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18 Abstract

19 The human T-cell leukemia virus type 1 (HTLV-1) transactivator protein Tax has pleiotropic 

20 functions in the host cell affecting cell-cycle regulation, DNA damage response pathways and 

21 apoptosis. These actions of Tax have been implicated in the persistence and pathogenesis of 

22 HTLV-1-infected cells. It is now known that tax expression occurs in transcriptional bursts of 

23 the proviral plus-strand, but the effects of the burst on host transcription are not fully 

24 understood. We carried out RNA sequencing of two naturally-infected T-cell clones transduced 

25 with a Tax-responsive Timer protein, which undergoes a time-dependent shift in fluorescence 

26 emission, to study transcriptional changes during successive phases of the HTLV-1 plus-

27 strand burst. We found that the transcriptional regulation of genes involved in the NF-κB 

28 pathway, cell-cycle regulation, DNA damage response and apoptosis inhibition were 

29 immediate effects accompanying the plus-strand burst, and are limited to the duration of the 

30 burst. The results distinguish between the immediate and delayed effects of HTLV-1 

31 reactivation on host transcription, and between clone-specific effects and those observed in 

32 both clones. The major transcriptional changes in the infected host T-cells observed here, 

33 including NF-kB, are transient, suggesting that these pathways are not persistently activated 

34 at high levels in HTLV-1-infected cells. The two clones diverged strongly in their expression of 

35 genes regulating the cell cycle. Up-regulation of senescence markers was a delayed effect of 

36 the proviral plus-strand burst and the up-regulation of some pro-apoptotic genes outlasted the 

37 burst. We found that activation of the arylhydrocarbon receptor (AhR) pathway enhanced and 

38 prolonged the proviral burst, but did not increase the rate of reactivation. Our results also 

39 suggest that sustained plus-strand expression is detrimental to the survival of infected cells. 

40
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41 Author Summary

42
43 Human T-cell leukemia virus type 1 (HTLV-1) causes a lifelong infection that results in disease 

44 in ~10% of cases. The HTLV-1 transactivator protein Tax is involved in both the persistence 

45 of infected host cells, and the pathogenesis of HTLV-1 infection. tax is transcribed from the 

46 plus-strand of the provirus, and tax expression is not constitutive, but limited to transcriptional 

47 bursts. How these bursts affect host cell transcription is not completely understood. Here, we 

48 studied the temporal changes in host transcription during successive phases of the plus-strand 

49 burst in two naturally-infected T-cell clones. We found that the deregulation of genes involved 

50 in Tax-associated processes, including NF-κB activation, cell-cycle regulation, DNA damage 

51 response and suppression of apoptosis, coincided with the early phase of the plus-strand 

52 burst: these transcriptional effects appear to be limited to the duration of the proviral plus-

53 strand expression. Regulation of cell-cycle genes diverged between the clones, demonstrating 

54 the heterogeneity of naturally-infected cells. We observed a pro-apoptotic response, which 

55 outlasted the burst and may indicate increased risk of apoptosis following the burst. Finally, 

56 we observed that AhR activity regulated the intensity and duration of the burst, but not the 

57 dynamics of reactivation.

58
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59 Introduction

60 Human T-cell leukaemia virus type I (HTLV-1) is a pathogenic retrovirus that mainly infects 

61 CD4+ T-cells, causing a lifelong infection in the host. An estimated 10 million people in the 

62 world are living with the virus; between 5% and 10% of infected hosts develop one of the 

63 associated diseases Adult T-cell leukaemia (ATL) or HTLV-1-associated myelopathy/tropical 

64 spastic paraparesis (HAM/TSP) [1,2].

65 The sense and antisense strands of the provirus encode the viral transactivator Tax protein 

66 and HBZ (HTLV-1 bZIP protein), respectively: these two proteins promote the proliferation and 

67 survival of HTLV-1-infected cells, and both have been implicated in the development of ATL 

68 [3,4]. 

69 Tax potently modulates proviral and cellular transcription, which has contrasting 

70 consequences in stimulating cell cycle progression and proliferation [5–10], or causing 

71 temporary cell cycle arrest and senescence [11–14]. HTLV-1-infected or Tax-transduced cells 

72 are also protected from apoptosis [15,16]. Transcriptional down-regulation of pro-apoptotic 

73 factors [17,18], and up-regulation of anti-apoptotic factors [19–22] are likely to contribute to 

74 the protective activity of Tax. By contrast, there is evidence that Tax promotes apoptosis [23–

75 25], and Tax-expressing cells are more susceptible to cell death following exogenous DNA 

76 damage [26,27]. Tax expression impairs the functions of p53 [28], causes genome instability, 

77 induces double-strand DNA breaks, and inhibits DNA damage-response pathways [5,29–32].

78 HBZ opposes many functions of Tax including proviral transcription, likely mediated by its 

79 interactions with the transcription factors CREB, c-JUN and CBP/p300, and by suppression of 

80 NF-κB [33–37]. 

81 The mechanisms of the pleiotropic effects of HTLV-1 proviral expression remain unclear, and 

82 while many important findings have been made with tax-transfected cell lines or long-term in 

83 vitro transformed cell lines, it is a long-standing question how these observations apply to 

84 untransformed, naturally-infected T-cells. It is now clear that the tax and HBZ genes are not 

85 constitutively transcribed at the single-cell level in naturally-infected cells in vivo, but rather in 
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86 intermittent bursts [20,38,39], and it is not understood how the diverse observations on cell 

87 proliferation and apoptosis are related to these bursts. We studied two naturally-infected CD4+ 

88 T-cell clones competent in Tax expression (3.60 and TBX4B), isolated by limiting dilution from 

89 peripheral blood mononuclear cells (PBMCs) of HTLV-1-infected subjects [40], to quantify host 

90 and viral transcription during proviral reactivation. Each clone was stably transduced with a 

91 reporter construct, under the control of a Tax-responsive promoter, that expresses a 

92 fluorescent protein – the Timer Protein – which undergoes a time-dependent change in 

93 emission frequency. This approach made it possible to separate the plus-strand transcriptional 

94 burst into successive phases. Here we report the changes in transcription in the host CD4+ T 

95 cell accompanying the onset and the progression through the HTLV-1 plus-strand burst.

96
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97 Results

98 I. The Tax-responsive Timer separates temporal phases of 

99 spontaneous HTLV-1 proviral reactivation

100 The Fluorescent Timer protein [41], which changes its emission of blue fluorescence to red 

101 fluorescence during chromophore maturation, allows temporal analysis of cellular processes. 

102 It has been applied to study the in vivo dynamics of both regulatory T-cell differentiation in 

103 mice [42], and Foxp3 expression in inflammation [43]. 

104 Two naturally HTLV-1-infected T-cell clones designated TBX4B and 3.60 were stably 

105 transduced with a Tax reporter system containing 5 tandem repeats of the Tax-responsive 

106 element (TRE) type 2 linked to a truncated HTLV-1 5′LTR (long terminal repeat) and the Timer 

107 Protein gene (Fig 1A) [41]. The purified Timer protein initially fluoresces blue, reaching 

108 maximum intensity in 0.25 h, and then matures to the red-emitting form with a half-time of 7.1 

109 h, reaching a plateau between 20-25 h (Fig 1B) [41]. The half-life of the blue fluorescence in 

110 mouse lymphocytes is ~4 h [42,43].

