was
extracted in 180ul dry-ice-cold acetonitrile:water mixture containing ISTDs
(62.5ng/mL, as above) for 1 minute in a Reitsch oscillator (MultiMix 200, 25

cycles/sec) with pre-chilled tube rack, and then centrifuged at 14,500 rpm for 1

67



minute in a rotor pre-chilled to -20°C. The supernatant was aspirated as fully as
possible to a fresh 2ml tube without disturbing the pellet, and mixed with 40ul DNPH.
The pellet was re-extract with a further 180pl, centrifuged and combined with the first
supernatant. The derivatization reaction was allowed to proceed at ambient
temperature for 1 hour, and then phase separated, stored and analysed as for

biofluids. All samples were prepared or analysed in a single bench effort.

In vitro samples: The specified time-point the cell media (extracellular aldehydes)
was aspirated from the experiment well, centrifuged for 1 minute at 200 RPM to
pellet debris and the supernatant was processed as for plasma and urine. For
intracellular aldehydes, the adherent cells were quenched in 180yl dry-ice-cold 50:50
HPLC water:acetonitrile containing 50ng/mL ISTD and incubated on ice for 3
minutes. Without disturbing the cleared cell remnants, the extract was moved to a
fresh 1.5mL prechilled tube and the extraction was repeated. The combined extracts

were derivatised and further processed as for biofluid samples.

DNP-hydrazone quantitation: Liquid chromatography was conducted using a 5cm
C18 Cortecs column (particle size 1.6 ym, internal pore 2.1 ym), UPLC-grade water
(aqueous phase A) and HPLC-grade acetontirile (organic phase B). Five microlitres
of sample was injected using the integrated Waters autosampler, under initial
conditions of 70% A and 30% B. The organic composition was then changed as
follows: increased from 0.20 to 8 minutes to 40%, then 8 to 16 minutes to 95%, held
at 95% for 3 minutes, and then reduced to 30% for the final minute to a total run of
20 minutes. Flow rate throughout was 0.5ml/min; the column was maintained at
40°C, and the sample vials at 4°C. Column eluate was ionised in the electrospray ion
source in the negative mode for all targets except MDA, which used positive
ionisation for 1 to 3 minutes. Source settings were as follows: source temperature
150°C, capillary voltage 2.5 kV, cone voltage 10 V, cone gas flow rate 200L/hr,
desolvation gas temperature 400°C, desolvation gas flow rate 650L/hr. For mass
spectrometry, analytes were measured in the multiple reaction-monitoring (MRM)
mode, monitoring transitions, collision energies and cone voltages as in Table 2.2.3.
Samples were analysed in one continuous run for each experiment. Injection order
was randomised to prevent a batch effect. A calibration point was injected every 5
samples to ensure precision, immediately followed by a blank to check for carryover.
For quantitation of patient or model samples, three calibration points reflecting low,
medium and high concentrations were included to control drift across the linear

range.
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2.3.11 Calculations and statistics

Responses were initially inspected in the Masslynx operating software for basic
quality control such as peak shape and retention. To generate peak areas, a
Targetlnyx (Waters, SCN855) integration method was constructed for the established
transitions occurring at predicted retention times. The software performs an
automated integration after two peak smooths, however in practice the integration
was often incomplete or inaccurate, and therefore all peaks were manually inspected
and adjusted if necessary. The final integrations were exported to Excel via a custom
indexing R program (RStudio version 0.99.484, script author Dr Z Bodai), to produce

a single matrix featuring samples in rows and transitions in columns.

For time-dependent optimisations and other relative experiments, raw peak areas
were used. Otherwise, absolute concentrations were calculated against an external
standard calibration. For ISTD controlled experiments, the peaks areas of both the
external standard calibration and the unknown sample were divided by the peak area
of the assigned ISTD. Tissue and cell aldehyde experiments were normalised to the
biomass input, and therefore were expressed as either pg/mg tissue or pg/mg protein
respectively (protein calculated using BCA see 3.3.7). To assist the interpretation of
absolute tissue concentrations, an assay lower limit of quantification (aLLOQ) was
set at 20 pg/mg, given that 1ng/mL was easily quantifiable for all targets, and that the
minimum tissue input was strictly 10mg, and that a 0.2mL extraction volume was

used. Variation in urine concentration was normalised by urinary creatinine (183).

The data was visualised using heatmaps generated with the Java package GENE-E
(Broad Institute). The ‘global’ setting was used to illustrate the most abundant
aldehydes, and the ‘relative’ function was used to row-normalise the data, thus
visualising which samples expressed the most of a particular target compound.
Principle component analysis was undertaken using Metaboanalyst 3.0

(http://www.metaboanalyst.ca/). To remove irrelevant effects from disparity in the

mean metabolite concentrations within each sample, the data was log transformed
and mean-centred. The first two principle components were used to visualise
clustering. For univariate analysis, Wilcoxon, Kruskall-Wallis and 2-way ANOVA were
used as appropriate, using false discovery rate (FDR) correction for multiplicity error
(g<0.05).
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2.3.12 Aldehyde method validation

The Food and Drugs administration guidelines were selected to guide method
validation (180), including the assessment of matrix effects, recovery, accuracy,

precision, and carry-over.

Matrix effects The sample preparation method was designed to minimise potential
ionisation interferences; protein and aqueous solutes are removed, and lipids are
poorly miscible in acetonitrile. To check that ‘matrix effects’ (ionisation interferences)
were controlled, 5 mL samples of plasma and tissue (100mg powdered pig
esophagus dissolved in UPLC water) were deproteinated with an equal volume of
acetonitrile. Triplicate 99ul aliquots were then spiked with 1ul pre-derivatised DNP-
hydrazone stock solutions to a final concentration of about 5, 10, 25, and 50 ng/mL.
Responses from tissue solution and plasma were compared to acetonitrile dilutions.
As seen in Figure 12, there were similar responses (+/-<5%) across all different

chain lengths and functional groups, indicating that matrix effects in these samples

were minimal.
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Figure 12: Aldehyde matrix effects (ng/mL indicates spiking concentration)
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Recovery Working internal standards should correct target loss during the analytical
method. However, it is still important to ensure good recovery, as sensitivity will be
compromised, and a step-wise approach was taken to assess potential sources of

analyte loss.

To test the efficiency of the LLE, quintuplet 200ul plasma samples were combined
with an equal volume of pre-derivatised DNP-hydrazones in acetonitrile (i.e.
calibration points, at 5ng/mL and 100ng/mL) in a 1:1 ratio by volume. The LLE was
carried out as stated above, and the organic phase was injected into the UPLC-
MS/MS system. LLE recovery (%) was calculated as (average measured
concentration — average blank concentration)/calibration point concentration x 100.
The results are detailed in Table 9; generally, target DNP-hydrazone completely
extracted with the LLE method.

To estimate the recovery of whole process, bulk samples of media, urine, plasma
and tissue-extract were spiked with underivatised external standards to a final
concentration of 100ng/mL, as well as ISTDs to 50ng/mL. The tissue recovery was
estimated by extracting 400mg powdered pig esophagus in 10 mL 50:50 acetonitrile
water, and spiking the slurry with the same concentrations as above prior to
deproteination (this methodology — dissolving and then spiking — was felt to generate
more interpretable data than trying to spike in the solid phase). Working quickly, the
samples were then processed according to the optimised method and the recoveries
calculated as above. Extra plasma sample were prepared owing to concerns of
analyte stability. As seen in Table 9, recoveries from tissue and urine were
acceptable (>50%). From more proteinaceous fluid overall recoveries were generally

less good, consistent with the loss studies reported in Figure 10.

Accuracy Was tested by correcting the measured concentrations of the overall
recovery experiments by the ISTD responses, as detailed in section 2.2.12. As seen
in Table 9, the selected ISTD pairing worked well across all biospecimens, accurately

correcting the target compound responses towards their expected value.

Precision Instrument precision was calculated as the percentage relative standard
deviation (%RSD) across multiple injections of the same sample, and was shown in
Section 2.2.5 to be 3-6%. Overall precision was calculated as %RSD of the spiked
preparative replicates in each of the different matrices. For biofluids this was

satisfactory, as the %RSD across biological triplicates was just a few percentage
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Table 9: Method validation report for aldehyde UPLC-MS/MS method

Plasma Media Urine Plasma Tissue Carryover

5ng/mL 100ng/mL 100ng/mL spike 100ng/mL spike 100ng/mL spike 100ng/mL spike Isopropanol SWV

