© 00 N O O A WON B

W W W W W W W NN DN DN NN DD P P PR R R R PR R
o Ol A WO N P O O 00NN O O D WON P O © 0N O B WO N —, O

bioRxiv preprint first posted online Mar. 7, 2018; doi: http://dx.doi.org/10.1101/277335. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

It is made available under a CC-BY 4.0 International license.

The human leukemia virus HTLV-1 alters the structure and
transcription of host chromatin /n cis

Anat Melamed*', Hiroko Yaguchi*™, Michi Miura®, Aviva Witkover', Tomas W Fitzgerald?,

Ewan Birney?, Charles R M Bangham™*

! Division of Infectious Diseases, Imperial College London, Norfolk Place, London W2 1PG,
UK

2 European Molecular Biology Laboratory, European Bioinformatics Institute, Wellcome
Genome Campus, Cambridge CB10 1SD, UK

" contributed equally (alphabetical order)
* corresponding author

Address correspondence to Charles Bangham (c.bangham@imperial.ac.uk)

Abstract

Chromatin looping controls gene expression by regulating promoter-enhancer contacts, the
spread of epigenetic modifications, and the segregation of the genome into transcriptionally
active and inactive compartments. We studied the impact on the structure and expression of
host chromatin by the human retrovirus HTLV-1. We show that HTLV-1 disrupts host
chromatin structure by forming loops between the provirus and the host genome; certain
loops depend on the critical chromatin architectural protein CTCF, which we recently showed
binds to the HTLV-1 provirus. Finally, we show that the provirus causes two distinct patterns
of abnormal transcription of the host genome in cis: bidirectional transcription in the host
genome immediately flanking the provirus, and clone-specific transcription in cis at non-
contiguous loci up to >300 kb from the integration site. We conclude that HTLV-1 causes
insertional mutagenesis up to the megabase range in the host genome in >10* persistently-

maintained HTLV-1* T-cell clones in vivo.
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Introduction

The dynamics and higher-order folding of chromatin play a critical role in gene regulation.
Higher-order chromatin structure is determined by several factors, among which the best
characterized is CCCTC-binding factor (CTCF) [1]. CTCF binds a non-palindromic 20-
nucleotide DNA motif at ~50,000 sites in the human genome, and acts chiefly [2] by
regulating the formation of chromatin loops of ~100 kb to ~2 Mb, which control the contacts
made between promoters and enhancers and so regulate gene expression [3-5]. Aberrant
higher-order chromatin organization can result in abnormal patterns of transcription, and

mutations in CTCF are linked to human disease [6-8].

Recently we found [9] that CTCF binds to a nucleotide motif in the Human T lymphotropic
virus type 1 (HTLV-1; also known as the human T-cell leukemia virus) [10] , when HTLV-1 is
integrated - as the provirus - into the host cell genome. HTLV-1 is a primate retrovirus that
infects ~10 million people in the tropics and subtropics. The infection is asymptomatic in
~90% of human hosts; the remaining 10% of HTLV-1-infected hosts develop either a chronic
inflammatory disease, most commonly involving the central nervous system, or an
aggressive malignancy of CD4" T cells known as adult T-cell leukemia/lymphoma (ATL).
Unlike HIV-1 infection, there remains no satisfactory treatment for either the inflammatory or

malignant diseases caused by HTLV-1.

A typical host of HTLV-1 carries between 10*and 10° clones of infected T cells, each clone
carrying a single copy of the provirus in a unique genomic location [11]. The large number of
HTLV-1-infected clones appears to be established early in infection, after which persistent
clonal proliferation maintains a stable hierarchy of HTLV-1-infected clones for the remainder
of the host’s life. The viral regulatory proteins, Tax and HBZ (HTLV-1 bZIP), which are
encoded respectively by the sense and antisense strands of the provirus, play indispensable
roles in pathogenesis [12]. Tax is a transcriptional transactivator which dysregulates many
host genes, while HBZ acts as a negative regulator of Tax-mediated host gene transcription
and viral expression. Both Tax and HBZ contribute to persistent proliferation of the infected
T cell in vivo, and it is now thought that the consequent accumulation of replicative mutations
is a key driver in HTLV-1 oncogenesis. However, insertional mutagenesis has not been

considered important in causing ATL.

The observation that CTCF binds to the HTLV-1 provirus [9] raised the hypothesis that
CTCF bound to the provirus can form abnormal chromatin loops by dimerizing with CTCF in
the flanking host genome. Using chromosome conformation capture (3C), we previously

demonstrated the presence of a single CTCF-dependent chromatin loop in a long-term in
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74 vitro T cell line [9]. In the present study we extended this analysis, using circular

75 chromosome conformation capture (4C) and RNA-seq, to examine systematically the impact

76  of the HTLV-1 provirus on the structure and expression of the host genome in T cell clones

77 isolated from HTLV-1-infected subjects. We show that the HTLV-1 provirus forms

78  reproducible abnormal chromatin contacts with sites in the host genome in cis as far as 1.4

79  Mb from the provirus. Some of these abnormal chromatin contacts depend on CTCF binding

80 tothe provirus. Further, we demonstrate clone-specific deregulation of host transcription in

81 cis both immediately flanking the integrated provirus (up to 50 kb upstream and downstream)

82  and at distant sites as far as 300 kb from the provirus. Since HTLV-1 is integrated in >10*

83  different genetic locations in a typical host, and there are tens of thousands of CTCF-binding

84  sites (CTCF-BS) in the human genome [13], these results imply that HTLV-1 has the

85 potential to cause deregulation of host transcription at a very large number of loci in each

86 infected host.

87

88

89 Results

90

91 Inthis paper, we refer to loci in the host genome relative to the orientation of the HTLV-1

92 provirus. Thus, a locus “downstream” of the provirus is located 3' to the 3' LTR, whether the

93  provirus is integrated in the positive or negative sense in the host genome.