111

112 Fig 1. The principle behind Tax-induced Timer protein expression. (A) Tax-responsive reporter 

113 construct containing the Timer protein gene Fast-FT. (B) Schematic of Timer protein expression during progression 

114 of the HTLV-1 plus-strand burst. (C) Representative gating strategy used to flow-sort four cell populations for RNA-

115 seq analysis. (D) Tax expression in each respective Timer population, quantified by intracellular staining.

116

117 The HTLV-1 plus-strand burst begins with transcription of tax, resulting in a positive-feedback 

118 loop of potent activation of plus-strand transcription by Tax protein [44]. Expression of Tax 

119 protein is a surrogate for the proviral plus-strand transcriptional burst, and in this study the 

120 subsequent induction of the Timer protein by Tax was used to distinguish successive phases 

121 of the plus-strand burst. The clones were flow sorted into four populations based on the 

122 fluorescence of the Timer protein during spontaneous proviral expression, representing 
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123 respectively silent proviruses and the early phase (blue), mid-phase (blue-red) and late phase 

124 (red) of the plus-strand burst (Fig 1). Following termination of the burst and decay of remaining 

125 red fluorescence of the Timer protein, the cells re-enter the silent (non-fluorescent) double-

126 negative (DN) state.

127 PolyA-selected RNA samples from each clone were sequenced. Clone 3.60 has a 202 bp 

128 deletion that lies in the coding region of env on the plus-strand and the 3′UTR of hbz on the 

129 minus-strand (S1 Fig). The deletion did not impair the expression of Tax protein, as shown by 

130 the expression of the Timer protein, the up-regulation of both the Timer and the plus-strand 

131 transcripts of the provirus in the RNA-seq data (Fig 2A). The expression trajectories of both 

132 the HTLV-1 plus-strand and the Tax-responsive Timer transcripts were closely similar in both 

133 clones (Fig 2A).

134

135 Fig 2. RNA-seq validates the experimental setup. (A) Expression of HTLV-1 plus- and minus-strands 

136 quantified by RNA-seq in each Timer population. Statistical significance was determined by the likelihood-ratio test 

137 (LRT). FDR-corrected p-value < 0.01; ns - not significant. (B) Principal component analysis (PCA) bi-plot of the 

138 RNA-seq data in each clone.

139

140 Principal component analysis of the respective Timer phases (Fig 2B) indicated distinct 

141 profiles of gene expression during the successive phases of proviral reactivation. Time-series 

142 differential expression analysis of the phases of proviral expression identified 10048 

143 significantly differentially expressed (DE) genes in clone 3.60, and 4798 DE genes in clone 

144 TBX4B, respectively representing 57% and 29% of expressed host genes (Likelihood-ratio 

145 test (LRT); FDR adjusted p-value < 0.01) (S1-S2 Data). HTLV-1 plus-strand and the Tax-

146 responsive Timer were among the top most significantly DE genes in each clone (S1-S2 Data) 

147 and HTLV-1 plus-strand was the most significantly up-regulated gene in the early burst (Blue) 

148 population in each clone, with a log2 fold change (LFC) of 9.60 in clone 3.60 and a LFC of 

149 9.13 in clone TBX4B (Wald test; FDR adjusted p-value < 0.01) (S1-S2 Data). The Timer had 

150 a LFC of 6.34 and 5.72 in clones 3.60 and TBX4B, respectively. The second most significantly 
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151 up-regulated gene during onset of proviral expression in TBX4B was PNPLA3 (Figs S2-S3); 

152 the integration site of HTLV-1 in TBX4B lies between exons 2 and 3 of PNPLA3.

153 The trajectory of proviral minus-strand expression had no consistent relationship with plus-

154 strand expression and differed between the two clones (Fig 2A). However, the expression of 

155 minus-strand expression in each clone closely resembled that of SP1, a known regulator of its 

156 transcription [45] (S3 Fig).

157 Further validating the Timer Protein reporter system used, NF-κB transcription factor genes 

158 REL, RELB, NFKB1, NFKB2 were up-regulated in both clones (Fig 2A). The up-regulation of 

159 genes known to be expressed in response to Tax including IL2RA, IL13 and JUND [46–49] 

160 was confirmed in both clones, and the Tax-repressed target LCK [50] was down-regulated 

161 (Fig 2A). The expression of KAT2B (P/CAF), which interacts with Tax to increase expression 

162 from the viral LTR [51], was unexpectedly down-regulated in both clones (S3 Fig).

163 To examine in detail the transcriptional effects shared by the two clones, the overlap of 3851 

164 genes differentially expressed in both clones was analyzed through K-means clustering. Using 

165 k=5 produced five clusters depicting respectively genes up-regulated during the early burst in 

166 each clone, genes up-regulated with a delayed peak (in mid-burst) in each clone, genes down-

167 regulated in each clone, and two clusters showing genes with opposite trajectories (Fig 3A).

168

169 Fig 3. Genes deregulated in both clones separate into clone-independent and clone-

170 specific clusters. (A) K-means clustering of 3851 shared significantly DE genes. Statistical significance was 

171 determined by LRT. FDR-corrected p-value < 0.01. The top 10 genes in each cluster, based on mean rank of sorted 

172 p-values, are listed on the right of the panel. The mean expression trajectory is coloured as a yellow or blue line 

173 representing upregulation and downregulation, respectively. (B) ORA of K-means clusters with the Hallmarks gene 

174 set from The Molecular Signatures Database (MSigDB). Statistical significance was determined by Fisher’s exact 

175 test in g:Profiler. FDR-corrected p-value < 0.05.

176

177 To infer functional characteristics of these clusters, an over-representation analysis (ORA) of 

178 the MSigDB Hallmark gene set [52] was performed. This analysis identified “TNFα signalling 

179 via NF-κB” as the most significant term in two clusters: immediately up-regulated genes during 
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180 plus-strand expression (Fig 3 cluster 1) and genes with a delayed peak of expression during 

181 mid-burst (Fig 3 cluster 2). TNF itself was downregulated (S3 Fig). “Hypoxia” was similarly an 

182 enriched term in the up-regulated cluster 1; HIF1A itself was upregulated (S3 Fig). Other 

183 enriched terms in cluster 1 were “IL2-STAT5 signaling” and “Inflammatory response”, the latter 

184 was enriched in cluster 2 as well. “TNFα signalling via NF-κB” and “Hypoxia” were also 

185 enriched when all differentially expressed genes in each clone were clustered and analyzed 

186 separately (S4B Fig cluster 1 and S4D Fig cluster 1).

187 Cluster 3 consisted of genes down-regulated in both clones and was enriched for “Allograft 

188 rejection”, “IL6/JAK/STAT3 signaling” and “Interferon gamma signaling” (Fig 3). “Interferon-γ 

189 response” was significant in both the delayed up-regulated gene cluster 2 and the down-

190 regulated gene cluster 3 (Fig 3). 

191 The fourth cluster contained genes that were differentially expressed in both clones, but these 

192 genes were down-regulated in clone 3.60 and up-regulated in TBX4B. This cluster included 

193 cell-cycle-related genes with Hallmark terms “G2M checkpoint, E2F targets”, “Mitotic spindle”. 

194 Cell-cycle-related genes are analysed in more detail below.

195 Cluster 5, which represented genes up-regulated in clone 3.60 and down-regulated in clone 

196 TBX4B, did not result in any significantly enriched Hallmark terms (Fig 3).

197 II. Clone-specific association between proviral expression and 

198 cell cycle genes.