LLE recovery (%) RE(%) ACC(%) RSD(%) RE(%) ACC(%) RSD(%) RE(%) ACC(%) RSD(%) RE(%) ACC(%) RSD (%) 0.5mL 2mL
n= 5 5 3 3 3 3 3 3 5 5 5 3 3 3 5 5
Formaldehyde 87 102 27 137 5 53 78 6 39 110 2 111 129 7 1 0
Acetaldehyde 77 %4 27 144 8 55 117 5 44 263 4 110 81 6 4 1
Propanal 69 71 38 156 8 62 104 10 61 154 4 77 103 12 1 0
Butanal 91 104 33 135 11 55 107 8 54 145 1 79 86 0 1 0
Pentanal 89 96 34 131 1 52 92 7 55 127 5 108 93 7 0 0
Hexanal 87 101 30 105 7 53 126 4 48 137 3 122 79 7 1 0
Heptanal 97 126 30 96 9 49 110 18 56 151 3 110 106 8 1 0
Octanal 115 129 33 107 7 55 118 5 54 139 4 137 90 7 1 0
Nonanal 58 106 32 104 13 49 82 10 48 151 2 112 85 18 1 0
Decanal 107 109 31 86 10 44 87 6 51 167 2 110 94 12 3 0
Undecanal 118 113 33 68 7 37 111 10 53 147 3 121 95 12 3 0
Dodecanal 125 133 40 61 6 40 111 6 56 154 4 117 96 12 3 0
Tridecanal 116 135 40 71 8 45 130 8 53 140 2 119 94 11 3 1
Tetradecanal 117 131 43 77 8 51 120 7 61 113 1 125 96 2 3 1
Pentadecanal 100 115 39 76 9 50 145 9 49 118 3 118 114 7 4 1
Hexadecanal 81 95 20 89 9 51 125 5 18 132 2 107 85 9 4 2
Heptadecanal 140 127 42 87 9 58 105 4 41 169 5 119 102 3 6 1
Octadecanal 93 113 30 89 7 53 112 5 22 191 2 91 105 12 8 3
Benzaldehyde 90 97 36 108 7 55 93 7 59 139 3 91 118 8 2 0
Cinnamaldehyde 84 102 40 109 5 56 9 2 96 149 4 110 107 13 3 0
Acrolein 98 97 18 113 4 57 79 8 39 104 4 100 105 10 0 0
Trans-2-pentenal 96 105 32 108 6 54 94 7 56 100 7 96 125 2 0 0
Trans-2-hexenal 127 93 35 119 7 62 104 5 67 103 3 116 119 14 1 1
Trans-2-heptenal 85 119 34 115 11 59 102 7 61 118 5 110 117 12 4 0
Trans-2-octenal 124 108 33 123 9 64 93 9 65 104 6 108 132 17 2 0
Trans-2-nonenal 127 126 36 104 10 55 101 8 57 106 4 122 123 9 3 0
2,4-nonadienal 119 128 38 102 6 58 98 6 64 85 6 113 116 13 2 0
2,4-decadienal 137 133 30 128 8 56 96 5 59 92 3 107 110 12 2 0
Crotonaldehyde 103 103 42 105 10 63 86 6 74 107 4 102 113 15 0 0
4-Hydroxy-2-nonenal 107 118 31 120 7 48 99 8 67 97 7 105 110 13 3 0
Malondialdehyde 80 89 23 141 9 60 111 10 43 103 2 114 85 12 0 1
Glyoxal 104 137 34 104 7 48 106 6 55 183 9 48 86 18 8 0
Methylglyoxal 94 123 37 108 9 56 153 7 63 158 12 49 9 4 2 1
Glutaraldehyde 62 78 36 52 9 26 150 3 28 103 14 56 107 15 2 0
4-ox0-2-nonenal 122 127 6 91 9 47 110 11 43 114 1 61 85 11 5 1

LLE, liquid-liquid recovery; RE, recovery (%); ACC, accuracy (%); %RSD, relative standard deviation (technical replicates); SWV, volume of isopropanol in the strong needle
wash. Carryover values are % of previous in a blank
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points higher than the instrument precision, if anything (see Table 9). For tissue it
was slightly higher again at around 10%. This could be due to the inherently
inhomogeneous nature of the tissue-extract slurry, and is an accepted limitation of
the method.

2.3.13 Method application rationale

The loss/recovery experiments described in sections 2.3.9 and 2.3.12 identified that
aldehydes are increasingly unstable in biofluids of higher protein content. Spiking
experiments with plasma and media revealed poorer recoveries that were likely
explained by greater protein interactions with the free analytes rather than
preparative loss of the DNP-hydrazones. Within the constraints of the spiking
experiments, these losses were correctable with ISTDs for all matrices. However,
these limitations must be considered with the nature of sample acquisition:

o Tissue samples had good recoveries and accuracies, and the nature of sample
acquisition meant metabolites were generally protected owing to the few seconds
between anatomical disconnection and snap freezing. The method therefore
applied to quantify aldehydes in tissue samples.

e Plasma had poor recoveries and good accuracy. However, the need to
fractionate whole blood will mean an unprotected period of 5-10 minutes. In light
of the loss experiments, this was felt to be prohibitive for too many compounds,
and therefore aldehydes were not quantified in plasma samples.

o Media experiments had relatively poor recoveries and good accuracies, however
the sample could be processed in a few seconds from the well, and therefore this
application was selected (see Chapter 4).

e Urine aldehydes had reasonable recoveries, accurate ISTD correction, and were

reasonably stable over 30 minutes, and so OAC urine aldehydes were measured.

The method was primarily applied to quantify aldehydes in OAC tissue and relevant
control tissue. To assess whether aldehyde enrichment maybe a cell-autonomous
phenotype, the method was then applied to quantify aldehydes in human OAC
tumours established subcutaneously in nude mice (cell line xenografts). Finally, the

method was applied to quantify OAC urinary aldehydes in a pilot cohort.

The method was also applied to quantify aldehydes in in vitro experiments; these are

discussed in Chapter 4.

73



2.4 Results: Application of UPLC-MS/MS method to samples.

2.4.1: Aldehydes in OAC and control tissue samples

Patient characteristics To test the hypothesis that aldehydes are deregulated in
OAC tissue, aldehydes were extracted and quantified from OAC biopsies (AdT)
according to the optimised method (2.3.10). Two control tissues were selected:
proximal squamous mucosa biopsies from the same patients (i.e. matched sample,
SqT) and also age/sex-matched squamous mucosa from patients with
endoscopically normal upper gastrointestinal tracts (SqQN samples). During the study
35 AdT/SqT and 10 SgN patients were recruited (there is no published data on free
aldehyde tissue concentrations to inform a power calculation). The ten SgN patients
underwent endoscopy for a variety of reasons, including upper abdominal pain (5),
dysphagia (2), black stools (2), anaemia (1), although no endoluminal cause was
found in any patient. Samples from one OAC participant were excluded as the
patient was taking a known ALDH inhibitor disulphiram (Antabuse). Demographics
and tumour characteristics are given in Table 10. There were no significant
differences between the groups, although less SgN participants took acid

suppression medication.

Aldehyde metabolic phenotypes across groups As mentioned previously, a
cautiously high universal LLOQ of 20 pg/mg tissue as applied across the target
compounds to assist interpretation. Instrument stability was checked by injecting
quality controls every 5 to 7 samples at low (2.5ng/mL), medium (25ng/mL) and high
concentration (100ng/mL) and the measured %RSDs were 3.8%, 1.4% and 1.3%

respectively.

As seen in Figure 13, most aldehydes were detectable above this concentration.
Alkanals were the most abundant, with short chain (C1, C2) and fatty alkanals (C9
and C15-18) in particular being the most concentrated. From C12, there was an
increasing abundance with chain length, particularly with even number carbon
chains. In the most concentrated samples, C16 and C18 were close to the upper limit
of quantification. Reactive species such as enals, dienals, dialdehydes and
bifunctional aldehydes featured variably and less prominently; in particular, trans-2-
pentenal, trans-2-hexenal, and the two dienals were rarely detected. Generally

however, a complex mix of aldehydes at fairly high concentrations was observed.
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Table 10: Demographics of UPLC-MS/MS clinical phenotyping

Tissue Urine
AdT/SqT SqN OAC Con
n= 34 10 Pi= 17 23 Pt =
Age* 67 (58-63) 67(43-81) 081 66 (58-73) 64(58-71) 093
Gender 31(91%) 9(90%) 085 14 (82%) 17 (74%) 091
Smoking History 1 0.66
Never 19 (56%) 5 (50%) 12 (71%) 19 (83%)
Ex 12 (35%)  3(30%) 4 (24%) 313%)
Current 3 (9%) 2 (20%) 1(6%) 1(4%)
Alcohol history™ 017 0.53
Within limits 29 (86%) 6 (60%) 11 (65%) 17 (74%)
Excess of limits 5(14%) 4 (40%) 6 (35%) 6 26%)
Reflux symptoms 12 (35%) 4 (40%) 1 9 (53%) 9 (39%) 054
Acid suppression 23 (67%) 3 (30%) 0.064 9 (53%) 9 (39%) 0.54
Local stage
T1 5(15%) - 1(6%) -
T2 2 (6%) - 2 (12%) -
T3 19 (56%) - 12 (71%) -
T4 8 (24%) - 2 (12%) -
Nodal stage
NO 9 (26%) - 7 (41%) -
N1 19 (56%) - 8 (47%) -
N2 5(15%) - 1(6%) -
N3 1(3%) - 1 (6%) -
Metastasis
MO 33 (97%) - 17 (100%) -
M1 1 (3%) - 0 -
Differentiation
Well 4 (12%) - 3 (18%) -
Moderate 16 (41%) - 12 (71%) -
Poor 14 (47%) - 2 (12%) -
Post-chemo sample 14 (41%) - 0 -

*Age is presented as median {interquartile range) otherwise all other values are n {%) 121 units/week for male, 14 units per week for
female ¥Mann-Whitney U-test used for age otherwise Chi-squared/Fisher's exact test. Reflux symptoms - currently reporting reflux
symptoms such as heartburn, waterbrash. Acid suppression - patients taking a proton pump inhibitor or histamine antagonist
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Aldehyde metabolic differences between groups Principle component analysis
was chosen to explore aldehyde patterns between sample types (see Figure 13a).
This multivariate technique assesses relationships in reduced dimensional space
without pre-determined specification of sample groups (i.e. statistically
unsupervised). The data was normalised by weight, and then log transformed and
mean-centred to harmonise the weight each variable brought to the model despite
large differences in their concentration. The first two components (of 12) explained
26.8% and 10.1% of the observed variation between the samples. In this
unsupervised model, AdT clustered separately from SqgN, suggesting exclusive
aldehyde metabolic phenotypes. However, SqT clustered over both AdT and SqgN,

indicating shared phenotypes and potentially metabolic field effects.