94

95 HTLV-1forms chromatin loops with the flanking host genome

96 To test the hypothesis that HTLV-1 integration alters the host chromatin structure, we

97  performed a genome-wide search for chromosomal positions that contact the HTLV-1

98  provirus, using a modified version of circular chromosome conformation capture (4C). 4C is

99  a powerful tool to study the 3D chromatin looping between a specified genomic region (the
100 ‘viewpoint’) with respect to the rest of the genome. The standard 4C protocol has limitations
101 inthat it is only semiquantitative [14]. To improve the quantification, we adapted our protocol
102  for quantification of HTLV-1 integration sites [15]. We followed the 4C protocol described by
103  van de Werken et al. [16], but instead of using a second restriction enzyme, we sonicated
104  the library, added adapters and performed ligation-mediated PCR (see Materials and
105 Methods). This modification confers two advantages. First, it precludes the bias towards
106  detection of chromatin contacts that lie near a given restriction site. Second, the amplicon
107 length serves as a unique molecular identifier, enabling relative quantification [15] of the
108 chromatin contacts. We refer to this modified method as quantitative 4C (q4C); a similar
109 approach (UMI-4C) has been described by others [17].
110
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111  We applied g4C to test the hypothesis that the HTLV-1 provirus forms chromatin contacts
112 with the host genome in a series of T cell clones isolated by limiting dilution from circulating
113  CD4' T lymphocytes of HTLV-1-infected individuals [18] (Table 1). Each clone has a single
114  copy of the provirus in a unique integration site (Table S1). As the viewpoint in g4C, we used
115 the 679 bp Nlalll fragment containing the proviral CTCF-BS (Figure 1A). Chromatin contacts
116  were identified using a protocol based on a hidden Markov model (Materials and methods).
117

118  We detected reproducible q4C peaks (long-range chromatin contacts between the provirus
119  and the host genome) in 9 of the 10 infected T-cell clones examined (Figures 1B, C; Figure
120  S1). The number of peaks per clone varied between 0 and 15, with a median of 3 peaks per
121  clone (Figure 1C); There were significantly more peaks downstream of the integration site
122 than upstream (p = 0.03, Chi-squared goodness-of-fit test; Figure S2A). The distance

123  between identified peaks and the provirus of the respective clone varied between 12.9 kb
124  and 1.4 Mb, with a median of 85 kb (Figure 1D). The distance between each peak and the
125 integration site did not significantly differ between upstream and downstream peaks (p =
126  0.13, Wilcoxon test; Figure S2B).

127

128 We wished to identify whether the HTLV-1 provirus makes preferential contacts with the host
129 genome in cis. The provirus is present in a single copy per cell (Figure 2A) [18]. First, to
130  determine whether the g4C reads were derived from a single chromosome (i.e. were

131  monoallelic) or from both homologous chromosomes (biallelic), we identified single-

132  nucleotide polymorphisms (SNPs) present in the respective donor subject by whole-genome
133  sequencing (see Materials and Methods). The alleles identified at heterozygous SNPs in
134  qg4C reads demonstrated that the observed ligation events were confined to a single strand
135 (i.e. were monoallelic), with a range of at least 4 Mb from the provirus (Figure 2B).

136

137  Next, we used the heterozygous SNPs to distinguish the chromosome carrying the provirus
138 from its homologous chromosome, using computationally-determined phased haplotypes
139 (see Materials and Methods). In this way, the infected chromosome could be distinguished
140  from the uninfected chromosome for at least 100 kb either side of the integration site in 8 of
141  the 10 clones (Figure 2C; Figure S3). To validate the haplotype-calling, we identified

142  heterozygous SNPs in long-range PCR products, amplified either between the provirus and
143  the host genome (infected haplotype) or across the proviral integration site (uninfected

144  haplotype) (Figure 2C; Figure S3). The results (Figure 2C) showed that the reproducible
145  contacts between the host genome and the HTLV-1 provirus were exclusively made in cis,
146  thatis, on the infected chromosome.

147


http://dx.doi.org/10.1101/277335
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint first posted online Mar. 7, 2018; doi: http://dx.doi.org/10.1101/277335. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

148 Certain long-range chromatin contacts are CTCF-dependent

149  We wished to test the hypothesis that the observed abnormal long-range chromatin contacts
150 are associated with the presence of CTCF-BS identified in the T cell clones by ChIP-seq.
151  The results showed that that CTCF-BS were enriched at the chromatin contacts in the host
152  genome: ~50% of q4C peaks overlapped with at least one CTCF-BS (Figure 3A); in 10% of
153  peaks there were two CTCF-BS. Consistent with recent findings by others [19, 20], where a
154  peak overlapped a CTCF-BS the viral and host CTCF binding motifs were present in

155 convergent or tandem orientation in 80% of cases (Figure 3B). The presence of a CTCF-BS
156  was associated with a significantly greater observed gq4C peak height (p = 0.025, Wilcoxon
157 test), and there was a significant positive trend between the q4C peak height and the

158  number of CTCF sites within the peak (Figure 3C; p = 0.016, Spearman’s test). Finally,

159 there was a significant positive correlation between the number of observed chromatin

160  contacts in a clone and the number of CTCF-BS within 0.5 Mb of the integration site (Figure
161  3D; Pearson’s correlation test); this correlation remained significant up to 1.16 Mb from the
162  provirus.

163

164  We then tested whether CTCF binding to the provirus is required for formation of provirus-
165 host contacts. We used a CRISPR-modified cell line (ED) [9], derived from an individual with
166  the HTLV-1-associated malignancy adult T-cell leukemia (ATL) (Figure 3E). We also applied
167 CRISPR-Cas9 ribonucleoprotein transfection [21] to knock out the CTCF-BS in a non-

168 malignant T-cell clone (TBX4B; Figure 3F). We carried out q4C analysis on cells from the
169  wild-type (WT) clone, and the mutant (Mut) clone containing a mutated CTCF-BS. The

170  results show that the loss of CTCF binding was associated with a loss of 5 of the 8 observed
171  contacts; three of the 5 lost contacts overlapped a CTCF-BS in the host.

172

173  HTLV-1 alters contiguous host transcription

174  The results obtained by q4C demonstrated that HTLV-1 integration can alter host chromatin
175 looping. We wished to investigate the impact of the HTLV-1 provirus on transcription in the
176  host genome both immediately flanking the provirus and at distant loci. We carried out

177  strand-specific mMRNA-sequencing (RNA-seq) on the HTLV-1-infected T cell clones, and

178  quantified the density of reads mapping to discrete 1 kb windows up to 2 Mb from the

179  respective proviral integration site. The results showed upregulated transcription in the host
180 genome immediately flanking the HTLV-1 provirus, in all clones examined (Figure 4A, B;
181  Figure S1, S4). This upregulated transcription was observed either upstream or downstream
182  of the provirus, or both, with a predominant increase downstream in the same sense as the
183  HTLV-1 plus-strand and upstream in the opposite sense (Figure 4C). We then performed

184  this analysis separately to compare the clones with high HTLV-1 plus-strand expression and
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185  those with low plus-strand expression (defined respectively as those clones with a tax read
186 intensity in the RNA-seq above or below the median intensity of all clones). The results
187  showed that, whereas abnormal upstream antisense expression was present in most clones,
188 an increase in same-sense transcription was specific to those clones with high plus-strand
189  expression (Figure 4D).