199 We investigated how the contrasting observations of Tax induced cell proliferation or cell cycle 

200 arrest and senescence relate to the transcriptional control of host genes in naturally infected 

201 T-cells during successive phases of proviral reactivation.

202 For a systematic analysis of genes associated with different cell cycle stages, cyclically 

203 expressed genes were obtained from the online database Cyclebase 3.0 

204 (https://cyclebase.org/CyclebaseSearch). All differentially expressed genes from each clone 

205 were separated into distinct groups of genes, based on the Cyclebase classification, each 
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206 group with peak expression in different cell cycle phases (G1, G1/S, G2, G2/M, M). The results 

207 (Fig 4A) show that genes associated with peak expression during different phases of cell-cycle 

208 progression were down-regulated in clone 3.60 during plus-strand expression, but were up-

209 regulated in TBX4B. These groups contained genes with established roles in DNA replication 

210 including GINS2, CHAF1B, as well as phosphatases CDC25A, CDC25C, kinases PLK1, 

211 AURKB, NEK2, mitotic-spindle-related genes PRC1, BIRC5, CDCA8, and the known marker 

212 of cell proliferation MKI67. In clone TBX4B, expression of G1-S phase-related genes peaked 

213 during the early burst and G2-M phase genes peaked during the mid-burst (Fig 4A). 

214

215 Fig 4. Divergent association between proviral plus-strand expression and genes related 

216 to the cell cycle. (A) Trajectories in each infected clone of differentially expressed Cyclebase 3.0 genes 

217 associated with G1, G1/S, S, G2, G2/M and M phases of the cell cycle. (B) Trajectories of cyclins, CDKs and 

218 transcription factors. Y-axis: normalized counts on log10-scale. Statistical significance was determined by LRT. 

219 FDR-corrected p-value < 0.01; ns - non-significant.

220

221 The trajectories of G1 phase cyclin-dependent kinase CDK6 and cyclins CCND1, CCND2, 

222 CCND3, which mediate entry into the cell cycle, were similar in the two clones (Fig 4B). CDK6, 

223 but not CDK4, was significantly up-regulated in both clones and highest during the early burst 

224 (Blue) of proviral plus-strand expression. Both CCND1 and CCND2 were significantly up-

225 regulated in clone 3.60, whereas the expression of CCND1 was much lower in TBX4B; 

226 CCND2 showed a trend of up-regulation, which was not significant. CCND3 was significantly 

227 down-regulated during the early burst in both clones. 

228 CDK2 (active in G1/S and S phase) was up-regulated in both clones during early and mid-

229 burst (Fig 4B). By contrast, the G1/S phase cyclins CCNE1 and CCNE2 differed between the 

230 clones. CCNE1 was expressed at a low level, and its subsequent up-regulation was delayed 

231 until mid-burst in 3.60; its trajectory was inconclusive in TBX4B. By contrast, CCNE2 was 

232 significantly up-regulated only in TBX4B. More importantly, the G1/S phase transcription factor 

233 E2F1 was significantly up-regulated in TBX4B and down-regulated in 3.60.
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234 The pattern of cyclin expression progressively diverged between the clones as the cell cycle 

235 advanced (Fig 4B). The S-phase genes CCNA1 and CCNA2 were down-regulated in clone 

236 3.60, whereas CCNA2 was up-regulated in TBX4B. Similar contrasts in expression were 

237 observed in mitotic cyclins CCNB1, CCNB2, CDK1 kinase, and the mitotic phase transcription 

238 factor FOXM1. The expression level of many of these genes returned to the value seen in the 

239 silent phase by late burst, when proviral expression is terminating. This divergent gene 

240 expression of cell cycle regulators between the two clones demonstrates that two naturally 

241 infected T-cell clones can fundamentally differ in their response to proviral plus-strand 

242 expression.

243 III. Immediate up-regulation of genes involved in the DNA 

244 damage response is followed by senescence markers

245 Several functions of Tax are associated with genomic instability, repression of DNA damage 

246 response and induction of senescence [53]. Our results indicated significant deregulation of 

247 TP53, which differed between two infected clones (Fig 5). This trajectory resembled that of 

248 the divergent cell-cycle mediators in Fig 4B. By contrast, we observed up-regulation of another 

249 p53 family member (TP63) and many known p53 targets: GADD45B, GADD45A, GADD45G, 

250 CDKN1A (p21), and the main DNA-damage sensor of global genome nucleotide excision 

251 repair (GG-NER) XPC. We also observed up-regulation of CETN2 and RAD23B, which 

252 together with XPC form the recognition complex of GG-NER [54]. Previously it has been 

253 reported that NER is suppressed by the direct up-regulation of PCNA induced by Tax [55,56]. 

254 PCNA was deregulated in both clones; however, the expression trajectories differed between 

255 the clones. The trajectories of two kinases activated by double-strand DNA breaks, ATM and 

256 ATR, differed in their response to plus-strand expression. ATM was significantly down-

257 regulated in both clones, whereas ATR was up-regulated in clone 3.60 with a similar trend in 

258 TBX4B.
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259 CDKN1A, which displayed a delayed up-regulation (Fig 5), belongs to the CIP/KIP family of 

260 CDK inhibitors. The CIP/KIP family gene CDKN1C (p57) was significantly up-regulated during 

261 the early transcriptional burst, with a higher level of expression in 3.60. The INK4 family of 

262 CDK inhibitor members, CDKN2A (p16) and CDKN2B (p15) were significantly down-regulated 

263 in both clones during proviral expression. In addition to CDKN1A, another senescence marker 

264 GLB1 was up-regulated, peaking during mid-burst. These results indicate that DNA damage 

265 response pathways were activated during the burst, and the initial mitogenic signalling in G1 

266 (Fig 4) was accompanied by the parallel down-regulation of G1-phase CDK inhibitors.

267

268 Fig 5. Up-regulation of DNA damage response and senescence markers. Gene expression 

269 trajectories of cell cycle inhibitors, DNA damage response genes and senescence markers. Y-axis: normalized 

270 counts on log10-scale. Statistical significance was determined by LRT. FDR-corrected p-value < 0.01; ns - not 

271 significant

272 IV. Proviral expression coincides with up-regulation of anti-

273 apoptotic mediators and down-regulation of apoptotic 

274 effectors

275 Previous results have shown that Tax expression can promote cell death [23–27]. However, 

276 Tax has also been described to suppress apoptosis and this protection is transferable to cells 

277 not actively expressing Tax [15,16,20]. We observed a strong deregulation of key genes 

278 involved in the intrinsic and extrinsic apoptosis pathways during the plus-strand burst [57].

279 At the onset of the plus-strand burst, there was immediate downregulation of at least one of 

280 the pore-forming apoptotic factor genes in each clone (Fig 6). BAX was significantly down-

281 regulated during the early-burst in clone 3.60, whereas a similar (yet non-significant) trend 

282 was seen in TBX4B. However, BAK1 expression was sharply down-regulated only in clone 

283 TBX4B. The expression level of BAK1 in clone 3.60 remained low during both the silent and 

284 early burst phases, but rebounded in the mid-burst and late burst. 
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285

286 Fig 6. Temporal patterns of pro- and anti-apoptotic factors. Gene expression trajectories of anti- 

287 and pro-apoptotic BCL2 family members, extrinsic apoptosis factors, anti-apoptotic and caspase genes. Y-axis: 

288 normalized counts on log10-scale. Statistical significance was determined by LRT. FDR-corrected p-value < 0.01; 

289 ns - not significant

290

291 Both clones showed strong up-regulation of the anti-apoptotic genes BCL2, BCL2L1 and 

292 BCL2L2, which encode inhibitors of the pore-forming BCL2 family proteins (Fig 6). However, 

293 the pro-apoptotic genes PMAIP1 (NOXA), BCL2L11 (BIM) and BMF were also immediately 

294 up-regulated. The pro-apoptotic gene BID was significantly up-regulated during the early-burst 

295 in clone 3.60. Curiously, both PMAIP1 and BCL2L11 sustained a high expression throughout 

296 proviral reactivation and remained high in the termination phase.