To probe for discriminating metabolites, the Kruskall-Wallis test was applied to each
target compound, with a Bonferroni correction (see Figure 13b and Section 2.3.11).
There was enrichment of three classes of aldehydes in both SqT and AdT compared
to SgN: very short chain aldehydes (P<0.001), medium-to-fatty aldehydes (P<0.01-
0.00001), and dicarbonyls (P<0.01). Notably, C2 and C6 were both around 10x more
concentrated in AdT and SqT, and C1 was nearly 100x more concentrated,
compared to SgN. Between normal and malignant tissue from OAC (i.e. SqT and
AdT), there was only significant differences in C9, C10, C11, C12 and C13 (C9-C13)
concentrations, all of which were increased in OAC tissue. C11 and C12 were
relatively trace compounds and the concentration of both in SgQN was below the
universal LLOQ (20 pg/mg); however for SqT and AdT, the measured concentrations
were at least 4x higher than the LLOQ.

A pragmatic choice was to acquire OAC samples by surgery and endoscopy. To
check whether aldehyde metabolic differences could be explained by differences in
sampling methodology, a subgroup analysis was performed on OAC samples, which
found no significant differences between the groups. A second subgroup analysis
was performed by acid suppressing medication use as there seem to be more OAC

patients taking these. Again, there were no differences in any target compound.

Figure 13: Aldehyde concentrations in OAC tissues and controls (next page).

Panel a, Principle component analysis of aldehyde phenotypes in oesophageal tissues
(colours explained. Shaded areas represent 95% confidence intervals). Panel b, Significance
of aldehyde differences (log10 transformed P-values) in SgN, SqT and AdT, tested by
Kruskall-Wallis test. Here red dots indicate that there were significant differences between the
groups, green dots indicate no significant difference. Panel ¢, Univariate analysis of aldehyde
differences between the indicated tissue-types (log10 transformed concentrations in tissue).
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Table 11: Aldehyde concentrations (pg/mg) in selected subgroups of AdT samples

Sampling technique Use of PPI/H2 antagonist

Endoscopy Surgery P= No Yes P=
n= 20 14 11 23

Formaldehyde 2322 2223 0.93 1637 2590 0.43
Acetaldehyde 2832 1754 0.12 1674 2729 0.15
Propanal 184 146 0.37 171 167 0.92
Butanal 124 63 0.11 109 94 0.71
Pentanal 56 56 0.99 66 51 0.46
Hexanal 319 396 0.59 371 341 0.84
Heptanal 157 65 0.23 52 151 0.21
Octanal 185 80 0.20 84 169 0.33
Nonanal 2319 1190 0.17 1210 2162 0.27
Decanal 768 519 0.31 620 687 0.79
Undecanal 171 88 0.12 104 153 0.38
Dodecanal 86 54 0.23 60 79 0.50
Tridecanal 245 183 0.21 242 209 0.54
Tetradecanal 820 1030 0.64 749 982 0.62
Pentadecanal 2600 4332 0.31 2536 3685 0.53
Hexadecanal 51270 44521 0.60 50369 47593 0.84
Heptadecanal 6700 7396 0.74 7147 6910 0.91
Octadecanal 41274 36392 0.64 39824 38996 0.94
Benzaldehyde 25 0 0.44 0 22 0.68
Cinnamaldehyde 0 0 n/a 0 0 n/a
Acrolein 0 0 n/a 0 0 n/a
Crotonaldehyde 42 39 0.88 21 50 0.28
Pentenal 0 0 n/a 0 0 n/a
Hexenal 0 0 n/a 0 0 n/a
Heptenal 0 0 n/a 0 0 n/a
Octenal 32 24 0.68 27 30 0.89
Nonenal 47 40 0.82 32 49 0.59
2,4-nonadienal 0 0 n/a 0 0 n/a
2,4-decadienal 0 0 n/a 0 0 n/a
Malondialdehyde 147 173 0.86 145 164 0.91
Glyoxal 4347 1118 0.40 1304 3837 0.53
Methylglyoxal 495 290 0.52 265 480 0.52
Glutaraldehyde 21 24 0.90 31 0 0.62
Oxononenal 58 74 0.57 95 50 0.13

P-values calculated with Mann-Whitney U-test. PPI, proton pump inhibitor; H2 antagonist, H2 receptor blocking
antacid medication.
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2.4.2: Aldehyde concentrations in murine OAC xenografts

Model characteristics The purpose of this experiment was to measure aldehyde
concentrations subcutaneous OAC tumours, to assess whether cell-autonomous
factors are sufficient to enrich aldehydes. Single-flank subcutaneous xenografts were
established for three OAC cell lines (OE33, FLO1, and ESO51, n = 5 mice each).
These lines were selected as they express ALDH genes relatively poorly (see
Chapter 3). Xenograft tumours were harvested when they reached the license limit of
200mm?°.

Aldehyde metabolic phenotypes across samples The same universal LLOQ (20
pa/mg) was applied to this quantitative series. As only 15 samples were run, a single
medium concentration quality control was serially injected at random, with an
analytical precision of 0.9%. A similar pattern of trace and abundant aldehydes was
observed in the murine xenografts compared to OAC aldehyde phenotypes in situ
(see Figure 14). The most abundant were fatty alkanals; the least abundant were

medium chain alkanals, enals, and dienals.

Aldehyde metabolic differences between groups Aldehyde concentrations of
each xenograft quintuplet were compared to metabolic phenotypes in situ (AdT)
using two-way ANOVA, with false discovery rate (FDR) correction for multiplicity
error (q set at 0.05; this different test was selected as binary comparisons across
multiple groups was being undertaken, rather than assessing differences across
three groups). Fatty alkanals C13-C18 were significantly more enriched in the
subcutaneous xenograft compared to the patient samples. Mean concentrations of
C3, C5, C6, C9, and several bifunctional aldehydes were also higher in the xenograft

tumours, although not significantly so after multiplicity correction.

79



pg/mg tissue

Patient tumours Murine xenografts

Bl AdT (n=37) OE33 (n=5)

107 Bl ESO51 (n=25) x .
Bl FLO1(n=5)

Figure 14: Aldehyde concentrations in subcutaneous murine xenograft tumours compared to OAC tumours in situ. *FDR q<0.05.
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2.4.3: Aldehyde concentrations in OAC urine.

Patient characteristics To test whether circulating aldehyde concentrations were
modulated in OAC, comparative studies were undertaken using urine samples from
OAC patients and relevant controls. To maximise potential effects in this preliminary
experiment, two cohorts only were selected: healthy volunteers with endoscopically
normal upper Gl tracts (HV), and patients with oesophageal adenocarcinoma (OAC).
The only previous work investigating aldehyde concentrations in OAC urine
headspace showed significant differences with 10-15 in each group (18). Using this
as a guide, it was decided to recruit 20 participants to each group. Control patients
were referred for endoscopy for the following reasons: dyspepsia (6) persistent reflux
(4) bloating/cramps (4) black stools (2) ulcer follow-up (2) dysphagia (2), although no
endoscopic diagnoses accounted for their complaints. Baseline variables and tumour
characteristics are given in Table 10. There were no differences in baseline variables

between the two cohorts.

Aldehyde metabolic phenotypes across samples A universal LLOQs for urine
were taken as 20 pg/umol creatinine, given the previous analytical LLOQ (around
200pg/mL) and an average creatinine concentration of 10umol/mL across the
measured samples. Acetaldehyde, nonanal, hexadecanal, octadecanal, glyoxal and
methylgyloxal were among the most abundant aldehydes in urine (see Figure 15),
although the striking enrichment of fatty alkanals seen in tissue was not observed. As
before, aromatics, enals and dienals were of trace concentration, frequently below

the LLOQ, and thus were not included in comparative analysis.

Aldehyde metabolic differences between groups To assess how the two groups
clustered in reduced dimensional space, PCA analysis was again performed. The
first and second principle components (PCs) of the 13-component model explained
20.8% and 9.1% of the variation respectively (Figure 15a). There was no separation
of the groups in any combination of the components. Similarly on univariate analysis
(using Wilcoxon test), only hexanal was significantly different (OAC 480 pg/umol vs
control 321 pg/umol, P=0.032), although not after multiplicity correction (Figure 15b).
These values are displayed for each measurable target compound (Figure 15c).
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Figure 15: Urinary aldehyde concentrations in OAC compared to healthy volunteers (abbrev as above)
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2.5 Discussion

2.5.1 A UPLC-ESI-MS/MS method for quantifying carbonyls from biospecimens.

This is the first quantitative method that sought to capture this variety of aldehyde
and ketones (43 compounds), with unambiguous identification for all targets.
Although LC-MS quantitation of special DNPH derivatives like MDA and glyoxal have
been independently reported (153,178), none have captured these different products
in a single method with two ionisation modes. Other strengths of this method include:
(i) rapid, facile sample processing with minimised matrix effects (ii) a relatively fast
chromatography method for 43 compounds (iii) improved sensitivity limits of
compared to most recent reports (169,178,179) (iv) reasonable recoveries in multiple
biosample types (v) excellent accuracies across all sample types. The end result was
a practical method for the confident measurement of common aldehydes in tissue,

urine and model samples.

A number of concepts regarding aldehyde quantitation were revisited and expanded.

These results will be discussed following the projected issues set out in Chapter 2.1

lonisation technique The Waters ESI source was found to offer an order of
magnitude better sensitivity for all target derivatives except the special MDA
derivative, which was >50x less sensitive than the APCI source (a potential solution
for measuring trace MDA levels is simply to repeat analytical runs after ESI
acquisition with APCI, with a shorter chromatography run). The ESI source was also
more stable (RSDs all <10%), and did not experience significant matrix effects with
the saline-acetonitrile LLE (190,191). This was in keeping with a previous report of
measuring DNP-hydrazones with the Waters ESI source (179). From a practical
perspective, the ESI source allowed >75% targets to be quantified at native

concentrations.