190

191 The observed upregulation of transcription was frequently intergenic, but we also observed
192 instances of clone-specific gene expression. For example, in clone TBX4B, HTLV-1 is

193 inserted between exons of the gene PNPLA (Figure 3F). This gene was not expressed in the
194  other T cell clones, but was highly expressed in TBX4B both downstream and upstream of
195 the integration site, in the same sense as the proviral plus-strand. The presence of abnormal
196 same-sense host transcription upstream of the 5’ LTR suggests that the transcription was
197  driven by the proviral enhancer.

198

199 Transcription is altered at non-contiguous sites

200 In addition to the abnormal transcription immediately flanking the provirus, there were

201  frequent examples of clone-specific transcription in regions of the host genome not

202  contiguous with the provirus (Figure 4B. Figure S4). For example, in clone 8.8, there was
203  upregulation of host transcription both flanking the integration site and in the gene TBC1D4
204  (a Rab GTPase-activating protein) ~44 kb upstream; no transcripts were detected in the
205 intervening host genome (Figure 4B, left). Non-contiguous transcription also occurred at the
206  downstream contact site made with the provirus, resulting in aberrant splicing of the gene
207  UCHL3 to produce putative novel UCHL3 transcripts (Figure S5B).

208

209 In clone 3.60, abnormal non-contiguous transcription was found downstream of the provirus
210  (Figure 4B, right) between the provirus and the contact (indicated by the g4C peak) formed
211  with the host genome. This region contains a gene (SULT1B1) in the negative strand of the
212  genome; the abnormal transcription observed in clone 3.60 was present in the positive

213  strand with alternative splicing, resulting in a putative novel transcript (Figure S5A). These
214  observations demonstrate that the provirus can alter transcription in cis both within and

215 between genes, and alter splicing, producing novel transcripts.

216

217  HTLV-1 alters host transcription in cis

218 To test the hypothesis that the observed abnormal transcription of the host genome was
219  confined to the chromosome carrying the provirus, we quantified the allelic imbalance in the

220  SNPs identified in RNA-seq reads up to 2 Mb from the integration sites. The results showed
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221 thatin heterozygous SNPs identified in the clone-specific transcripts, transcription was

222  predominantly homozygous, i.e. monoallelic (Figure 5A).

223

224  To test whether this monoallelic transcription was derived from the infected chromosome or
225 its homologous chromosome, we used the haplotype-calling approach described above to
226  assign heterozygous SNPs present in the RNA-seq reads within 100 kb of the proviral

227 integration site to either the infected or the uninfected chromosome. The results (Figure 5B,
228 C, D), showed that, where the transcripts could be assigned to one chromosome, the

229  observed clone-specific transcripts were overwhelmingly derived from the infected

230 chromosome, whereas transcripts that were not specifically upregulated were expressed

231  from either chromosome at a similar frequency (Figure 5B, left side of left panel; Figure 5C,

232 D).
233
234
235 Table 1. T cell clones used
236
subject clone(s) 237
TBJ 3.60, 3.83 238
239
TCX 8.13, 8.8 240
TCT 10.1 241
242
TBW 11.50, 11.63, 11.65, 13.50&13
TBX TBX4B 244
HAY 6.25, 6.30(V) 245
246
247
248
249  Discussion
250

251 The mammalian genome is not randomly arranged in the nucleus, but is folded in a highly
252  ordered manner at a series of successively larger spatial scales [22]. At the smallest scale,
253  chromatin is organized in a series of reproducible loops that are formed by bringing together
254  specific genomic loci which are separated on the linear genome by up to ~2 Mb [23-25]. The
255  zinc finger protein CTCF plays a central part in establishing and maintaining these chromatin
256  loops: the non-palindromic CTCF-BS is found at the borders of ~80% of loops. Certain

257  other chromatin-associated proteins, such as PRC1 [26], and transcription factors including
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258 AP-1[27] and YY1 [28], can also cause looping of chromatin. The resulting chromatin loops
259 inturn play a critical part in controlling gene expression, by regulating the contacts made
260 between enhancers and promoters [3-5]. Disruption of chromatin loops can deregulate gene
261  expression and cause developmental abnormalities [29] or diseases such as cancer [6-8].
262

263  The discovery that the HTLV-1 provirus binds CTCF [9] therefore raised the hypothesis that
264  the provirus forms chromatin loops with the neighbouring host genome and thereby

265  deregulates host transcription. To test this hypothesis, we used a panel of non-malignant
266  CD4" T cell clones naturally infected with HTLV-1. Each clone carries a single copy HTLV-1
267  provirus in a known genomic location [18]; all 10 clones studied were competent to express
268  the plus-strand proviral genes except clones 6.25 and 8.13.

269

270  The results of chromosome conformation analysis (q4C) presented here reveals

271  reproducible contacts between the HTLV-1 provirus and the flanking host genome at least
272 1.3 Mb from the integration site. Each clone has a unique pattern of chromatin contacts,
273  depending on the site of integration of the provirus in the host genome. The allelic bias

274  observed in the gq4C data, with the preferential detection of SNPs on the chromosome

275  carrying the provirus, indicates that the provirus makes preferential contacts in cis with host
276  chromatin at distances at least 4 Mb from the provirus. Preferential contacts in cis may

277  extend beyond this distance, but detection is likely to be limited by the sensitivity of the g4C
278  technique.

279

280  Four observations indicate that certain chromatin contacts made between the provirus and
281  the host genome depend on the presence of CTCF. First, in each of two clones (ED and
282  TBX4B; Figure 3E, F), knocking out the CTCF BS in the provirus without altering the coding
283  sequence of the tax gene abrogated a major contact with a site in the host genome,

284  respectively ~50 kb and 17 kb downstream, where CTCF was shown to bind. Second, of the
285 44 host loci identified by the peak-calling algorithm as making contact with the provirus, 22
286 contained one or more CTCF-BS. Third, consistent with recent observations made by others
287  [19, 20], 12 of the 13 (92.3%) CTCF-BS in the host contact sites whose orientation could be
288  ascertained were oriented towards the CTCF-BS in HTLV-1. Fourth, both the number and
289  height of g4C peaks were correlated with the number of CTCF-BS in the host genome

290  (Figure 4C, D). However, not all host chromatin contact sites contain CTCF-BS, and certain
291 peaks remained detectable by q4C after knock-out of the proviral CTCF-BS. These

292  observations are consistent with the findings that certain chromatin-associated proteins other
293 than CTCF can also give rise to chromatin looping [26-28].