297 The death receptors FAS and TNFRSF10B were up-regulated in both clones and TNFRSF10A 

298 was up-regulated during the mid-burst in 3.60 yet down-regulated in clone TBX4B (Fig 6). 

299 Their cognate ligands FASLG and TNFSF10 were strongly down-regulated.

300 Although the intrinsic pathway initiator CASP9 was up-regulated only in clone 3.60, the death-

301 inducing signaling complex (DISC) member genes CASP8 and CASP10, which are initiators 

302 of the extrinsic pathway, were down-regulated during the early burst. The primary effector 

303 CASP3 was significantly downregulated over the course of proviral expression in clone 3.60, 

304 with a similar (albeit non-significant) trajectory in clone TBX4B. The inhibitors of apoptosis 

305 proteins capable of impairing caspase-mediated apoptosis - BIRC2, BIRC3 and CFLAR (c-

306 FLIP) - were strongly up-regulated in both clones.

307 A significant down-regulation of the granzyme genes GZMA and GZMB was also observed 

308 (S3 Fig). These genes are associated with cytotoxic activity of CD8+ T-cells and NK cells; their 

309 function in CD4+ T cells is incompletely understood. 

310 These results showed that during the plus-strand burst the principal apoptotic effectors were 

311 down-regulated, and the apoptosis inhibitors up-regulated, in both extrinsic and intrinsic 

312 pathways. By contrast, a sustained expression of pro-apoptotic factor genes PMAIP1 and 

313 BCL2L11 outlasted the proviral burst.
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314 V. Increased expression of non-canonical polycomb 

315 repressive complex 1 members coincides with the plus-

316 strand burst

317 The factors that regulate the spontaneous onset of expression of the provirus are not fully 

318 understood, but include the proviral integration site [58], cell stress [20,59], AHR signaling [60], 

319 and ubiquitinylation of histone 2A lysine 119 by polycomb repressive complex 1 (PRC1) [61].

320 RING1, RYBP and KDM2B are members of the non-canonical PRC1 (ncPRC1) [62] and their 

321 expression was up-regulated during the burst (Fig 7). BMI1 (PCGF4), which is a core member 

322 of the canonical PRC1, was down-regulated in both clones (Fig 7).

323

324 Fig 7. Up-regulation of ncPRC1 members. Gene expression trajectories of ncPRC1 and canonical 

325 PRC1 complex members. Y-axis: normalized counts on log10-scale. Statistical significance was determined by LRT. 

326 FDR-corrected p-value < 0.01.

327 VI. Aryl hydrocarbon receptor (AhR) signalling augments 

328 HTLV-1 plus-strand expression, but not reactivation.

329 We observed a consistent and robust differential expression of cytochrome P450 1A1 

330 (CYP1A1), a product of the AhR pathway, between the early burst and late burst populations 

331 in both clones (Figs S2-S3). AhR is a transcription factor that regulates many biological 

332 processes through its activation in response to metabolic and environmental signals [63,64]. 

333 Following recent reports indicating enhanced HIV-1 proviral expression in response to AhR 

334 ligands in PBMCs isolated from patients on antiretroviral therapy [65] and HTLV-1 plus-strand 

335 expression in HTLV-1 infected transformed cell lines [60], we investigated the effect of AhR 

336 signalling on HTLV-1 expression in T-cell clones isolated from HTLV-1-infected individuals.
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337 Endogenous AhR ligands such as tryptophan metabolites are present in the culture medium. 

338 We evaluated the effects of treatment with supplemental AhR ligands or AhR antagonists on 

339 HTLV-1 proviral expression using two patient-derived T-cell clones (3.60 and 11.50). 

340 Treatment with an endogenous AhR ligand, ITE [66], or a tryptophan-derived AhR ligand, FICZ 

341 [67] significantly increased Tax protein expression above background levels (Fig 8A). A 

342 purine-derived AhR antagonist StemRegenin 1 (SR1) [68] and a ligand-selective antagonist 

343 CH223191 [69] each substantially decreased Tax protein expression (Fig 8A). Transcription 

344 of the HTLV-1 plus-strand (tax) (Fig 8B) and AhR target genes (CYP1A1 and CYP1B1) (Fig 

345 8D-E) was significantly induced by AhR agonists and suppressed by AhR antagonists. Neither 

346 AhR agonists nor antagonists altered the expression of the HTLV-1 minus-strand (sHBZ) (Fig 

347 8C). 

348 Fig 8. AhR signalling enhances HTLV-1 plus-strand expression. (A) Two patient-derived HTLV-

349 1 infected T -cell clones were treated with AhR agonists or antagonists or CYP1A1 inhibitor for 48 hours at the 

350 indicated concentrations. DMSO was used as the vehicle control. The percentage of plus-strand expressing cells 

351 among viable cells was quantified by Tax protein expression using flow cytometry. The bar plot depicts the mean 

352 and SEM from two independent experiments. Unpaired two-tailed t-tests were used to determine the significance 

353 of the difference between the vehicle control and the treatment conditions. * P < 0.05, ** P < 0.01, *** P < 0.001. 

354 Expression levels of (B) tax (plus-strand), (C) sHBZ (minus-strand), AhR target genes (D) CYP1A1 and (E) CYP1B1 

355 quantified by RT-qPCR after 24-hour treatment with DMSO, AhR activators or inhibitors or CYP1A1 inhibitor. Bar 

356 plots represent the mean and SEM from two independent experiments using two T-cell clones. * P < 0.05, ** P < 

357 0.01, *** P < 0.001, **** P < 0.0001 (unpaired two-tailed t-test). Proviral (F) silencing and (G) reactivation kinetics 

358 in response to treatment with AhR agonists and antagonists. The data depict mean ± SEM from two independent 

359 experiments using a single clone.

360

361 The significant upregulation of CYP1A1 expression observed during the late burst raised the 

362 question whether CYP1A1 itself contributes to the termination of HTLV-1 plus-strand 

363 expression (S1-S2 Data and S2-S3 Figs). However, treatment of the cells with 

364 Khellinoflavanone 4l (IIIM-517), an inhibitor of CYP1A1 enzymatic activity [70], did not affect 

365 HTLV-1 plus-strand expression (Fig 8A-B). We conclude that the observed up-regulation of 
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366 CYP1A1 indicated activation of the AhR pathway, but CYP1A1 itself is not directly involved in 

367 the termination of HTLV-1 plus-strand burst.