Best parent ion to measure bifunctional and dialdehydes and disambiguation of
isomers/isobars The DNPH derivatization chemistry of common aldehyde subgroups
has been extensively investigated, although typically in studies of a few target
compounds or one subgroup. In the context of biological samples, alkanals, ketones
and dialdehydes are all abundant compounds, are isomers/isobars, and all interact

with DNPH, and therefore the unambiguous determination of these compounds
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critically relies on a collective understanding of their DNPH reactions, UPLC elution
and fragmentation pattern (see Figure 7). Some clear rules emerged from the
present study: (i) Alkanals (and simple aldehydes more generally) uniquely give an
abundant 163 ion (mentioned in (175)) (ii) in the absence of a 163 ion, the abundant
153 or 152 ion can be used to quantify ketones (iii) in the presence of a 163 ion, an
early ketone-specific minor peak can be for quantification (iv) bifunctional carbonyl
usually give a more abundant di-DNPH derivative, which is best quantified on the
182 daughter ion (mentioned in (153)) (v) MDA has a special derivative that give

unique daughters (mentioned in (178)).

Derivatisation conditions Utilising DNPH in biospecimens is complicated by the
presence of strong buffers (which interfere with the pH-dependent reaction) and also
non-target carbonyls (which decrease the availability of DNPH to react with target
compounds). This was illustrated in Figure 10, wherein the optimised DNPH
concentration for external standards in acetonitrile failed to recover the same
standards from a plasma sample. The final method used a 1000x molar excess of
DNPH, which seemed sufficient to recover compounds competently. This also
contained an excess of phosphoric acid (pH ~2.1) with benefits of minimising
adventitious stereoisomer formation (193) overcoming biospecimens buffers, as well

as providing adequate acidity to overcome native buffers.

Background In keeping with several reports (153), background concentrations of C1,
C2, glyoxal, and methylglyoxal were high if appropriate precautions regarding DNPH,
solvents and glassware were not taken. The levels were reduced to acceptable
values ( i.e. <10% of the lowest native concentration) by following published
recommendations (145,152,153), in particular extracting DNP-hydrazone from DNPH
stock solutions with hexane, using only the freshest analytical grade solvents, and

baking analytical glass and plastic.

Analyte loss due to reactivity of aldehydes during sample preparation Aldehydes’
stability in biosamples decreased with increasing matrix complexity. Low molecular
weight and/or bifunctional aldehydes were the most vulnerable to losses; acrolein
and malondialdehyde were lost in just a few minutes in ice-cold plasma, in keeping
with previous analyses(169). This highlights the importance of introducing ISTDs and
derivatising as soon as practically possible after sample processing, and indicates
that plasma aldehyde analysis is probably not suitable for the more reactive species

(and questions the validity of a large number of studies investigating plasma-MDA
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concentrations with TBARS assays over the last 40 years (e.g. 201-203), and
several recent studies of plasma-aldehydes using LC-MS (169,170,194)). Others
have looked at more direct measurement techniques to measure blood aldehydes,
for example whole blood headspace analysis using solid phase microextraction
(SPME)-GC-MS (99,165); clearly much more work is needed to overcome the
conflicting priorities of collating samples, fractionating whole blood, and preserving
unstable compounds. Aldehyde recoveries from tissue were better than for biofluids,
presumably as the protein was precipitated within a few seconds of the tissue being
extracted, and thus the opportunity to interact with biogenic nucleophiles was much

less.

Method validation The UPLC-MS/MS method performed adequately in accuracy
experiments in all the test biospecimens, and ultimately this is the critical parameter
to satisfy. Additionally the sensitivity of the method was adequate despite a
cautiously high universal LLOQ. Recovery of target compounds from biofluids was
less than ideal although correctable, and this stressed the essential requirement for
robust ISTDs in the method.

2.5.2 Aldehydes in normal and malignant oesophageal tissues

This was the first report of free tissue aldehyde concentrations in oesophageal
tissue. The measured concentrations were in the same range as previously
described in astrocytomas, one of the few other reports in any other tissue using an
MS technology (100). Isomer/isobar metabolites such as propanal, acetone and
glyoxal were abundant. This underlines the importance of developing a sufficiently

discriminant method for the proposed application.

Aldehyde concentrations were remarkably stable across the different samples and
tissue-types, with the same compounds tending to be abundant (C2, C6, C9, C14-
18) or rare. However, the most notable finding was tissue-specific aldehyde profiles.
The most striking differences were between samples from OAC patients (either AdT
or SqT) and squamous samples from healthy patients (SgN). Several alkanal species
and three bifunctional aldehydes were significantly increased OAC samples. In the
context of these diffusible and pervasive metabolites, it is unsurprising most
metabolic differences were at an organ level rather tissue-specific; this confirms

previous metabolic (56) and other (207,208) studies proposing “field effects”
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throughout the malignant oesophagus. Similar effects have been noted in
OSCC(209). The tissue PCA (Figure 13a) is suggestive of such field change, with
the 95% confidence intervals for SN and AdT being effectively exclusive, and that of
SqT sharing characteristics of both. The only differences between SqT and AdT were
alkanals C9 to C13 and glyoxal. This fascinating set of sequential carbon lengths is
suggestive of a common origin, or a common catabolic impairment, with the non-

polar, semi-volatile nature precluding diffusion between tissues.

The nature of tissue collection may also part explain the similar metabolic
phenotypes of SqT and AdT. Endoscopic biopsy forceps’ jaws are 3mm?and thus will
collect the most superficial cells of the oesophageal wall with a sample of mucous. In
the RNA study (see Section 3), histological control of the tissue samples revealed a
misclassification rate was 7%. However, similar control procedures were not possible
in this cohort given the instability of aldehydes in thawed samples, and thus a similar
error rate must be assumed for the AdT cohort. Additionally, a small volume of each
sample will be composed of the pre-epithelial mucous layer, which is continuous

throughout the oesophagus.

The most concentrated aldehydes were fatty alkanals, in particular C16 and C18.
There was no difference in concentration between the tested tissue-types, indicating
that these high concentrations are related to normal oesophageal processes.
Palmitic (16:0) and stearic (18:0) acids are the most abundant saturated fatty acids in
blood and diverse tissues (210), and the analogous concentration of the
corresponding aldehydes suggests a parallel metabolic process. Other explanations
could be (i) features of unexplored metabolism (ii) DNPH capture of bound acyl-
carbonyl intermediates during fatty acid synthesis (iii) reactivity of the derivatization
agent towards non-carbonyl species e.g. fatty acyl-CoA conjugates or the fatty acids
themselves. However, there are no reports of carboxylic acids reacting with DNPH
under physiological conditions (in fact, DNPH is traditionally thought of as a selective
agent for determining carbonyl concentrations in a fatty acid mixture). This was
verified by a simple bench experiment of mixing neat DNPH with palmitic acid (data

no shown). Similarly, there are no reports of acyl-CoA species reacting with DNPH.

2.5.3 Aldehydes in OAC xenografts

Subcutaneous OAC tumours developed in immunocompromised nude mice form

complex tumours with a microvasculature and stromal support. They have been
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criticised as relevant models of human OAC tumours, as they (i) are relatively clonal
(i) undergo attenuated immune cell interactions (iii) do not undergo luminal stress.
From a mechanistic perspective, this model offers a convenient way of controlling
these variables, as an observation of the expected metabolic phenotypes could
indicate that extrinsic factors were not essential i.e. enriched aldehydes are “cell-
autonomous”. Additionally, they are fundamentally more relevant for the study of
toxins such as aldehydes as compared to standard in vitro cell culture, as these

techniques inherently avoids cellular stress.

Most aldehydes’ concentration was similar or enriched across the three xenograft cell
line types compared to patients’ tumours. These results may suggest that luminal
and immune stress may be less influential in aldehyde production compared to cell-
autonomous factors. However, there is much work required to fully explore this;
xenograft tumours have a purer cellularity, grow more quickly, have a highly
exaggerated tumour-to-host mass ratio, and recent findings suggest they are can be
more hypoxic than native tumours(211). All of these factors may diminish the
interpretable value of the observed effects, although nullifying these potential
confounders with better controls is difficult. It may be more helpful to look at aldehyde
concentrations within an OAC animal model with the capacity for longitudinal
sampling through disease transformation, for example the EBV-IL1 mouse model of
Barrett's adenocarcinoma, or the surgical oesophago-duodenal anastomotic reflux
rat model (212,213). Interesting, previous groups have potentiated tumour production
in a oesophago-duodenal anastomosis set my enriching the chow with iron, and
noted that several markers of oxidative stress including TBARS and protein

carbonyls all enriched (214).

2.5.4 Aldehydes in OAC and control urine

Urine contained C2, C9 and dialdehydes among lower concentrations of other
aldehydes, but had relatively less fatty aldehydes. Of the 25 aldehydes which were
consistently above the LLOQ, only five (C1, C2, C6, C10, and methylglyoxal) have
been identified in a recent comprehensive survey of urinary metabolites using eight
analytical platforms and a comprehensive literature review (215)., underlining the
requirement of bespoke methodology for aldehyde quantitation. However, there was
no separation of normal and OAC samples on the basis of aldehyde concentrations.
A previous study has assessed urinary aldehydes using SIFT-MS and found

significantly increased C2 in OAC patient samples (18), however this study failed to
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normalise target concentrations to the overall water content of the urine. In this study,
urinary creatinine concentration was used to normalise the concentrating effects of
the kidney (216). Thus the data presented here may be less prone to error and more
representative of the natural values in urine. Patients coming for endoscopy or
surgery will be starved for >6 hours at the point of sampling. For the metabolic point-
of-view, this offers standardisation of interferences from active food digestion and
absorption, but it also means that urine samples are more likely to be stored in the
bladder, at 37°C, for lengthy and unstandardized periods, which may not be suitable
to analyse reactive aldehydes (see Loss Studies section 2.3.9). Perhaps a better
approach would be to measure freshly passed urine in catheterised patients, as the

latent time from kidney to sample point would be <1 minute.
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CHAPTER 3 - GENETIC DRIVERS OF
ALDEHYDE METABOLIC
REPROGRAMMING IN OESOPHAGEAL
ADENOCARCINOMA
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Summary

The purpose of this Experimental Section was to use a candidate-based approach to
discover potential genetic influences of aldehyde metabolic reprogramming in OAC

(see Figure 16).