294
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295  The formation of chromatin loops between the HTLV-1 provirus and the host genome in turn
296 raised the possibility that host transcription is deregulated. At least two mechanisms of such
297  deregulation can be suggested. First, the abnormal chromatin loops might alter the normal
298  contacts made between enhancers and promoters in the host genome, either creating new
299 contacts or abrogating pre-existing contacts. Second, the new chromatin loop might bring
300 the proviral LTR near a host promoter and cause abnormal transcription from the promoter.
301

302  We show here that HTLV-1 can deregulate host transcription both at sites contiguous with
303 the provirus and at non-contiguous, distant sites. Again, each clone has a unique pattern of
304  transcription. In the host genome immediately flanking the provirus, we detected frequent
305 abnormal (clone-specific) transcription, predominantly in the opposite transcriptional sense
306 to the provirus upstream of the 5’ LTR and, to a lesser extent, in the same transcriptional
307 sense downstream of the 3’ LTR. The observed abnormal transcription involved both

308 intergenic regions and identified host genes (Figure 4B, Figure S1, S4); in addition, we

309 observed examples of abnormal transcription and abnormal splicing of host genes (Figure
310 S4).

311

312 Kataoka et al. [30] and Rosewick et al. [31] have reported evidence of transcription initiated
313  on the minus strand of the provirus and continuing upstream into the host genome in

314  transformed lymphocyte clones carrying HTLV-1 or the related bovine leukemia virus (BLV).
315  The present results demonstrate that abnormal host transcription flanking the provirus in cis
316 s a general feature of HTLV-1 infection. This abnormal transcription is bidirectional: both
317  downstream of the provirus in the same sense as the proviral plus-strand, and upstream in
318 the opposite sense. The observation of clone-specific transcription upstream of the 5’ LTR
319 inthe plus-strand sense (Figure 4A), especially in high tax-expressing cells (Figure 4D),
320  suggest that the HTLV-1 promoter/enhancer can drive abnormal expression from nearby
321  transcription start sites.

322

323 In addition to the abnormal transcription frequently detected in regions of the host genome
324  contiguous with the provirus, each clone also had a unique pattern of abnormal transcription
325 at non-contiguous, distant sites. The great majority of these clone-specific transcripts came
326  from the chromosome carrying the provirus, not its homologous “uninfected” chromosome,
327  as shown by the allelic bias observed in the sequence reads (Figure 5D). Similarly, the

328  observed allelic bias in the q4C reads extended to at least 1 Mb upstream and downstream

329  of the provirus (Figure 2B). These results are consistent with the notion that the abnormal
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330 transcription observed at sites distant from the provirus results from contacts made between
331 the provirus and the host genome.

332

333 While certain CTCF-dependent chromatin loops mediate enhancer-promoter interactions,
334  there is growing evidence that the main function of CTCF-dependent loops is structural and
335 is largely shared between cell types, whereas loops formed by other chromatin-binding

336  proteins such as YY1 [32] or chromatin-modifying proteins such as PRC1 [33] mediate

337  dynamic enhancer-promoter interactions and thus play a central part in determining cell-
338  type-specific transcription. It remains to be tested whether each respective instance of

339  HTLV-1l-associated abnormal host transcription observed here depends on chromatin

340  looping induced by CTCF or another chromatin-binding protein.

341

342  Retroviruses have long been known to disrupt host gene expression by insertional

343  mutagenesis, either by integration of the provirus within a gene or by activating expression of
344  aflanking host gene [34-36]. Upstream host oncogenes have been shown to be activated
345 by integrated retroviruses, for example mouse mammary tumour virus [36] and murine

346  leukemia virus; in the latter case transcription was initiated in the LTR and read through into
347  the host genome [37]. Integration downstream of a host oncogene conferred a strong

348  selective advantage on certain clones transduced with a gene therapy vector derived from
349 MLV, resulting in a number of cases of leukemia [38, 39]. In mice, it has also been shown
350 that MLV can cause abnormal host transcription by activating a distant host gene [40-42]. In
351 astudy of MLV-induced leukemia, Sokol et al. [41] suggested that the MLV proviral

352  enhancer was brought near the oncogene by chromatin looping; if so, it is likely that chance
353 integration of MLV at this particular locus enabled the virus to exploit a normal chromatin
354  loop normally present in the mouse genome. In contrast to this adventitious effect of MLV,
355  our results show that the HTLV-1 provirus itself can cause both abnormal chromatin contacts
356 in cis with distant host loci and abnormal host transcription at distant loci. These findings
357 demonstrate that HTLV-1 has a range of insertional mutagenesis that can extend to the

358 megabase scale.

359

360  Schmidt et al [43] showed that retrotransposons propagated CTCF-BS throughout the

361 genome of several mammalian lineages during evolution; however, present-day exogenous
362  retroviruses have not been shown to alter the higher-order structure of host chromatin, to our
363 knowledge. It was recently reported [44] that the spumaretrovirus foamy virus encodes a
364 CTCF-BS in its long terminal repeats. The impact of these binding sites on host chromatin

365  structure and transcription have not been investigated; Goodman et al [44] suggested that

10
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366 the presence of CTCF bound to the LTRs may block enhancer effects of the foamy virus

367 LTR, and so account for the low observed degree of foamy virus genotoxicity.

368

369  The HTLV-1 transcriptional transactivator protein Tax drives expression not only of the

370  proviral plus stand but also of several host genes, notably CD25 (IL2RA), IFNG, IL6, IL15,
371 GM-CSF, TNFB, and CCL22 [45]. While these effects may contribute to the persistence and
372  replication of the virus, and to the risk of the inflammatory and malignant diseases

373 associated with HTLV-1, the effects are not clone-specific. The present results show that, in
374  addition to these generic effects, HTLV-1 has the potential to disrupt host gene expression in
375 cis at both contiguous and non-contiguous sites. Since the virus infects between 10*and 10°
376  different clones of T cells in a typical host, each carrying the provirus at a different genomic
377 location, we conclude that the virus deregulates tens of thousands of host genes in a typical
378 infected host.