368 We then investigated the effect of additional AhR ligands or inhibitors on HTLV-1 plus-strand 

369 reactivation and silencing dynamics using a patient-derived HTLV-1 infected T-cell clone 

370 (11.50) stably transduced with a Tax reporter construct that expresses a modified EGFP with 

371 a half-life of ~2h (d2EGFP). In these cells, the presence of d2EGFP is a surrogate for Tax 

372 protein expression. Live-cell imaging revealed that, compared with untreated cells, a greater 

373 portion of provirus-expressing cells terminated Tax expression in response to treatment with 

374 AhR antagonists (Fig 8F). Treatment with AhR agonists or a CYP1A1 inhibitor did not 

375 substantially affect proviral silencing or reactivation kinetics (Fig 8F, G). Spontaneous proviral 

376 reactivation was evident at early stages despite the presence of AhR inhibitors (Fig 8G).

377 These results indicate that enhanced AhR signalling augments and prolongs HTLV-1 plus-

378 strand expression but is not the sole determinant of reactivation from latency in patient-derived 

379 T-cell clones.

380

381

382

383

384

385

386

387
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388 Discussion

389 It is well established that the HTLV-1 viral transactivator Tax deregulates the transcription of 

390 many host genes. Both Tax and the minus-strand-encoded HTLV-1 bZIP factor HBZ have 

391 been frequently implicated in leukemogenesis. Tax expression occurs in intermittent 

392 transcriptional bursts [20,38], likely in order to limit exposure to the immune system and the 

393 cytotoxic effects of Tax protein. It remains unclear whether the impact of HTLV-1 on host 

394 transcription, including genes involved in proliferation and apoptosis are immediate and direct, 

395 or late and indirect consequences of proviral reactivation and plus-strand expression. In this 

396 study, a Tax-responsive Timer Protein construct was used to distinguish successive temporal 

397 phases of the spontaneous proviral transcriptional burst, to investigate the precise trajectory 

398 of expression of host genes involved in cell cycle regulation and apoptosis during the proviral 

399 plus-strand burst. 

400

401 Two naturally-infected T-cell clones competent in the expression of Tax allowed us to identify 

402 both clone-independent and clone-dependent correlates of proviral plus-strand expression. 

403 Clone 3.60 has a deletion in the coding sequence of env on the plus-strand and in the 3′UTR 

404 of the minus-strand-encoded gene HBZ (S1 Fig). This deletion does not change the predicted 

405 protein sequence of HBZ, and the deleted sequence was absent from the HBZ expression 

406 construct used to investigate the protein-dependent and mRNA-dependent actions of HBZ 

407 [71]. However, it remains possible that this deletion influences the half-life or the physiological 

408 actions of HBZ mRNA. 

409

410 Proviral expression deregulated a large number of host genes in each clone: 3851 genes were 

411 deregulated in both clones, which could be grouped into clusters defined by the trajectory of 

412 expression during the proviral plus-strand burst (Fig 3A). Tax activates both the canonical and 

413 non-canonical NF-κB pathways [72]. NF-κB pathway is persistently activated at the population 

414 level in transformed cell lines and primary ATL cells [73,74]. The present results confirm 
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415 immediate, clone-independent NF-kB activation during proviral plus-strand expression (Fig 2A 

416 and Fig 3 cluster 1), which is followed by the likely secondary effects of NF-kB activation (Fig 

417 3 cluster 2); both the immediate and later effects decreased during the termination of proviral 

418 expression (Fig 3 clusters 1-2). TNF itself was downregulated (S4 Fig): the observed up-

419 regulation of genes in this enrichment term are likely to be the consequences of NF-κB 

420 activation by Tax. These observations suggest that high levels of NF-kB activation are 

421 confined to the active expression of Tax protein accompanying the plus-strand burst; 

422 constitutive activation of NF-κB may not be required for persistence in non-malignant HTLV-

423 1-infected clones. We also confirmed the immediate up-regulation of IL2RA (Fig 2A), a known 

424 target of Tax, and genes in the “IL2-STAT5 signaling” enrichment term (Fig 3 cluster 1).

425

426 There was no consistent relationship between plus-strand and minus-strand expression of the 

427 provirus within each clone or between the clones (Fig 2A). The expression trajectory of the 

428 minus-strand resembled that of SP1 (S3 Fig), a known regulator of HBZ expression [45]. 

429 These results suggest that it is unlikely that Tax directly regulates the expression of HBZ or 

430 vice versa, and imply that the clone-independent responses to HTLV-1 proviral reactivation 

431 observed in this study are not regulated by HBZ during the plus-strand burst.

432

433 Tax is known to up-regulate the expression of several genes involved in cell cycle progression 

434 including CCND1, CCND2, CDK4, CDK6, CDK2 and E2F1 [75–80]. The present results 

435 demonstrate a clone-specific association between proviral plus-strand expression and the 

436 expression of genes involved in cell cycle regulation (Fig 3 cluster 4). There was a strong 

437 difference between the two clones in the expression of genes that peak in different cell cycle 

438 phases obtained from Cyclebase 3.0 database (Fig 4A). Increased expression of G1-phase 

439 cyclins CCND1, CCND2 and kinase CDK6 suggests that the cells are stimulated to enter the 

440 cell cycle in each clone. In line with this, G1-phase CDK inhibitors CDKN2A and CDKN2B 

441 were down-regulated (Fig 6). However, subsequent expression of G1/S, S and M phase genes 

442 CCNE2, CCNA1, CCNA2, CCNB1, CCNB2 and CDK1, and key transcription factors that 
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443 regulate the cell cycle, E2F1 and FOXM1, diverged between the clones progressively 

444 throughout the cell cycle (Fig 4B). These findings are consistent with previous observations 

445 on the same clones reported by [38]. Billman et al. showed that Tax-expressing cells were 

446 more abundant in G1 phase in clone 3.60 and in G2/M phase in clone TBX4B. We note that 

447 clone 3.60 also grows more slowly in cell culture. Although E2F1 is up-regulated in response 

448 to Tax [76,77], the diverging trajectories of E2F1 and its downstream targets indicate that the 

449 transcription of E2F1 is unlikely to be directly activated by Tax (Fig 4B). These observations 

450 emphasize the natural heterogeneity of HTLV-1 infected T-cells and help to reconcile 

451 previously published diverging results on cell-cycle progression in HTLV-1-infected cells.

452

453 It has been proposed that the interplay between the effects of Tax in proliferation and the DNA 

454 damage response regulates the fate of Tax-expressing cells [53]. Tax expression causes 

455 double-strand breaks and activation of the DNA-damage response [5,29]; however, in the 

456 presence of additional genotoxic agents these pathways are impaired [53]. The activity of p53 

457 is also repressed in HTLV-1-infected cells, through mechanisms that do not involve its DNA-

458 binding activity and intracellular localization [81]. Our results show that TP53 itself is 

459 deregulated during the plus-strand burst: the trajectory differed between the clones, but 

460 expression returned to baseline in each clone after termination of the burst (Fig 5). There was 

461 consistent up-regulation of another p53 family gene, TP63, and p53 targets including the 

462 GADD45 family members, CDKN1A and XPC (Fig 5). There was immediate up-regulation of 

463 genes involved in DNA damage response during the early burst of proviral expression, 

464 including GADD45B, ATR and global genome nucleotide excision repair (GG-NER) genes 

465 RAD23B, XPC and CETN2 (Fig 5). However, ATM was down-regulated. ATR is known to 

466 respond to a wide range of DNA damage; the observed differences in expression between 

467 ATR and ATM in these clones indicates the presence of DNA damage other than double-

468 stranded breaks. The up-regulation of DNA damage response genes was followed by the up-

469 regulation of senescence markers CDKN1A and GLB1, which peaked during the mid-burst 

470 phase (Fig 5). Up-regulation of CDKN1A (p21) associated with hyperactivation of NF-κB by 
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471 Tax has been shown to cause cell senescence [14]; however, the present results indicate that 

472 the up-regulation of CDKN1A and GLB1 occurs in the mid-burst phase of persistent Tax 

473 expression, yet reduces during the late phase of the burst. The results demonstrate temporal 

474 separation of the DNA damage response and up-regulation of senescence-related genes 

475 during the plus-strand burst, and that sustained proviral expression may result in reduced 

476 proliferative capacity of HTLV-1 infected cells.