Initially, historical expression datasets were explored for candidates using two
complementary in silico mining techniques. These analyses suggested that several
“aldehyde oxidoreductase” genes were consistently and profoundly down-regulated
in OAC compared to normal oesophageal mucosa. For a subset of candidates (8
isoenzymes of aldehyde dehydrogenase, ALDH), these findings were validated
experimentally using quantitative polymerase chain reaction on RNA extracted from
endoscopic biopsies (OAC n = 67). Then, using immunohistochemistry, expression
trends were further evaluated across the tumour microenvironment for the most
promising candidates ALDH3A1 and ALDH3A2, and compared to clinical metadata
(OAC n = 412). Low expression of both isoenzymes occurred in 90% and 76% of
OAC cases respectively, with a transition point occurring between Barrett’s dysplasia
and invasive cancer. Low expression of ALDH3AZ2 was significantly associated with
higher stage, more positive lymph nodes, poor differentiation and poorer overall
survival, and was independently predictive on Cox regression (patients with low
ALDH3A2 were 64% more likely to die of their disease, P = 0.01). These survival

trends were verified in The Cancer Genome Atlas dataset.

Moving upstream, a thorough informatics review was then undertaken to search for
explanations of ALDH3A1/2-expression loss in OAC. These genes were not
commonly mutated or methylated. However, they co-locate to 17p, a locus which
frequently undergoes loss of heterozygosity in OAC, resulting in unfavourable
prognosis. Using the TCGA dataset, a genome-wide analysis found that expression
of ALDH3A1/2 was highly correlated with several of its telomeric neighbours,
suggestive that the trans-regulatory event is loco-regional. Finally, there was a trend

between ALDH3AZ2 copy number and expression.
Using immunoblotting, representative ALDH expression patterns were observed in

cell models of OAC and squamous keratinocytes, further validating primary patient

data and identifying appropriate systems for further functional experiments.
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AOR geneset identified in
GSEA x2 (27 genes)

l

8 ALDH isoenzymes identified as recurrently
different between squamous mucosa and cancer

ALDH2? added as mutations ALDH3B2 removed as has stop
associated with ESCC in codon 17
Al DH1AZ? added as risk SNPs BCKDHA removed as has
associated with Barrett’s specialist function in glycolysis
adenocarcinoma only

8 ALDH isoenzymes selected for
expression quantitation

J

5 ALDH isoenymes significantly reduced
in gqPCR cohort {n=67)

J

ALDH3A1 and 3A2 significantly different between Barrett’s and
cancer, and associated with poorer survival in discovery
immunohistochemistry cohort {[n=52)

J

Expression and survival patterns validated in OCCAMS TMA cohort
(n = 360} with correlation to metadata

J

Low expression of ALDH3A2 strongly associated with negative
disease outcomes. Evidence of functional non-redundancy. Thus
selected as lead candidate for perturbation studies.

Figure 16: Summary of candidate-based discovery of drivers of aldehyde

reprogramming in OAC
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3.1 Methodological rationale

Since the introduction of microarray-based gene expression profiling technique in the
1990s, journals have stipulated public access to associated datasets as a condition
of publication. More recently, next generation sequencing technologies have
permitted high-resolution molecular characterisation of multiple molecular information
sources at relatively low cost, including somatic code (whole genome/exome
sequencing), gene expression, micro RNAs and splice variants (RNA-seq), and so
on (ATAC-seq etc.). Thus, international collaborations have been established to
comprehensively characterise the molecular framework of cancer, with the data
freely distributed to facilitate evidence-based hypothesis testing (e.g. The Cancer

Genome Atlas, International Cancer Genome Consortium efc).

These rich datasets must be approached cautiously, as their complexity renders
univariate analyses prone to false discovery. Helpfully, informatics resources have
emerged which aggregate dataset elements into functionally related subgroups,
which are then ranked according to a particular characteristic (e.g. how large or
stable a change in expression is). This simplifies the multiplicity of the dataset while
accentuating biological trends, giving a more powerful understanding of the dominant
functional differences between investigated groups. For added power, two
contrasting algorithms were used in the present analysis: gene-set enrichment
analysis(217), which collapses data to user-defined functional divisions (e.g. KEGG
pathways or Gene Ontology groups), and Ingenuity Pathway Analysis, which

collapses data to highly-evidenced pathways in a massive curated collection.

The results of these in silico analyses must then be validated empirically. This can be
achieved at the RNA level with quantitative reverse-transcriptase polymerase chain
reaction (QRT-PCR, or gqPCR), or the protein level with immunohistochemistry (IHC).
With adequate primer design, qPCR offers a highly selective and quantitative
expression analysis of any gene, with splice variant resolution, but is limited by cell
contamination in the initial input. Immunohistochemistry offers expression analysis
across the microenvironment by using antibodies to target staining of histological
sections, and thus offers functional or mechanistic insights by assessing expression
by environmental context. Paraffin-embedded archived material is suitable for this
methodology, facilitating well-powered analyses of uncommon diseases such as
OAC through national resource collaborations. These samples may also have

comprehensive clinical metadata with lengthy follow-up for detailed subgroup
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analyses. However, IHC is limited by the availability of specific antibodies, and is
semi-quantitative and relatively subjective. The strengths of both gqPCR and IHC
largely offset the weaknesses of the other, and thus in this work they have been used
together as they were synergistic and complementary. Subgroup analyses stratified
by baseline metadata was undertaken to provide clinical significance of the
measured gene expression changes. Informatics searches using TGCA data were
also undertaken to search for upstream regulatory clues, and to verify patterns in the

primary data.

ALDH expression was tested in a large panel of oesophageal cell models using
Western blotting, with the intention of further assessing cancer/normal ALDH
expression patterns with this third empirical technique, and also to define models for
the next phases of the work. The single commercial “normal” oesophageal model —
the SV-40 immortalised HET-1A cell line - expressed none of the expected ALDH
isozymes, and therefore better “normal” models were established using primary
cultures of oesophageal keratinocytes (the questionable validity of the HET-1A line
precluded it from further study). These were validated as representative models
using epithelial and keratinocyte markers, both with immunofluorescence and further

immunoblotting, prior to ALDH quantitation.

3.2 Hypothesis and aims

Chapter hypothesis: stereotyped genetic influences contribute to aldehyde metabolic

reprogramming in oesophageal adenocarcinoma

Aims:

i. To discover candidate drivers of aldehyde reprogramming using informatics
analyses of archived expression datasets

ii. To validate leading candidates by direct gene expression analysis in clinical
material

ii.  To establish the clinical significance of candidate gene deregulation

iv.  To understand candidate gene deregulation through OAC transformation

v.  Todiscover upstream coordination of candidate perturbation

vi.  To define aldehyde gene expression in normal and malignant oesophageal

models
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3.3 Methods

3.3.1 Bioinformatics discovery of candidate drivers of aldehyde

reprogramming

To generate hypotheses and inform study design, a thorough informatics survey was
undertaken. This had the following tasks:

1. Identify candidate genetic coordinators of metabolic reprogramming in OAC
compared to proximal normal epithelium (PNE) and Barrett's metaplasia (BM)
through in silico expression analysis
Validate candidates in all relevant datasets
Correlate candidate expression to clinical metadata

Suggest regulatory mechanisms of candidate metabolic genes

The Gene Expression Omnibus (National Centre for Biotechnology Information, USA,

http://www.ncbi.nim.nih.gov/gds/) and ArrayExpress (European Molecular Biology

Laboratory, Wellcome Genome Campus, Cambridgeshire, UK,
https://www.ebi.ac.uk/arrayexpress) (date both last accessed: 02/02/2016) were
searched with the following terms: “$esophagus” OR “$esophageal cancer” OR
“$esophageal adenocarcinoma” OR “Barretts”. Any study publishing transcriptomic
data (microarray or RNA-sequencing) and comparing normal squamous with either
Barretts or oesophageal adenocarcinoma were included. No limitations were placed
on tissue specification techniques, although a minimum sample size of 10 in each
group was selected. Studies were identified from the following countries: Australia
(GSE39491), Germany (GSE26886), USA (GSE13898), and UK (GSE34619)
(49,218-220)

Geneset Enrichment Analysis (GSEA)(217) was primarily chosen to probe
transcriptome libraries. For each analysed sample, GSEA compartmentalises related
genes into pre-curated genesets, which are then ranked according to overall gene
enrichment between two sample-groups. It thus provides an unbiased, functionally
orientated and holistic overview of expression datasets. The following settings were
used, as recommended in the index publication: (i) weighted signal enrichment (ii)
“Signal2Noise” ranking metric (iii) exclude sets > 500 and <100 (iv) normalise to
“‘meandiv”. The analysis was repeated on all publically available expression libraries

containing at least 10 each of OAC and PNE samples, with a false discovery rate
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(FDR) g value set at 0.05. To verify candidate phenotypes, Ingenuity Pathway
Analysis (Qiagen) was also undertaken on the lead dataset, using the standard
settings in the “Core Analysis”. To focus analysis on clear differences, thresholds

were set at fold change of more than 2, and a significance level of 1x 107,

Next, candidate geneset expression was meta-analysed using univariate analysis
(Mann-Whitney U-test) using the following comparisons: squamous Vs
adenocarcinoma, Barrett’'s vs adenocarcinoma, squamous vs Barrett’s, Barrett’s vs
gastric, normal vs gastric. A significance threshold of 1 x 107 was applied to account

for multiplicity error.