379

380

381  Materials and Methods

382  Cell culture, preparation

383  The HTLV-1-infected T- lymphocyte clones were derived by limiting dilution from peripheral
384  blood mononuclear cells (PBMCs) of donors attending the National Centre for Human

385  Retrovirology (NCHR) at Imperial College Healthcare NHS Trust, St Mary's Hospital,

386 London. All donors gave written informed consent in accordance with the Declaration of
387 Helsinki to donate blood samples to the Communicable Diseases Research Tissue Bank,
388  approved by the UK National Research Ethics Service (15/SC/0089). The derivation of

389 these clones and the genomic insertion site of the single-copy HTLV-1 provirus in each clone
390  were previously reported [18]. The cells were cultured in RPMI-1640 medium (Sigma-

391  Aldrich) with added L-glutamine (Invitrogen), penicillin and streptomycin (Invitrogen), 10%
392  AB human serum (Invitrogen) at 37°C, 5% CO,. IL-2 (Promokine) was added to the culture
393 every 3 days, and the retroviral integrase inhibitor raltegravir (Selleck) was maintained at 10
394  uM throughout cell culture, to prevent secondary infection. In addition, the cells were

395 activated every 14 days by the addition of beads coated with antibodies against CD2, CD3
396 and CD28 (Miltenyi-Biotech). All experiments were carried out on cells harvested on Day 9
397  of this cycle, after addition of fresh media on Day 8.

398

399 CRISPR/Cas9 modification

400 We used Cas9 ribonucleoprotein transfection [21] to selectively mutate 6 nucleotides in the
401  core CTCF binding-site in the HTLV-1 provirus and abrogate CTCF binding [9].

402
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403 g4C

404  g4C-seq libraries were prepared according the 4C protocol by [16] and our protocol

405  for linker-mediated PCR (LM-PCR) [46] with a modification. Eight million cells were

406  crosslinked in phosphate-buffered saline (PBS) containing 1% formaldehyde for 10 min at
407  room temperature. Cells were lysed using a buffer containing 10 mM Tris-HCI (pH 8.0), 10
408 mM NacCl, 0.2% NP-40 and complete EDTA-free Protease Inhibitor Cocktail (Roche). The
409 DNA was digested with Nlalll (New England Biolabs, NEB) in the presence of 0.2 % SDS,
410 followed by ligation using T4 DNA ligase (NEB) under dilute conditions. The ligated DNA (3
411  ng) was sheared by sonication with a Covaris S2 instrument; adapters were added and the
412  fragments were subjected to LM-PCR for preparation of 4C—seq libraries. DNA fragments
413  were end-repaired using T4 DNA polymerase, DNA polymerase | Klenow fragment, and T4
414  polynucleotide kinase (NEB). An adenosine residue was added at the 3’ end of the DNA
415  fragments using Klenow fragment 3’ to 5" exo— (NEB). A partially double-stranded DNA
416 linker with a specific 6-bp tag was ligated to the DNA ends using a Quick ligation kit (NEB).
417  The linker-ligated product (200 ng per reaction tube) was amplified by a first PCR (PCR1)
418  using the primers HY3 (5-CTCCTCCTTGTCCTTTAACTCTTCCTC-3') and Bio4 (5'-

419 TCATGATCAATGGGACGATCA -3") and Phusion DNA polymerase (NEB). Eight individual

420 PCR1 reactions of 50 uL were prepared for each sample and purified individually using

421  QIAquick PCR Purification Kit (Qiagen) columns. To perform PCR2, 1/150th of the purified
422  PCR1 product was amplified between the primers HY12

423  (5'-AATGATACGGCGACCACCGAGATCTACACCCTCCAAGGATAATAGCCCGTC-3') and
424  P7 (lllumina). The 8 PCR2 products were combined and purified by QIAquick PCR

425  Purification Kit (Qiagen). The libraries were quantified by gPCR using lllumina primers P5
426  and P7. Stock 4C libraries were diluted accordingly and clustered on the sequencing flow
427  cell.

428

429  The steps in q4C analysis are summarized in Figure S6. q4C libraries were sequenced with
430 paired ends (readl and read 2), with a read length of 100 bp with 8 initial dark cycles plus a
431  6-bp tag read (read 3), on a HiSeq 2500 in Rapid-run mode (lllumina). The sequencing

432  primer was situated in the viewpoint (Nlalll fragment), terminating 4 bases upstream of the 3’
433  Nlalll restriction site. These 4 bases as well as the Nlalll restriction site were used as a filter
434  to ensure sequence specificity, and were subsequently trimmed from the 5’ end of the

435  sequence in the first read of each pair using cutadapt [47]. Adapter and low quality bases
436  were trimmed using trim galore

437 (http://www.bioinformatics.babraham.ac.uk/projects/trim galore/). In order to avoid

438 misalignments due to composite reads (containing Nlalll fragments from multiple contacts),
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439 in silico digestion at Nlalll binding sites (CATG) was performed on the reads. ‘Digested’

440  Fastq files were subsequently aligned (as single reads) against a merged reference of the
441  human genome (hg19 assembly) and the HTLV-1 genome (accession number AB513134).
442  For each read, only the first digested Nlalll fragment was used for subsequent analysis

443  unless the first fragment was the one directly following the viewpoint (incomplete digestion)
444 in which case the second fragment was used. Successfully aligned pairs were filtered to
445  remove barcode errors, and only pairs where both read 1 and read 2 mapped to the same
446  chromosome in convergent orientation were kept. Unique readl-read2 pairs were

447  considered a ligation event: the shear site serves as a unique molecular identifier [46], i.e. it
448  identifies a ligation event in a single cell. The number of unique ligation events was then
449  quantified at each ligation site (virus-host genome contact site). At least two biological

450 replicates were analysed from each clone. Where more than 2 replicates were analysed, the
451  two with the highest library diversity (the highest total number of ligation events) were used
452  in subsequent analyses.

453

454  To call chromatin contact sites from the g4C data, we first counted the unique ligation events
455  (comprising distinct ligation and shear positions) in 5 kb overlapping windows (1 kb steps)
456  across the alignments for every clone from each sample. Next we trained a three-state

457 hidden Markov model on all windows with more than one ligation event, for chromosomes
458  containing integration sites, ordered by genomic position, using the Expectation-

459  Maximization (EM) algorithm from the depmixS4 package [48] to find the initial parameters.
460  We then applied the Viterbi algorithm using this trained model to all individual clones and
461 samples separately.

462

463  To define continuous genomic regions of interactions for a given chromosome, we applied a
464  cubic smoothing spline to each sample’s respective state space, interpolating over n points
465  across the chromosome with n being 0.25 * the number of overlapping windows in that

466 chromosome. The edges for each peak were defined by the change in sign of the difference
467  of the curve between consecutive points. Peaks were called for a single replicate only if
468  included windows with a minimum of state 2 (probable peak) in both replicates. The peaks
469  were intersected between the replicates using the GenomicRanges package [49] and

470 intersects which did not include the local maximum of each peak in both replicates were
471 discarded. Peaks which were unique to one clone, were under 50 kb in width and did not
472  overlap the integration site were used in subsequent analysis.