477

478 Tax has been shown to deregulate both pro-apoptotic and anti-apoptotic genes [17–22]. 

479 Consistent with this, both clones strongly up-regulated anti-apoptotic genes BCL2, BCL2L1, 

480 BCL2L2, BIRC2, BIRC3, CFLAR and TNFAIP3; and down-regulated key effectors of both the 

481 extrinsic and intrinsic apoptosis pathways: either BAX or BAK1, and CASP3, and down-

482 regulated death receptor ligands FASLG, TNFSF10, TNF (Fig 6). Although the death receptor 

483 ligands were down-regulated, the death receptors FAS and TNFRSF10 were up-regulated in 

484 both clones (Fig 6). These observations suggest that the deregulation of genes involved in the 

485 extrinsic and intrinsic pathways is an immediate – perhaps direct - effect of Tax. Sustained 

486 expression of Tax is toxic to cells, and the up-regulation of pro-apoptotic factors can partly 

487 explain this; however, the results presented here suggest that the strong up-regulation of anti-

488 apoptotic factors can counteract the pro-apoptotic effect during proviral plus-strand 

489 expression. Curiously, we observed an up-regulation of pro-apoptotic factors PMAIP1 and 

490 BCL2L11 that was sustained throughout the transcriptional burst and termination phases, 

491 which may pose an increased risk of apoptosis after termination of the plus-strand burst.

492

493 HTLV-1 proviral latency is associated with the PRC1-mediated ubiquitylation of histone 2A 

494 lysine 119 (H2AK119ub1); inhibition of deubiquitylation represses proviral plus-strand 

495 reactivation [61]. Here, we observed the up-regulation of ncPRC1 members RING1, RYBP 

496 and KDM2B through the early and mid-burst phases of proviral expression (Fig 7). Conversely, 

497 a core component of the canonical PRC1, BMI1 (PCGF4), was down-regulated. Targeted 

498 recruitment of PRC1 to non-methylated CpG islands is mediated by KDM2B [82], and RYBP 
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499 elevates the enzymatic ability of the PRC1 complex resulting in enhanced deposition of the 

500 H2AK119ub1 mark [83]. The up-regulation of these key PRC1 genes during proviral 

501 reactivation could be involved in the post-burst repression of proviral expression.

502

503 Up-regulation of genes involved in the inflammatory response and hypoxia (Fig 3, cluster 1) is 

504 consistent with the observation that cellular stress, including hypoxia, enhances proviral 

505 expression [20,59]. Although the hypoxia response observed by Kulkarni et al. was HIF-1-

506 independent, we found that HIF1A was significantly up-regulated (S3 Fig).

507

508 Constitutive high expression of AhR, which is up-regulated in response to Tax, has been 

509 observed in ATL cells [84]. Recently, it was shown that persistent activation of NF-κB is 

510 important for the observed AHR expression: AhR signaling sustains and drives HTLV-1 plus-

511 strand expression and can potentiate HTLV-1 reactivation from latency [60]. Consistent with 

512 a previous report [84], we saw expression of AHR, ARNT and direct targets of AhR activation 

513 (CYP1B1, NQO1) in the silent population of cells in both clones. By contrast, proviral plus-

514 strand expression was not associated with increased expression of AHR, but instead was 

515 accompanied by the down-regulation of AHR, ARNT and down-stream genes (S3 Fig). The 

516 effects observed here of treatment with agonists or antagonists of AhR (Fig 8) and the down-

517 regulation of genes involved in the AhR pathway during spontaneous HTLV-1 proviral 

518 reactivation (S3 Fig), suggest that AhR activation enhances and prolongs proviral plus-strand 

519 expression, but AHR is transcriptionally inhibited during spontaneous HTLV-1 plus-strand 

520 expression. The transcriptional inhibition of the AhR pathway during the proviral burst may 

521 limit the extent and duration of Tax expression. 

522

523 HTLV-1 expression, and in particular the Tax protein, have been associated with many 

524 transcriptional changes in the infected host T cell. The results presented here make it possible 

525 to distinguish between the immediate effects of the HTLV-1 plus-strand burst on host 

526 transcription, and the delayed or secondary effects. These results also demonstrate both 
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527 clone-dependent and clone-independent transcriptional responses of the host cell 

528 accompanying the proviral plus-strand transcription. NF-κB was activated in response to 

529 HTLV-1 reactivation and this activation was contained to the duration of the proviral burst, 

530 which suggests NF-κB-mediated effects are not persistently active in clonal populations of 

531 naturally-infected T-cells. The regulation of genes responsible for progression through the cell 

532 cycle was clone-specific, emphasising the heterogeneity of naturally HTLV-1-infected T-cells. 

533 However, the up-regulation of genes involved in DNA damage recognition (GG-NER) and 

534 senescence were clone-independent, and associated with active expression of the provirus. 

535 Similarly, the transcriptional control of pro- and anti-apoptotic genes was consistent in the two 

536 clones and suggested a strong anti-apoptotic response that is limited to the duration of the 

537 burst; upregulation of certain pro-apoptotic genes outlasted the burst. We also observed the 

538 up-regulation of non-canonical PRC1 members, which are associated with the epigenetic 

539 regulation of the provirus [61]. In the context of these results, it will be important to verify the 

540 effects of this transcriptional regulation of host genes, on the dynamics of infected cells during 

541 and following the burst. Finally, we tested the involvement of the AhR pathway in proviral 

542 reactivation and found that while activation of the AhR pathway increased the intensity of the 

543 plus-strand burst, it did not increase the frequency of reactivation. 

544

545 Materials & methods

546 Cell culture

547 The HTLV-1-infected clones used in this study were CD4+CD25+CCR4+ T cells, each 

548 carrying a single copy of the HTLV-1 provirus, derived from peripheral blood cells isolated 

549 from HTLV-1-infected individuals as described previously [40]. The clones were cultured in 

550 RPMI-1640 (Sigma-Aldrich) supplemented with 20% fetal bovine serum (FBS), 2 mM L-

551 Glutamine, 50 IU/ml Penicillin, 50 µg/ml Streptomycin (all from ThermoFisher Scientific) and 
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552 100 IU/ml human interleukin 2 (IL-2, Miltenyi Biotec). Ten micromolar integrase inhibitor, 

553 Raltegravir (Selleck Chemicals) was added to the cultures to prevent secondary HTLV-1 

554 infections. The cells were supplemented with IL-2 and Raltegravir twice-weekly intervals and 

555 cultured at 37oC, 5% CO2.