Several other informatics sources were mined for further information relating to
candidate gene expression and regulation. The Cancer Genome Atlas (TCGA) (221)
was additionally interrogated for further functional and regulatory information
regarding the lead candidates. Of the available 185 cases of esophageal cancer (last
date accessed — 10/03/2017), 56 with histologically confirmed OAC were included in
the analysis. RNA-seq, copy number variation (CNV), methylation and clinical
metadata were analysed. Macrodeletion events were assessed using CNV data with
the algorithm GISTIC 2.0 in the GenePattern environment (Broad Institute)(222). To
assess neighbour co-expression patterns, RNA-seq fragments-per-kilobase-per-
megabase reads were correlated against the lead candidate FPKM with Spearman
test in Excel. To test the effects of gene expression on survival, the expression
cohort was dichotomised about the median expression value into “high” or "low”, and
survival curves were fitted each group. The statistical significance of differences in
survival was assessed with the log-rank test. To assess somatic mutation frequency
of these genes, whole genome sequencing data from two International Cancer
Genome Consortium (ICGC) substudies (33,34) was selectively analysed for the

candidate genes of interest.

3.3.2 Patient samples

Ethical approval for the use of patient biospecimens and clinical data was obtained
under Imperial Tissuebank committee approval number R14067, R15047, and
R14018 under NRES Tissuebank ethical approval 14/LO/0742. For extraction of
RNA and DNA, tissue samples were retrieved endoscopically or immediately after

oesophageal disconnection during oesophagectomy, snap frozen in liquid nitrogen,
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and stored at -80°C. A standardised sample processing procedure was followed for
all samples. The following definitions and abbreviations were used:
- SgN: normal squamous epithelium proximal from an endoscopically normal
patient (>5cm from GOJ)
- 8qT: normal squamous epithelium proximal from patients with cancer (>5cm
from tumour)
- BM: Barrett’'s metaplasia (pseudostratified columnar epithelium in the
oesophagus with goblet cells)
- BD: Barrett’s dysplasia (IHC only): BM with gland distortion/crowding, nuclear
atypia, hyperchromatism, abnormal mitoses (223)

- AdT: oesophageal adenocarcinoma

A frozen 2-4 mm? specimen was weighed, freeze-mounted flat in OCT medium
(Thermo-Life, UK), and flank cryosectioned. The flank sections were stained with
haematoxylin and eosin, and used to define microdissection on a cold anvil with cold
clean scalpel to a cell purity of >90%. For fractionation of RNA and DNA from tissue
samples, the microdissected specimen was homogenised in Trizol using a three-step
process (this was necessary to achieve good yields from the fibrous normal
epithelium, see Figure 19a)(224). First, biopsies were mashed with a hand pestle to
<0.5mm pieces, followed by a Reitsch bead-beater for fine blending (30 cycles/sec
for 1 minute, as in Section 2), and finally a Qiashredder (Qiagen) to homogenise
nucleic acid fragment lengths. Nucleic acids were precipitated from the chloroform-
extracted phases and cleaned using the RNeasy and DNeasy silica spin-column kits
(both Qiagen), according to the manufacturer's instructions. Strict RNA isolation
precautions were rigorously adhered to, including use of RNAse removal agents,
fresh tips, certified plastic, and regular glove changing. Purity and concentration was
assessed using ultraviolet absorbance (ND1000, Thermo-Life); a 260:280nm >1.9 for

RNA and >1.8 for DNA was considered acceptable.

3.3.3 Quantitative reverse transcriptase polymerase chain reaction (QPCR)

The initial 26 genes in the AOR GO geneset were rationalised to promising
candidates by excluding pseudogenes, functionally irrelevant genes, and those that
were not discriminatory. ALDH1A2 and ALDHZ2 were added to the list of candidates
owing to strong epidemiological links with OAC. This left eight genes for experimental
analysis: ALDH1A1, ALDH1A2, ALDH1A3, ALDH2, ALDH3A1, ALDH3A2, ALDH4A1,
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and ALDH9A1. A sample size was calculated as 67 matched cancer-normal pairs
based expression distributions extracted from an in silico dataset (Wang et al)(225).
This calculation took an alpha = 0.05, power = 0.8, sample attrition = 15%, and
returned sample sizes of 5 (ALDH4A1) to 67 (ALDH1A1) matched pairs.

To generate templates for gPCR, 1ug of RNA was converted to complementary DNA
(cDNA) using the Superscript Ill First Strand Supermix system (Life Technologies,
Thermo Scientific), and a GeneAmp® PCR System 9700 (PE Applied Biosystems),
according to the manufacturer's instructions. Relative quantitative PCR was
undertaken using the SybrSelect mastermix (Thermo-Life) and a 7900 HT thermal
cycler (Applied Biosystems) according to the manufacturer’s instructions. The MIQE
standards checklist was used to ensure methodological and reporting quality for a
gRT-PCR experiment(226,227), including the selection of reference genes from a
panel of ten (GAPDH was the most stable in an initial screen of ten samples,
although it is also an AOR, so HPRT1 was co-analysed as a second reference
(110,228,229). Primers were selected through PrimerBank and BLASTed to ensure
specificity (see Appendix 3 for sequences)(230,231). Reactions were run in groups of
four pairs of samples in 384-well plates using 10ul reaction volume, with template-
and reaction- master mixes being mixed in each well. Each plate therefore had 8
template mixes across 10 reaction mixes (8 target + 2 control), with each
combination ftriplicated. Each well had 5ul SybrSelect, 0.5ul of each primer (final
concentration 10nM), 2ul of water and 2ul of template. Thermal cycling was as
follows: 94°C for 3 minutes, then [94°C for 15 seconds, 60°C for 2 minutes] repeated
40 times. Melt curves were used to check for primer-dimers, and products were
checked on an agarose gel and sequenced. To ensure analytical uniformity between
plates, an inter-plate control was included consisting of a reference pool of the first
20 cDNAs. If any plate was >1 standard deviation away from the mean GAPDH cycle

number it was repeated.

Relative gene expression was given as fold change and was calculated using the
ddCT method, where the number of cycles needed to reach a threshold intensity
value is compared between sample-pairs, having normalise template input to the
reference gene intensity (GAPDH). For multi-cohort comparisons, the copies-per-

thousand GAPDH value was calculated.
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3.3.4 Immunohistochemistry

Immunohistochemistry was initially carried out on archival paraffin embedded tissue,
either whole sections (21 OAC cases) or using a tissue microarray fabricated in
house using local material (31 OAC cases, 5 with matched PNE, a gift from Prof R
Goldin). The evidence for antibody selection was provided by The Human Protein

Atlas (http://www.proteinatlas.org/). Antibodies were validated as recognising

proteins of appropriate size by immunoblotting, and also predicted immunostaining
specificity. Specific antibodies could be determined for four targets highlighted in the
gPCR study: ALDH3A1 (HPA051150, Sigma), ALDH3A2 (HPA014769, Sigma),
ALDH4A1 (1A12-A5, Abnova), and ALDH9A1 (HPA010873, Sigma). No ALDH1A3-
targeting antibody could be convincingly optimised for immunohistochemistry,
although the HPAO046271 antibody detected appropriate bands in appropriate

samples on immunoblotting.

Sections were de-wax, hydrated, and subjected to heat-induced epitope retrieval by
microwaving at 900W for 10 minutes in citrate buffer (pH 6). Then, slides were
incubated with hydrogen peroxide to block endogenous peroxidases, and non-
specific antibody binding was inhibited using a protein block (Dako). Primary
antibodies were then incubated in 1% bovine serum albumin overnight at 4°C,
followed by a species-specific secondary antibody conjugated to horseradish
peroxidase, and developed using diaminobenzidine (Sigma). All steps were followed
by PBS washes.

A second cohort of 360 OAC cases in triplicate across 18 tissue microarrays from 6
UK centres was a generous gift of the OCCAMS collaboration (P.I. Prof R Fitzgerald,
University of Cambridge). This cohort was immunostained by Ms H Kudo (P.I. Prof R
Goldin, ICL), using the Leica Bond™ system. Antigen retrieval solution 2 was used
for both antibodies, using the same primary dilutions as for manual staining. Sections

were imaged with a NanoZoomer (2.0-HT, Hamamatsu).

For whole mount sections SqT, BE and AdT regions were scored in five random
high-powered areas according 0-3 on a basis of staining intensity (see Figure 17, 0 =
no staining or <560% mild staining; 1 = > 50% mild staining, no moderate staining; 2 =
any moderate staining, <50% strong staining; 3 = >50% strong staining) with a single
average score per tissue type per patient used for comparative analysis (after

several ALDH immunohistochemistry reports (119,121,122,232,233)). For correlation
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to metadata, the immunoscore was dichotomised to negative or positive, with a cut-
off of >1 being positive. For tissue microarrays, replicate cores for each patient were
provided in quintuplet (ICL cohort) or triplicate (OCCAMS cohort). Scoring was on the
same 0-3 basis and also undertaken by a second independent assessor (Dr F.
Rosini, histopathology fellow). Disagreements in scoring were resolved with a

consultant oesophago-gastric pathologist (Prof R. Goldin).
Typical scores for each ALDH isozyme are given in Figure 17. ALDH3A1, -3A2, and -

9A1 were scored on a cytoplasmic staining pattern, and ALDH4A1 was scored on

mitochondrial staining. Any nuclear staining for ALDH3A1 and -3A2 was also noted.
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3.3.5 Cell culture

The SV-40 immortalised normal squamocellular line HET-1A, and the oesophageal
adenocarcinoma cell lines ESO-26, ES0O53, FLO-1, KYAE-1, OE19, OE33, and SK-
GT-4 were purchased from Public Health England and maintained in the
recommended media and conditions. These were the only eight lines verified as

being bona fide OAC lines in a recent investigation (see Table 12)(234).