473

474

475
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476 RNA-seq
477 RNA-seq libraries were prepared from total RNA of the T cell clones using the TruSeq

478  Stranded mRNA HT Sample Prep Kit according to the manufacturer’s instructions, and

479  sequenced with the HiSeq4000 (150 bp paired-end reads). RNA sequencing for each clone
480  was performed using the llumina platform. Where more than one replicate was sequenced,
481 the one with a larger number of reads was used in subsequent analysis. Data quality was

482  assessed using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ ) and

483  aligned to the same combined reference (human genome + proviral genome) as described
484  above for g4C analysis, using GSNAP v2017-05-08 [50]. Read depth analysis was carried
485  out using bedtools v2.25.0 [51] against a series of non-overlapping 1 kb windows up to to 1.5
486  Mb either side of the respective integration site. The read count for each window was

487  normalized to the total number of aligned reads in the same sample.

488

489  ChIP sequencing (ChIP-seq)

490 Cells (1.5 X 1077) were cross-linked with 1% formaldehyde at room temperature for 5 min.

491  Nuclear cell lysates were sonicated with a Covaris S2 and immunoprecipitated using anti-
492  CTCF (Millipore #07-729) antibody. The ChIP DNA libraries (ChIP and input DNASs) were
493 prepared using NEBNext Ultra Il DNA Library Prep Kit for lllumina and Multiplex Oligos for
494  lllumina (New England Biolabs, NEB) according to the manufacturer’s instructions. Libraries
495  were sequenced (single-end 50 bp reads) on a HiSeq 2500 (lllumina).

496

497  CTCF ChIP libraries from three T-cell clones (two of which carry an HTLV-1 provirus), and a
498 DNA input control were sequenced on the llumina platform. Sequence data were trimmed to
499  remove adapters and low-quality bases using TrimGalore, and aligned against the same
500 combined reference (human + viral genomes) as above, using GSNAP. Duplicates were
501 removed using Picard v.2.9.0 (http://broadinstitute.github.io/picard) and peaks were called

502 against the DNA input control using MACS [52], and data from the best replicate (highest
503 number of peaks identified) of each clone were used in downstream analysis. CTCF-BS
504 identified in at least two of the clones examined were used in further analysis. The

505 orientation of CTCF motifs within identified CTCF ChIP peaks was determined using

506 PWMtools PWMscan (Ambrosini G., PWMTools, http://ccg.vital-it.ch/pwmtools) to call the
507  orientation of the highest scoring motif. The orientation of ~79% of CTCF observed binding
508 sites was determined in this way.

509

510 Whole-genome sequencing

511  Genomic DNA (gDNA) was extracted from each subject's PBMCs and the respective T cell
512  clones using DNeasy Blood and Tissue kit (QIAGEN). Whole-genome sequencing was
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513 carried out on PBMC DNA from each subject from whom clones were used in this study, with
514  the exception of subject TBX; DNA from this subject’s clone TBX4B was sequenced

515 because PBMC DNA was not available. DNA sequencing was performed on the llumina X10
516 platform, one sample per lane. Alignment against the same combined reference (human +
517  viral genomes) was done using BWA-MEM v0.5.9 [53], and duplicates were removed using
518 Picard. Base calibration (against known dbsnp_135.hg19) and SNP calling for all samples
519 was done using Genome Analyser ToolKit (GATK) v3.7 [54]. Pre-processing, variant

520 discovery and calling followed GATK best practices workflow 3.6. The variant list was filtered
521 to select biallelic variants using GATK SelectVariants and reads per allele were counted by
522  GATK ASEReadCounter, using minimum mapping quality 10, minimum base quality 2 and
523  minimum depth 10. The B-allele frequency (BAF) of each SNP was calculated as the allele
524  count of alternative base / sum of allele counts of reference and alternative bases. SNPs
525  were defined as heterozygous if the B allele frequency (BAF) was between 0.15 and 0.85.
526

527  Haplotype analysis

528 Read-aware phasing into haplotypes was performed using SHAPIT v2.r837 [55] which

529 extracts phase-informative reads and assembles them into haplotypes using data modelled
530 on the data from the 1000 Genome Project

531 (https://mathgen.stats.ox.ac.uk/impute/1000GP_Phase3.html). RNASeq data were aligned to

532  the combined reference using GSNAP (a variant-aware aligner, known to reduce reference
533  bias [54]); duplicates were removed using Picard and the alleles counted for each biallelic
534  variant using GATK ASEReadCounter, using a minimum mapping quality of 10 and

535 minimum base quality of 2. Allelic imbalance (Al) in g4C and RNA-seq data was calculated
536 by the formula Al = abs(0,5 — BAF); Al ranges between 0 (biallelic) and 0.5 (monoallelic
537  expression).

538

539  Statistics

540  Nonparametric tests were used to examine the association between the number of CTCF-
541  BS and the g4C peak height (Wilcoxon) and the number of q4C peaks (Spearman). The
542  difference in the frequency of q4C peaks at a given distance from the provirus was tested
543  using a chi-squared goodness of fit test. The correlation between the number of q4C peaks
544  and the density of CTCF-BS was examined using Pearson’s test. The curves showing the
545  relationship between allelic imbalance and genomic distance (Figure 2B) were computed
546  using LOESS regression. The RNA-seq and g4C results reported here are from at least two
547  Dbiological replicate experiments on each sample, i.e. independently prepared sequencing
548 libraries.

549
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580 Figure legends

581

582 Figure1l HTLV-1forms distant contacts with the host genome

583  A. Upper line: the HTLV-1 genome (green), with a long terminal repeat (LTR) at each end, is
584 integrated into a clone-specific site in the human genome (grey). The q4C viewpoint (blue
585 rectangle) is the Nlalll fragment within the HTLV-1 genome (nucleotide residues 6564-7246)
586  which contains the CTCF binding site (CTCF-BS; black arrowhead). Lower line: the CTCF-
587  BS (blue hexagon) in the provirus can dimerize with a CTCF-BS in the flanking host

588 genome. B. Chromatin contacts identified by gq4C in 2 different clones. For each clone, the
589  top panel depicts the g4C profile in the 5" and 3" host genome flanking the provirus (two

590 biological duplicates), quantified as the normalized frequency of ligation events in

591  overlapping windows (window width 10kb, step 1 kb). On the horizontal axis, positive values
592  denote positions downstream of the provirus (i.e. lying 3' of the 3’ LTR); negative values

593  denote upstream position. VP — viewpoint in g4C (proviral integration site). Diamonds mark
594  the positions of reproducible chromatin contact sites called by the peak caller (Materials and
595  Methods). CTCF panel — open arrowheads denote positions of CTCF-BS ; the filled

596 arrowhead denotes the CTCF-BS in the provirus. Genes panel shows RefSeq protein-coding
597  genes in the flanking host genome. The g4C profiles of remaining clones are shown in

598  Figure S1. C. Number of detected peaks in each clone. D. Distance from detected q4C
599 peaks to the respective proviral integration site.