556 Plasmid Generation

557 To create pLJM1-LTR-FT, pLJM1-EGFP (Addgene 19319) was digested with Ndel and EcoRl 

558 to create the vector backbone. A forward primer (5’-ATGGTGAGCAAGGGCGAG-3’) and a 

559 reverse primer (5’-TCGAGGTCGAGAATTCTTACTTGTACAGCTCGTCCATGC-3’) with a 15 

560 base pair overlap with vector backbone were used in a polymerase chain reaction (PCR) to 

561 generate fast Timer protein timer fragment from plasmid pFast-FT-N1 (Addgene 31910). Five 

562 tandem repeats of Tax responsive element (TRE) type 2 and an HTLV-1 promoter was 

563 amplified from WT-Luc plasmid [85] by PCR using forward (5’-

564 AAATGGACTATCATATGGGGAGGTACCGAGCTCTTACGC-3’) and reverse (5’-

565 GCCCTTGCTCACCATGGTGGCGGGCCAAGCCGGCAGTCA-3’) primers with 15 base pair 

566 overlap with vector backbone and fast timer protein PCR product, respectively. Two PCR 

567 products were inserted into the vector backbone using In-Fusion HD Cloning Kit (Takara Bio) 

568 to generate pLJM1-LTR-FT. The sequence of the inserts was verified by Sanger sequencing 

569 (GATC Biotech). 

570 pLJM1-LTR-d2EGFP was generated by digesting pLJM1-EGFP with Ndel and EcoRl to 

571 produce the vector backbone. A PCR incorporating a forward primer (5’-

572 GCCACCATGGTGAGCAAGG-3’) and a reverse primer (5’-

573 TCGAGGTCGAGAATTCCTACACATTGATCCTAGCAGAAGC-3’) with a 15 base pair overlap 

574 with vector backbone were used to amplify destabilised enhanced green fluorescent 

575 (d2EGFP) fragment from pcDNA3.3_d2eGFP plasmid (Addgene 26821). A fragment 

576 containing 9 copies of TRE type 1 and TRE type 3 and an HTLV-1 promoter was amplified 

577 from SMPU-18x21-EGFP plasmid [86] by PCR using forward (5’-
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578 AAATGGACTATCATATGCGGGTTTATTACAGGGACAGCG-3’) and reverse (5’-

579 GCTCACCATGGTGGCATCTCGCCAAGCTTGGATCTGT-3’) primers with 15 base pair 

580 overlap with vector backbone and d2EGFP PCR product, respectively. pLJM1-LTR-d2EGFP 

581 was formed by inserting the two PCR products into the vector backbone using In-Fusion HD 

582 Cloning Kit. Sanger sequencing was used to verify the sequence of the inserts in the transfer 

583 plasmid. 

584

585 Lentiviral Transduction

586 HEK 293T cells were seeded into 150 mm Corning TC-treated Culture Dishes (Corning) the 

587 day before transfection to reach an approximately 95% confluence on the day of transfection. 

588 HEK 293 T cells were co-transfected with either pLJM1-LTR-FT or pLJM1-LTR-d2EGFP, 

589 psPAX2 (Addgene 12260) and pCMV-VSV-G (Addgene 8454) plasmids using Lipofectamine 

590 3000 (Invitrogen) following the manufacturer’s protocol. Viral supernatants were harvested 24 

591 and 52 hours post-transfection. Supernatants were centrifuged at 2000 rpm for 10 minutes 

592 and passed through a 0.45 µm syringe filter (Sartorius) to remove debris prior to concentration 

593 by ultracentrifugation at 25000 rpm for 2 hours at 4oC. One hundred thousand cells were 

594 spinoculated with 100 µl of concentrated viral supernatant in the presence of 8 µg/ml polybrene 

595 and 10 mM HEPES (Sigma-Aldrich) at 800 g, 32oC for 2 hours. Transduced cells were washed 

596 once and cultured in complete medium supplemented with IL-2. Three days post-transduction, 

597 the cultures were supplemented with Raltegravir and Puromycin Dihydrochloride 

598 (ThermoFisher Scientific) was added at 2 µg/ml twice a week for 14 days to select transduced 

599 cells. Timer protein or d2EGFP-positive cells were sorted by flow cytometry to obtain Timer 

600 protein or d2EGFP-expressing populations. Flow-sorted cultures returned to their steady state 

601 within two weeks of flow sorting. Replicates were grown in parallel. The cultures were 

602 maintained in 1 µg/ml Puromycin Dihydrochloride during the regular feeding cycle to prevent 
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603 the emergence of resistance gene silent populations. The transduced clones expressing two 

604 different Tax reporter systems are given in Table 1. 

605 Table 1: Patient-derived T-cell clones expressing fluorescent protein-based Tax 

606 reporter systems

Clone Tax reporter system

TBX4B pLJM1-LTR-FT

TBJ 3.60 pLJM1-LTR-FT

TBW 11.50 pLJM1-LTR-d2EGFP

607

608

609 Flow cytometry analysis 

610 Cells were washed once with PBS and stained with 1 µg/ml viability marker, LIVE/DEAD 

611 fixable near-IR (ThermoFisher Scientific) for 5 minutes and washed once in FACS buffer (PBS 

612 + 5% FCS), and fixed for 30 minutes with fixation/permeabilisation buffer of eBioscience 

613 FOXP3/Transcription Factor Staining Buffer Set (ThermoFisher Scientific). The cells were 

614 then washed with permeabilisation buffer, stained with 1 µg/ml anti-Tax mAb (Clone LT-4) in 

615 permeabilisation buffer for 30 minutes, washed twice in permeabilisation buffer, and 

616 resuspended in FACS buffer. A slightly modified staining protocol was used to co-detect Tax 

617 protein with timer protein. Following the staining with viability marker and subsequent wash, 

618 the cells were fixed with 4% formaldehyde (ThermoFisher Scientific) for 15 minutes, washed 

619 once in FACS buffer, permeabilised with 0.1% Triton X-100 (ThermoFisher Scientific) for 15 

620 minutes, washed once with FACS buffer and stained with 1 µg/ml anti-Tax mAb (Clone LT-4) 

621 in FACS buffer for 30 minutes. Finally, the cells were washed twice and resuspended in FACS 

622 buffer. All washes and incubations were performed at room temperature for flow cytometry 
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623 analysis and sorting. The cells were acquired on a BD LSRFortessa (BD Biosciences) flow 

624 cytometer. FlowJo software (BD Biosciences) was used to analyse flow cytometry data. 

625 Flow sorting 

626 Live cell flow cytometry sorting under containment level 3 (CL3) conditions was performed in 

627 the CL3 Cell Sorting Facility at Chelsea and Westminster Hospital in London. Cells were 

628 washed once with PBS and stained with 1 µg/ml LIVE/DEAD fixable near-IR viability dye for 5 

629 minutes, washed once and resuspended in RPMI 1640 without phenol red (ThermoFisher 

630 Scientific) supplemented with 2% FCS. Viable Blue−Red− (double negative, DN), Blue+Red−, 

631 Blue+Red+ (double positive, DP), Blue−Red+ or viable d2EGFP+ and d2EGFP− cells were 

632 sorted under sterile conditions using a BD FACSAria lll cell sorter. Duplicate parallel cultures 

633 from each timer protein Tax reporter clone were flow-sorted on the same day. RNeasy Plus 

634 Micro Kit (Qiagen) was used to extract RNA from the flow-sorted timer protein sub-populations 

635 following the manufacturer’s protocol. RNA integrity was quantified using RNA 6000 Pico Kit 

636 (Agilent) on a 2100 Bioanalyzer (Agilent). 