Table 12: Characteristics of bona fide OAC cell lines

Cell line Derived . Tumour characteristics Culture mode P53 status 'Tu g )
characteristics in nude mice
FLO-1 1991 68y white male Distal adenocarcinoma Adherent Mutant Yes
Distal adenocarcinoma

. . Adherent/

OACMS.1 2001 47y white female Line derived from lymph node u R Mutant Yes
m i spension

ESO26 2000 56y white male Distal oeosphagus and GOJ Suspension  Mutant Yes

Nodal and distant metastases

_ Distal adenocarcinoma;
KYAE-1 2001 60y asian male pretreated with chemo-radiotherapy Adherent Mutant Yes

Distal adenocarcinoma arising in
0OE33 1993 73y female Barrett's; Adherent Mutant Yes
stage 1A, poorly differentiated

ESO51 2000 74y white male Distal adenocarcinoma arising in Barretts  Suspension Mutant Yes
GOJ adenocarcinoma; stage Il
OE19 1993 72y male moderately differentiated Adherent Mutant Yes

Distal adenocarcinoma arising in
SK-GT-4 1989 &9y white male Barrett's; Adherent Mutant Yes
T2N1, well differentiated

For primary culture of oesophageal keratinocytes, an optimised method derived from
two recent publications was developed(235,236). A single 2-3mm? specimen of
normal oesophageal mucosa was obtained at endoscopy or post-oesophagectomy
and incubated overnight in Advanced DMEM (Gibco) supplemented with 10% fetal
bovine serum, 2mM glutamine, 20mg/ml gentamicin, 250ug/ml amphotericin, 100
units/ml penicillin, and 100pg/ml streptomycin (all Sigma). The epithelial sheet was
then dissected from the submucosa, washed at least ten times in PBS, minced, and
incubated in collagenase Il for one hour. The dissociated cells were gently passed
through a 70 yum mesh and seeded onto plates coated with 0.01mg/ml fibronectin,
0.03mg/ml collagen, and 0.01 mg/ml albumin (all Sigma), and cultured in Advanced
DMEM (Gibco), 2 mM glutamine (Sigma), antibiotics as above, and 10 um Y27632 (a

101



Rho kinase (ROCK) inhibitor, Stem Cell Technologies). This reversibly immortalises
cells in a ‘basal’ —like, state(236). After one week, gentamicin and amphotericin was
removed and the cultures were mycoplasma tested. The ROCK inhibitor was
removed one week before any phenotyping or perturbation experiment. Established
models expanded rapidly and were amenable to long-term cold storage. However,
continuous culture was not possible for longer than 4-6 months as the keratinocytes

terminally differentiated and stopped dividing.

3.3.6 Copy number analysis

Copy number analysis was undertaken using a gPCR approach on a DNA template
(rather than cDNA). The ALDH3AZ2 Tagman copy number assay was purchased from
Life Technologies and used according to the manufacturer’s instructions. The DNA
template (50ng) was taken from patient DNA co-extracted with the RNA samples in
the ALDH expression analysis study (following clean-up from Trizol using the

DNeasy kit, Qiagen, according to the manufacturer’s instruction).

3.3.7 Imnmunoblotting

For protein experiments in 6-well format, cells were lysed in 250ul of RIPA buffer
containing fresh 1x phosphatase inhibitor (Cocktail 3, Sigma) and protease inhibitors
(Complete Mini™  Roche) at 4°C for 30 minutes. Residual debris was collected using
a cell scraper. The lysate was then homogenised using a sonicator for two cycles of
10 seconds on ice, and then centrifuged at 20,000g for 10 minutes. The supernatant
was collected and stored at -80°C until use. Protein was isolated by lysing cells in
RIPA buffer (50mM Tris, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1%
NP-40, 1x complete protease inhibitor cocktail (Roche), 1x complete phosphatase

inhibitor cocktail 3 (Sigma)) and sonicated for 15 seconds to shear DNA.

Sonicated RIPA protein lysates were centrifuged for 10 minutes at 13,000g to pellet
debris. The supernatant was then boiled for 3 minutes with 10% mercaptoethanol to
reduce thiol bridges, and electrophoresed in 6-12% polyacrylamide gels containing
sodium dodecyl sulphate according to standard descriptions (237). Primary structure
polypeptides were then transferred onto polyvinylidene difluoride (PVDF, Biorad)
membranes using a semi-dry blotting system (Biorad) according to the

manufacturer’s instructions. Membranes were then blocked in 5% non-fat milk/tris-

102



buffered saline/0.01% Tween 20 (M-TBST,; all Sigma), following by primary antibody
hybridisation overnight at 4°C. Unbound antibody was then removed with three
washes in TBST, followed by second hybridisation for one hour to species-specific
IgG conjugated to horse radish peroxidase. Binding was then visualised with

enhanced chemiluminescence (Pierce) and hyperfilm (Amersham).

For keratinocyte validation, clinically-validated mouse monoclonal antibodies
targeting keratinocyte-specific keratins CK5/6 (Clone D5/16 B4; Merck), the nuclear
factor p63 (4A4; Abcam) the mesenchymal factor Vimentin (V9; Sigma), and the
epithelial marker E-cadherin (NCH38; Dako) were utilised. In addition, the anti-
phospho-Histone H,ax (Ser139) (20E3) and anti-p53 antibody (DO-1) were used to
assess DNA health (Cell Signalling Technologies). The hydroxynonenal-protein
adduct (HNEJ, Abcam, 1:100) antibody was used to detect protein carbonylation.
The same ALDH isoenzymes were used as described in Section 3.3.4, in addition to
ALDH2 (ab108306, Abcam). The bicinchoninic acid assay (Sigma) was used to
quantify protein concentration. Typically 30ug was loaded into 5mm wells; equality of
protein loading was assessed using an antibody directed against a-tubulin (CST,

multi-cell line experiments) or b-actin (CST, single cell line experiments).

3.3.8 Immunofluorescence

Immunofluorescence microscopy (IFM) was used to immunophenotype in vitro
models. Cells were grown on coverslips to ~30% confluence and fixed in 4%
paraformaldehyde at 4°C for 3 hours. Cells were washed in saponin and stained for
one hour with antibodies to CK5/6, E-cadherin, p63, and ALDH3A1, using optimised
concentrations. Visualisation was actuated using species-specific secondary
antibodies conjugated to fluorophores (either goat anti-mouse IgG (Alexa 488
conjugated) or donkey-anti rabbit IgG (Alexa 546 conjugated), both Life

Technologies), and visualised using an SP5 confocal system (Leica, UK).

3.3.9 Statistics

For comparing expression data from two cohorts, the Mann-Whitney U-test was
selected as the data was considered non-parametric. For comparing more than two
expression datasets the Kruskal-Walis test was used with Bonferroni correction.

Analyses of ALDH expression in disease strata were undertaken in pre-determined
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clinically relevant subgroups if the expected number of cases was in each group
were ten or more, and expected to be relevant to aldehyde metabolism. Thus the
following groups were selected: prior neo-adjuvant chemotherapy (yes/no), local
invasion (<T3, >T2), nodal status (NO, N>0), differentiation (well/mod/poor), taking
proton pump inhibitor (yes/no). In the expanded analysis using OCCAMS data, these
subgroups were appropriately expanded (see Results). Interactions were tested with
chi-squared tests. Twelve cases did not have complete survival data, leading to a
total of 400 with matched survival, metadata and expression data. Kaplan-Meier
survival curves were used to fit survival data to dichotomised expression indices. A
Cox proportional hazards model was fitted to test the independence of prognostic
variables. These were performed in SPSS (version 23, IBM) or Prism (version 7,
Graphpad)
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3.4 Results

3.4.1 Candidate discovery using bioinformatics

The geneset set ‘Gene Ontology’ (GO v5) was selected to collapse the micro-array
as it features well-defined metabolic genesets. In all tested datasets, the “aldehyde
oxidoreductase acting on the aldehyde or oxo group of donors” geneset was among
the most prominently enriched in squamous mucosa compared to adenocarcinoma
tissue, featuring 2™ of 1005 in the two microarray analyses (see Table 13). This
geneset incorporates the 27 genes that encode proteins which act to oxidise
aldehydes to carboxylic acids. A later analysis using RNA-seq data from the
OCCAMS collaboration (adenocarcinoma, n = 27; squamous mucosa, n = 5) found a
similar result, although the geneset featured less prominently, and none of the
geneset differences reach discovery thresholds. Other genesets which ranked highly
were generally those characteristic of a squamous epithelium, including terminal

differentiation and epithelial markers, and cell-cell connectivity (see Table 14).

Table 13: Summary of GSEA findings in three datasets

Study n Tissue isolation t:;::::iqnuge (’:‘gg 5:5'12) =
Wang N;?QCS?W Laser capture Microarray g:) <0.0001
Kim NO?QCSEQZ 8 Macrodissection Microarray ?;()j 0.008
OCCAMS NSrﬁ"nCSZJ 5 Macrodissection RNA-seq 2(3(;(; NS

AOR, aldehyde oxidoreductase geneset; FDR, false discovery rate
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Table 14: The ten highest ranked GO v5 geneset discoveries from GSEA of Wang et al

Rank Geneset details (Gene Ontology classification) FDR q value
1 Tissue development <0.0001
2 Oxidoreductase acting on the aldehyde or oxo group of donors <0.0001
3 Ectoderm development <0.0001
4 Epidermis development <0.0001
5 Protein binding bridgeing <0.0001
6 Vitamin metbaolic process <0.0001
7 Endosome <0.0001
8 Oxidoreductase activity acting on the aldehyde or oxo group of donors (NAD/NADP binders) <0.0001
9 Intercellular junction <0.0001
10 Morphogenesis of an epithelium <0.0001

Univariate analysis of each AOR geneset constituent was performed to identify the
key drivers of the phenotype, across all datasets reporting Barrett's or OAC
transcriptomic data with a relevant tissue control. As seen in Figure 18a, there were
consistent and highly significant differences in several isoenzymes of ALDH, as well
a more specialised AOR involved in glycolysis. In particular, ALDH1A3, -3A1, -3A2, -
3B2, -4A1, and, 9A71 were convincingly and consistently suppressed in
adenocarcinoma compared to squamous mucosa (all P<1x107°), and all but -3A1
and -3A2 were also suppressed in Barrett’'s metaplasia and gastric tissue. Between
Barrett's and adenocarcinoma, the only isoenzyme to pass significance thresholds
was ALDH3A2 (expression reduced in cancer, P<1x10™""). ALDH1A1 was the only
isoenzyme in which expression was enriched in non-squamous tissue, in particular in

Barrett's compared to normal squamous mucosa.