600

601 Figure2 The HTLV-1 provirus makes chromatin contacts in cis with the infected

602 chromosome

603 A. The HTLV-1 provirus is present in one copy per cell. The infected chromosome (green)
604  can be distinguished from the uninfected homologous chromosome (dark blue) by

605 heterozygous single-nucleotide polymorphisms (SNPs), marked by the nucleotides above
606 each chromosome. B. The frequency of allele usage in unique g4C reads containing

607  heterozygous SNPs (at least 2 reads per position) was measured, to quantify the degree of
608 allelic imbalance, i.e. the degree of monoallelic usage present in g4C reads at a

609 heterozygous SNP. Allelic imbalance ranges between 0 (biallelic, i.e. half of reads come
610 from each allele) and 0.5 (monoallelic, i.e. all reads from one allele only). The dark blue line
611 (above) shows the range of allele usage in the q4C reads; the light grey line (below) shows
612 the allele usage for the same SNPs in the whole-genome sequencing reads. Curves were
613 computed using LOESS regression. C. The infected chromosome was distinguished from
614  the homologous uninfected chromosome using g4C data (top panel) and chromosome-

615 specific PCR (bottom panel). Top panel - heterozygous SNPs in DNA were phased

616 computationally to identify the two haplotypes (A and B) (Materials and Methods); the alleles
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617 presentin g4C data were then assigned to the respective haplotype (circles). On the

618 horizontal axis, positive values denote positions downstream of the provirus, and negative
619 values denote positions upstream. Within at least 100 kb, all identified heterozygous SNP
620 alleles mapped to only one of the two haplotypes. Bottom panel — haplotype assignment was
621 confirmed using haplotype-specific PCR. Each nucleotide shown is a heterozygous SNP
622  within 5 kb of the proviral integration site, identified in the respective clone by whole-genome
623  sequencing. The SNPs were then mapped to the respective haplotype by Sanger

624  sequencing of long-range products amplified by PCR either between the provirus and host
625 genome (inf — infected haplotype) or across the provirus (uninf — uninfected haplotype).

626  Further examples are shown in Figure S3.

627

628 Figure 3 Dependency of virus-host contacts on CTCF binding

629  A. Of 44 contacts identified by g4C in the clones examined, 22 contained one CTCF-BS (N =
630 17) or two CTCF-BS (N = 5); the remaining 22 contacts did not contain a CTCF-BS. B. The
631  polarity was determined of the proviral CTCF-BS (filled arrowhead) and the host CTCF-BS
632  (open arrowhead). Of the CTCF-containing peaks whose polarity could be determined,

633  convergent orientation (possible only for downstream peaks) was found in 46% of peaks,
634  divergent orientation (possible only for upstream peaks) in 8% of peaks, and tandem

635 orientation (possible for either upstream or downstream peaks) in 46% of peaks. C.

636  Distribution of g4C peak height (mean number of ligation events between replicates

637 identified in each peak) in peaks containing 0, 1 or 2 CTCF-BS (coloured as in panel A):

638 peaks that contained at least one CTCF-BS were significantly higher than those that lacked
639 a CTCF-BS (p = 0.025, Wilcoxon test). In addition, there was a significant correlation

640 between mean g4C peak height and the number of overlapping CTCF-BS (p = 0.0156,

641  Spearman’s rank correlation test) (not illustrated). D. The number of observed contacts was
642  positively correlated with the number of CTCF-BS within 0.5 Mb of the proviral integration
643  site (p =0.011, Pearson’s correlation test). E-F. g4C analysis was carried out on a clone
644  from an ATL-derived cell line (E) and a T-cell clone (F), respectively either the wild-type cells
645 (WT,; top panels) or after CRISPR-Cas9 knockout of the proviral CTCF-BS (bottom panels).
646  The vertical axis shows the normalized number of g4C ligation events (overlapping windows
647 5 kb wide, with 1 kb steps). The bottom track in each panel shows the position of known

648 RefSeq protein-coding genes; in clone TBX4B the provirus is inserted between exons of the
649 gene PNPLA (shown in blue; see Results section).

650

651 Figure 4 Integration site-specific upregulation of host transcription

652  A. In each column, the green arrow indicates the HTLV-1 proviral integration site in the clone

653 indicated at the top of the column. Each row shows the the transcription density (normalized

18


http://dx.doi.org/10.1101/277335
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint first posted online Mar. 7, 2018; doi: http://dx.doi.org/10.1101/277335. The copyright holder for this preprint
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license.

654 RNA-seq read count) flanking that genomic position in the clone indicated at the right-hand
655 side. In each case, transcription orientation and positions are shown relative to the

656 integrated provirus. Read density shown in blue shows transcription in the same orientation
657  as the proviral plus-strand; red shows transcription in the antisense orientation to the proviral
658 plus-strand. B. q4C profiles of two clones aligned with the transcription density within 300 kb
659  of the proviral integration site. The RNA ratio shows the ratio of transcription density in a
660 given bin (number of reads in 1 kb bin / total number of reads in sample) in the target clone,
661 divided by the median expression density of all clones in that bin. Colours represent

662  expression in the same sense (blue) or opposite sense (red) to the HTLV-1 plus-strand.

663 Data on the remaining clones are shown in Figure S1. C. Left panel: median ratio of

664 transcription density of all clones, aligned on the integration site (1 kb bins, up to 0.5 Mb

665 from the integration site). Right panel: median ratio of transcription density at 10 genomic
666  positions, selected at random from a gap-excluded hg19 reference genome. D. Analysis
667 carried out as in panel C, separately for clones expressing HTLV-1 plus-strand transcripts at
668 alevel greater than (left panel) or less than (right panel) the median of all clones.