637 Live-cell imaging

638 Flow-sorted proviral-expressing (d2EGFP+) and non-expressing (d2EGFP−) cells were seeded 

639 into a 96 well plate pre-coated with 1 mg/ml Poly-D-Lysine (PDL, Merck). Aryl hydrocarbon 

640 receptor (AhR) agonists and antagonists were added at concentrations indicated in Figure 8. 

641 One hundred nanomolar YOYO-3 Iodide (ThermoFisher Scientific) was added to label dead 

642 cells. Live-cell imaging was performed using Incucyte S3 (Sartorius) live-cell imaging system 

643 capturing 9 Phase contrast, green and red fluorescent images per well every 6 hours using a 

644 20x objective. Image analysis was performed with the “Non-adherent Cell-by-Cell” image 
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645 analysis module on the Incucyte, using the parameters listed in Table 2. The percentage of 

646 viable cells that were d2EGFP positive was calculated. 

647 Table 2: Imaging and mask parameters used for image capturing and analysis on 

648 Incucyte S3 

Channel Target Exposure 

time 

Background 

fluorescence 

correction 

method

Segmentation parameters

Phase All cells Not available Not applicable Sensitivity (Threshold = 9, 

Background = 10, Edge = 10, 

Particle area (minimum = 30 

µm2, maximum = ∞ µm2)

Green d2EGFP+ 

Cells

300 ms Top-Hat (50 µm 

radius)

Not applicable

Red Dead cells 400 ms Top-Hat (50 µm 

radius)

Not applicable

649

650 Quantitative real-time PCR

651 RNeasy Plus Mini kit (Qiagen) was used to extract RNA from cells cultured with vehicle control 

652 (DMSO), or AhR agonists or antagonists. RNA was reverse-transcribed using Transcriptor 

653 First Strand cDNA Synthesis Kit (Roche) with random hexamer primers following 

654 manufacturer’s instructions. A no-reverse transcriptase (RT) control was included for each 

655 sample to verify the elimination of genomic DNA from RNA samples. RNA transcripts were 

656 amplified with a master mix containing gene-specific primers listed in Table 3 and Fast SYBR 

657 Green Master Mix (ThermoFisher Scientific) on a Viia 7 Real-Time PCR System 
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658 (ThermoFisher Scientific). The relative quantification of target mRNAs was performed using 

659 the LinRegPCR method [87], and the data were normalised against the internal PCR control, 

660 18S rRNA. 

661 Table 3: Gene-specific primers used for RT-qPCR

Target gene Orientation Sequence Reference

Forward 5’-

CCGGCGCTGCTCTCATCCCGGT-3’

tax

Reverse 5’-

GGCCGAACATAGTCCCCCAGAG-3’

Forward 5’-GGACGCAGTTCAGGAGGCAC-3’sHBZ

Reverse 5’-CCTCCAAGGATAATAGCCCG-3’

Forward 5’-GTAACCCGTTGAACCCCATT-3’18S

Reverse 5’-CCATCCAATCGGTAGTAGCG-3’

[88]

Forward 5’-CACCATCCCCCACAGCAC-3’CYP1A1

Reverse 5’-ACAAAGACACAACGCCCCTT-3’

Forward 5’-GCTGCAGTGGCTGCTCCT-3’CYP1B1

Reverse 5’-CCCACGACCTGATCCAATTCT-3’

[89]

662

663 Statistical analysis

664 Statistical analysis was performed using GraphPad Prism (GraphPad Software) and in R [90].

665 RNA-seq Alignment and quantification

666 Paired-end 150 bp poly-A enriched stranded RNA libraries were prepared with NEBNext Ultra 

667 II Directional RNA Library Prep Kit for Illumina. Reads were sequenced on the Illumina’s HiSeq 

668 4000 Sequencing System by Oxford Genomics Centre. Samples were sequenced in two lanes 
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669 and the resulting FASTQ files aggregated for each sample. FastQC (RRID:SCR_014583, 

670 version 0.11.8) and MultiQC (RRID:SCR_014982, version 1.8) were used for quality 

671 assessment before and after adapter and quality trimming with Trim Galore 

672 (RRID:SCR_011847, version 0.6.4_dev). The STAR aligner (RRID:SCR_004463, version 

673 2.7.3a)was used to align reads against a custom merged reference of the human (Ensembl100 

674 GRCh38) genome [91], HTLV-1 (GenBank: AB513134) genome and the reference sequence 

675 of the Timer protein. A custom gene transfer format (GTF) including coordinates for the Timer 

676 protein and HTLV-1 was also supplied for STAR to transform the alignments into transcript 

677 coordinates (--quantMode TranscriptomeSAM). RSEM (RRID:SCR_013027, version 1.3.1) 

678 was then used for transcript quantification of stranded aligned reads ( --forward-prob 0 )[92]. 

679 Differential expression analysis

680 Tximport (RRID:SCR_016752, version 1.14.2) was used to import gene level transcript 

681 abundance estimates for differential expression analysis using DESeq2 (RRID:SCR_015687, 

682 version 1.32.0) in R (version 4.1.2) [90,93,94]. Each clone was analysed separately, and reads 

683 with < 3 counts in at least two samples were removed. The LRT was used to identify 

684 significantly DE genes across all Timer protein populations; for pairwise comparisons the 

685 default Wald test was used. FDR adjusted p-value < 0.01 cut-off was used for both approaches 

686 [95]. 

687 K-means clustering

688 K-means clustering (using MacQueen algorithm) with k=5 was carried out in R on the subset 

689 of DE genes that overlapped in the two clones [90]. A joined matrix of the scaled variance-

690 stabilizing transformation (VST) transformed counts was used as input [96].
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691 Over-representation analysis

692 Over-representation analysis (ORA) was performed with g:Profiler (RRID:SCR_006809, 

693 version 0.2.0) against the MSigDB’s Hallmark gene set collection [97,52]. A custom 

694 background of all genes that were subjected to differential expression testing in both clones 

695 was used.
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1015 Supporting information captions

1016 S1 Fig. Schematic of provirus in 3.60. Schematic of the provirus in clone 3.60 with the 202 bp deletion 

1017 and coding-regions of Env, Tax and sHBZ marked.

1018 S2 Fig. Volcano plots of genes deregulated between early burst and silent and late burst 

1019 phases. Significantly up-regulated genes are in yellow and down-regulated genes in blue. HTLV-1 plus, Timer 

1020 and top 10 most significantly up- and down-regulated genes are labelled; ns - not significant.

1021 S3 Fig. Gene trajectories of genes mentioned in main text. Y-axis: normalized counts on log10-

1022 scale. Significance is determined with LRT. FDR-corrected p-value < 0.01. 

1023 S4 Fig. NF-κB pathway is significantly up-regulated in each clone. (A) K-means clustering of 

1024 10048 significantly DE genes with k=2 in clone 3.60 and 4798 DE genes in clone TBX4B. The top 10 genes based 

1025 on mean rank of sorted p-values are listed on the right in each panel. The mean expression trajectory is coloured 

1026 yellow or blue.

1027  Significance is determined with LRT. FDR-corrected p-value < 0.01. (B) Over-representation analysis of K-means 

1028 clusters with the Hallmarks gene set from The Molecular Signatures Database (MSigDB). Statistical significance 

1029 was determined by Fisher’s exact test in g:Profiler. FDR-corrected p-value < 0.05.

1030 S1 Data. Differential expression results for clone 3.60.

1031 S2 Data. Differential expression results for clone TBX4B.

1032 S3 Data. AhR measurements
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