ALDH3B2 was excluded from further analysis as it has a stop in codon 17 and
thought to be a pseudogene, as was BCKDH, as it has a highly specialised role in
glycolysis and is not thought to contribute to wider aldehyde metabolism. Owing to its
association with Barrett’'s adenocarcinoma, ALDH1A2 was added to the validation
cohort, as was ALDH?2, which is associated with OSCC when mutated. Thus, eight

candidates were identified for experimental validation.

To extend these findings, a second approach was undertaken to collapse univariate
gene expression to functionally relevant groups, using IPA. As seen in Figure 18b,
the most significantly altered pathway was “xenobiotic metabolism signalling”, of

which various ALDHSs form a significant part.
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Figure 18: ALDH candidate discovery and IPA analysis.

Panel a. Candidate discovery and initial validation. Panel A: significance of enrichment or
depletion in dichotomous univariate analysis of candidate ALDH expression in four different
tissue types, parsed from microarray expression datasets as indicated. Panel b. Top ten most
significantly modulated core analysis pathways in Ingenuity Pathway Analysis, using Wang et
el dataset.
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3.4.2 Patients

Clinico-demographic features comparing the phenotyping cohorts are given in Table
15. The groups were age-sex matched, and generally tumour characteristics were
similar (tendency to T>2 N>0 presentation). There were significant differences in the
tumour invasion depth and nodal metastases, and a non-significant difference in neo-
adjuvant chemotherapy use, between cohort 1/2 and 3. Additionally, the five year

survival was significantly poorer in the 2" IHC cohort.

Table 15: Clinico-demographic features of the ALDH expression cohorts

qPCR 1st IHC 2nd IHC
P-=
cohort cohort cohort
n 67 52 360
Age* 64 63 66
Male 53 (79%) 40 (76%) 288 (80%) 0.872
Local stage <0.001
T1 13 (19%) 12 (23%) 25 (7%)
T2 10 (15%) 9 (17%) 67 (19%)
T3 34 (50%) 26 (46%) 251 (70%)
T4 10 (16%) 5 (10%) 17 (5%)
Nodal stage <0.001
NO 24 (36%) 22 (42%) 106 (30%)
N1 32 (48%) 10 (19%) 238 (66%)

N2/3 11 (16%) 18 (35%) 15 (4%)
Differentiation 0.008
Well/Moderate 35 (52%) 29 (56%) 136 (38%)

Poor 32 (48%) 23 (44%) 224 (62%)

Post-chemo sample 37 (55%) 26 (50%) 154 (43%) 0.131
5 yr survival n/a 28 (54%) 86 (24%) 0.002

All P values calculated with chi-squared tests. Staging characteristics accordingto TNM 7
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3.4.3 Candidate ALDH expression in at mRNA level — qPCR study

The sample processing scheme is provided in Figure 19a. Of 182 samples prepared,
26 (14%) required microdissection to achieve appropriate cellularity, and 12 (7%)

contained no target cell-type and required replacement.

Consistent and significant decreased expression was noted in five ALDH subtypes
(ALDH1A3, -3A1, -3A2, -4A1, and -9A7) in AdT compared to matched SqT. This
ranged from a median 10 to 40 fold (90-98%) reduction in relative RNA message
(Figure 19b, note log,, transformed axis). This pattern of expression was identical to
that observed in the microarray expression libraries. Of all, ALDH3A1 was most
strikingly suppressed — in some cases there was a thousand-fold reduction in the
expression of this gene. One ALDH isoform, ALDH1A1, was significantly increased,

albeit in a wide distribution of expression.

ALDH1A2 transcripts were frequently undetectable or required high (>37) CT values
with wide standard deviations to reach intensity thresholds in both SqT and AdT.
Such high cycling values must be treated with caution as accuracy is degraded. It
was considered that this gene is not expressed in oesophageal tissues, and it was

thus excluded from further studies.

ALDH expression was additionally quantified in SqN (i.e. squamous from healthy
volunteers) and Barrett's metaplasia (BE) samples (see Figure 19c). There were no
differences in ALDH expression in squamous mucosa from the normal and malignant
oesophagus. In keeping with earlier bioinformatics analyses, expression of ALDH1A1
was also increased in BE compared to Sq samples, and expression of ALDH3A1 and
-3A2 were not different. Expression of ALDH4A1 and 9A1 were both significantly
higher in BE compared to AdT. For ALDH4A1, expression was even higher in BE

than SqT, which was inconsistent with in the findings in silico.
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Figure 19: qPCR biopsy study

Panel A. Schematic of sampling strategy Panel B. Fold change in RNA transcripts between
matched proximal squamous mucosa and adenocarcinoma tissue from 67 patients with OAC.
Green line indicates normalised value for squamous mucosa. P-values calculated by copies
per thousand GAPDH (CPKG) analysis. Panel C. CPKG ALDH quantitation of indicated
tissue types (SqT n = 67, SgN = 10, Metaplasia = 10, OAC = 67). *P <0.05; **P <0.01;
***P<0.001; ****P<0.0001
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3.4.4 Candidate ALDH expression at protein level — immunohistochemistry

studies

Tissue expression patterns in Imperial discovery cohort Findings at the RNA
level were extended using immunophenotyping of archived paraffin-imbedded post-
surgical tissue with the following objectives: (i) to verify ALDH protein expression (ii)
to establish topological and subcellular expression patterns (iii) to correlate
expression to survival and other metadata (which was not yet possible for the

prospectively collected biopsy cohort).

In keeping with in silico and PCR data, all oesophageal squamous epithelia (SqE)
broadly expressed the measured ALDH isoenzymes (see Figure 20a). Particularly
strong staining for ALDH3A1 and -3A2 was noted in the basal squamous layer,
followed by reduced expression in the next layers, followed by increased expression
(see Figure 20b). The absolute basal, middle and top layers also showed frequent
nuclear staining for the isoenzymes. In contrast, there was a heterogeneous
expression for adenocarcinoma with only a minority showing moderate or strong
immunostaining (ALDH3A1, 8.9%; ALDH3A2, 27.1%; ALDH4A1 26%, ALDH9A1
38%). Typically, both normal and tumour-adjacent mesenchymal, lymphatic and
vascular cells did not express these enzymes (see Figure 20a). Representative
staining for each candidate is given in Figure 17 and a whole mount example of
ALDH3AZ2 with both SQE and AdT areas on the same section is given in Figure 20b.

The embedded tissue blocks for this analysis were selected by the presence of OAC,
however, in ten whole mount cases, areas of non-dysplastic (six cases) and
dysplastic Barrett’s epithelium (six cases) were available for comparison. There was
moderate or strong expression of all ALDH isoenzymes in 3 or 4 of the 6 cases of BE
and BD (see Figure 20a). Broadly, there was similar expression between both
metaplasia and dysplastic columnar change in the oesophagus, particularly for
ALDH3A1 and ALDH3A2. The whole mount sections contained additional information
regarding ALDH expression and malignant behaviour. These include evidence of (i)
no evidence of expression gradients in periluminal tumour tissue (ii) strong SqT and
BE ALDH3A2 staining immediately adjacent to weak AdT staining (iii) reduced
expression of ALDH3AZ2 in a lymph node metastasis compared to the index tumour in
a single slide (see Figure 21). Important, differential staining between tissue-types
was extremely crisp, implying that transregulation is cell-autonomous rather than a

reaction to microenvironment stimuli.
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Figure 20 Candidate ALDH expression in the discovery immunohistochemistry cohort

(Imperial patients, n = 52)

Panel a; An axial section through an oesophagus containing a submucosal adenocarcinoma,
and stained for ALDH3AZ2. Panel b; Candidate ALDH expression patterns across different

tissues in the combined cohort.
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Figure 21: ALDH3A2 expression
loss occurs with progression

Panel a, whole mount section
showing strong staining for SqT
(basal layer) and BE and weak
staining for AdT within close
proximity. Panel b, whole mount
section showing differential ALDH3A2
expression between deeply invasive
tumour and a metastatic lymph node
deposit, associating loss of
expression with progression.

LN metastasis
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Expression studies supervised by clinical metadata in the discovery (ICL)
cohort Molecular studies using archived material permits subgroup analyses based
on long-term clinical outcomes. In the Imperial IHC cohort, there was no difference in
ALDH expression in any pre-determined clinical subgroup, including a history of neo-
adjuvant chemotherapy (data not shown). However, stratification of expression to
survival revealed significantly poorer overall survival in tumours with low expression
of ALDH3A1 and -3A2 (see Figure 22, left column). These findings were verified
using RNA-sequencing (RNA-seq) data from The Cancer Genome Atlas. Candidate
ALDH RNA-seq fragments-per-kilobase-per-megabase (FPKM) read counts were
used to stratify matched survival. The FPKM values were simply partitioned into
‘high’ and ‘low’ cohorts using the median as a cut-off. This strategy yielded the same

significantly poorer survival pattern for low expressors of ALDH3A2, and a non-

significant pattern of poorer suvival for ALDH3A1 (see Figure 22).
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Figure 22 Kaplan-Meier survival curves fitted to ALDH expression using ICL
immunophenotyping data & The Cancer Genome Atlas RNA-seq data Significance
assessed with Mantel-Cox test (P<0.05). (Imperial IHC, ALDH3A1-high n = 5/52, ALDH3A2-
high n = 14/52; TCGA n = 56, cohorts divided by median expressi