669

670 Figure5 Clone-specific host transcription is derived from the infected chromosome
671  A. Allelic imbalance (Al) denotes the degree of monoallelic usage of identified SNPs: Al =0
672 indicates biallelic transcription; Al = 0.5 indicates monoallelic transcription. In each clone,
673 the Al was quantified in transcripts within 2 Mb of the proviral integration sites and compared
674  with the value at that site in all other clones. Clone-specific transcription (transcription

675 density in the clone carrying the provirus, 2-fold or greater than the median; 1 kb bins) was
676 monoallelic; shared transcription was biallelic. While there was no significant difference

677  between the allelic imbalance in those bins for which there was little or no change in

678 transcription from median, for those bins where clone specific expression was observed (2
679 fold or greater increase), the allelic imbalance was significantly greater (more monoallelic) in
680 the integration site clone compared to remainder of clones (p = 6.7 * 10™*%, Wilcoxon test).
681 B. Transcription density depicted as in Figure 4A, analysed by haplotype (see Figure 2).
682  Columns are coloured by the mean frequency of infected or uninfected alleles (1 kb bins).
683  White columns did not include SNPs that could be assigned to a single haplotype. C.

684  Median ratio of transcription density (log scale) in 1 kb bins containing a heterozygous SNP
685 coloured by the frequency of alleles derived from the infected (green) or uninfected (blue)
686 haplotypes. D. The SNP alleles expressed at =2 2 x median level were over-represented in
687 the infected haplotype.

688

689

690
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691 Supplementary material: legends

692

693 Table S1 T cell clones used

694  Extended data on clones shown in Table 1. All subjects are HTLV-1 carriers with HAM/TSP,
695  except for HAY who is an asymptomatic HTLV-1 carrier. tax expression of ‘high’ or ‘low’

696 denotes whether the frequency of plus-stranded viral transcripts was higher or lower than the
697 median, respectively.

698

699

700 Figure S1 q4C and RNASeq data aligned — all clones

701  Each page shows the g4C profile and RNA-seq read density around the integration site in
702  one clone. The distance from the integration site was chosen such that all called peaks are
703  shown. For each clone, the top panel depicts g4C profile in the infected chromosome in
704  duplicate (normalized frequency of ligation events in overlapping 10 kb windows, step 1 kb).
705  On the horizontal axis, positive values denote positions downstream of the provirus (i.e. lying
706  3'of 3'LTR), negative values denote upstream position. VP — viewpoint in g4C (proviral
707 integration site). Diamonds mark the positions of reproducible chromatin contact sites called
708 by the peak caller. CTCF panel — open arrowheads denote positions of CTCF-BS. The
709 filled arrowhead denotes the CTCF-BS in the provirus. Genes panel shows RefSeq protein
710  coding genes in the genomic environment. RNA density — the normalized transcription

711  density in 1 kb bins in same (blue) or opposite (red) orientation compared to the HTLV-1
712  plus-strand. RNA ratio — the ratio of transcription density over the median of all clones in the
713  same position in same (blue) or opposite (red) orientation. Clones also displayed in main
714  body of the paper are highlighted at the top of the page.

715

716  Figure S2 q4C peaks with respect to relative position

717  We defined upstream peaks as q4C peaks that lie on the 5' side of the 5’ LTR of the HTLV-1
718  provirus, and downstream peaks as those which lie 3' to the 3' LTR. A. significantly fewer
719  peaks were found upstream of the integration site than downstream (15 vs 29; p = 0.03, chi-
720  squared goodness of fit test). B. The distribution of absolute distance between each q4C
721 peak and the integration site was compared between upstream and downstream peaks (p =
722  0.13, Wilcoxon rank sum test). C. The frequency of the presence of a CTCF binding site
723 (CTCF-BS) in a g4C peak did not differ between upstream and downstream peaks. (p = 1,
724  Fisher's exact test).

725
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727
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728 Figure S3 Identification of infected chromosomes

729  The infected chromosome was distinguished from the homologous uninfected chromosome
730  using g4C data (top panel) and chromosome-specific PCR (bottom panel) (further example
731  shown in Figure 2C). Top panel - heterozygous SNPs in DNA were phased computationally
732  toidentify the two haplotypes (A and B) (see Materials and Methods), and the alleles present
733  in q4C data were then assigned to the respective haplotype (circles). On the horizontal axis,
734  positive values denote positions downstream of the provirus and negative values denote
735  positions upstream. Within at least 100 kb, all identified heterozygous SNP alleles mapped
736  to only one of the two haplotypes. Bottom panel — haplotype assignment was confirmed
737  using haplotype-specific PCR. Each nucleotide shown is a heterozygous SNP within 5 kb of
738 the viral integration site. These SNPs were mapped to the respective haplotype by Sanger
739  sequencing of long-range products amplified by PCR either between the provirus and host
740  genome (inf — infected) or across the provirus (uninf — uninfected).

741

742  Figure S4 Upregulation of transcription within 100 kb of integration site.

743  Normalized ratio of transcription density in each clone (Figure S1) between 100kb upstream
744  and 100 kb downstream of the respective proviral integration site; transcription is oriented
745  relative to the proviral plus-strand. Data are normalized within each clone to the highest
746  ratio value within these 200kb.

747

748  Figure S5 Examples of clone-specific aberrant transcription and splicing

749  A. RNA-seq reads (upper panel) and splice junctions (boxed, lower panel) flanking the

750  provirus in clone 3.60 and at the same genomic location in clone 3.83. Transcription in the
751  same orientation as the proviral plus-strand is shown in blue; transcription in the antisense
752  orientation to the proviral plus-strand in red. B. Splice junctions flanking the provirus in
753  clone 8.8 and at the same genomic location in clones 6.25 and 11.63, coloured relative to
754  the proviral plus-strand as in A. The green arrows indicate the HTLV-1 proviral integration
755  sites respectively in clone 3.60 (A) and clone 8.8 (B).

756

757  Figure S6 q4C data analysis steps

758  Summary of main steps in the analysis steps of g4C data. See Materials and Methods for
759  detalils.

760
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Table S1 — Clones and integration sites used in this work

Subject clone Integration site Tax expression

code Chromosome Position Strand

83 3.60 chr4 70567285 Fwd High

3.83 chri4 46204950 Fwd Low

Tex 8.13 chrl6 53601059 Fwd Low

8.8 chrl3 76099820 Fwd High

TCT 10.1 chrl2 42634117 Fwd Low

11.50 chr19 28282587 Rev High

TBW 11.63 chrl9 33829548 Fwd High

11.65 chr3 76494270 Fwd Low

135 uninfected NA

TBX TBX4B chr22 44323198 Fwd High

HAY 6.25 chrl 186478980 Fwd Low

6.3 uninfected NA
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g4C Data analysis steps

Data (Fastq) from sequencing facility: demultiplexed by barcode

e remove low quality reads and linker sequences

Digest e digest Nlalll in silico fragments to break composite reads

Align e align against combined reference (human + viral)

Extraction e identify and quantify ligation sites

Filter e remove barcode errors, decrease noise by selecting convergent reads

LS|l | o identify reproducible contacts.
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