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Abstract 25 

B-cell progenitor fate determinant interferon regulatory factor 4 (IRF4) exerts key 26 

roles in the pathogenesis and progression of multiple myeloma (MM), a currently 27 

incurable plasma cell malignancy. Aberrant expression of IRF4 and the 28 

establishment of a positive auto-regulatory loop with oncogene MYC, drives a 29 

MM specific gene-expression programme leading to the abnormal expansion of 30 

malignant immature plasma cells. Targeting the IRF4-MYC oncogenic loop has 31 

the potential to provide a selective and effective therapy for MM. Here we 32 

evaluate the use of bromodomain inhibitors to target the IRF4-MYC axis through 33 

combined inhibition of their known epigenetic regulators, BRD4 and CBP/EP300. 34 

Although all inhibitors induced cell death, we found no synergistic effect of 35 

targeting both of these regulators on the viability of MM cell-lines. Importantly, for 36 

all inhibitors over a time period up to 72 hours, we detected reduced IRF4 mRNA, 37 

but a limited decrease in IRF4 protein expression or mRNA levels of downstream 38 

target genes. This indicates that inhibitor-induced loss of cell viability is not 39 

mediated through reduced IRF4 protein expression, as previously proposed. 40 

Further analysis revealed a long half-life of IRF4 protein in MM cells. In support 41 

of our experimental observations, gene network modelling of MM suggests that 42 

bromodomain inhibition is exerted primarily through MYC and not IRF4. These 43 

findings suggest that despite the autofeedback positive regulatory loop between 44 

IRF4 and MYC, bromodomain inhibitors are not effective at targeting IRF4 in MM 45 

and that novel therapeutic strategies should focus on the direct inhibition or 46 

degradation of IRF4. 47 

  48 
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Introduction 49 

 Transcription factor IRF4 (interferon regulatory factor 4) is a key activator 50 

of lymphocyte development, affinity maturation and terminal differentiation into 51 

immunoglobulin-secreting plasma cells1,2. Faulty regulation of IRF4 expression is 52 

associated with numerous lymphoid malignancies, including multiple myeloma 53 

(MM), an aggressive and incurable hematologic cancer characterized by the 54 

abnormal proliferation of bone marrow plasma cells2,3. At the molecular level MM 55 

is an heterogenous disease with several subgroups defined by specific gene-56 

expression profiles and recurrent chromosomal rearrangements. In a minority of 57 

MM cases, chromosomal translocation t(6;14)(p25;q32) brings the IRF4 gene 58 

under the control of immunoglobulin heavy-chain regulatory regions4,5. 59 

Interestingly while IRF4 is not always genetically altered in MM6, its expression 60 

levels are always higher than in plasma cells7. Over-expression of IRF4 leads to 61 

an aberrant gene-expression programme and to the mis-regulated transcription 62 

of a wide network of target genes. IRF4 loss-of-function in RNA-interference-63 

based experiments have shown that MM cells are “addicted” to this abnormal 64 

gene-expression programme since reduced IRF4 expression causes rapid and 65 

extended non-apoptotic cell death, irrespective of genetic etiology6. Similarly, 66 

targeting the 3’ UTR of IRF4 mRNA for degradation by overexpression of miR-67 

125-b, leads to MM cell death8. 68 

MM accounts for 2% of all cancers and 10% of all hematologic malignancies9. In 69 

the UK around 5800 MM cases are diagnosed every year (2015-2017) and 70 

incidence rates are projected to rise by 11% by 2035. The past decade has seen 71 

a revolution in the management of MM with the availability of novel therapies 72 
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which are both more effective and less toxic. Despite the ensuing improvement 73 

of clinical outcomes, nearly every patient becomes refractory to therapies and 74 

overall 5-year survival rates are 52%10. Considering that existing treatments are 75 

not curative, there is a need for new therapeutic approaches. Targeting IRF4 has 76 

potential to be a powerful therapeutic strategy in MM. Firstly, IRF4 inhibition likely 77 

presents manageable side effects as phenotypes in IRF4-deficient mice are 78 

restricted to lymphoid and myeloid lineages and mice lacking one allele of IRF4 79 

are phenotypically normal6. Additionally, MM cells’ “addiction” to IRF4 renders 80 

them fairly sensitive to even small decreases in IRF4 levels leading to cell death. 81 

Finally, IRF4 inhibition is lethal to all MM cells regardless of their underlying 82 

transforming oncogenic mechanism6 . 83 

An attractive approach to inhibit IRF4 might be targeting a known regulator of 84 

IRF4 expression in MM, MYC. Constitutive activation of MYC signalling is 85 

detected in more than 60% of patient-derived cells and one of the most common 86 

somatic genomic aberrations in MM is rearrangement or translocation of MYC 11. 87 

MYC transactivates IRF4 by binding to a conserved intronic region whilst IRF4 88 

binds to the MYC promoter region in MM cells and transactivates its expression, 89 

creating a positive autoregulatory feedback loop6. The expression of MYC in MM 90 

cells is abnormal since normal plasma cells do not express MYC as a result of 91 

repression by PR domain zinc finger protein 1 (PRDM1)12. Moreover, IRF4 binds 92 

to its own promoter region, creating a second positive autoregulatory loop which 93 

would potentiate any therapeutic effect of targeting the MYC-IRF4 loop6. The 94 

IRF4-MYC axis is thus considered to be a promising therapeutic target in MM, 95 
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however the complex regulatory feedbacks make predictable targeting of this axis 96 

challenging. 97 

One way to target the IRF4-MYC axis is through upstream epigenetic regulators. 98 

Bromodomain and extra-terminal (BET) proteins inhibitors have emerged as 99 

potential therapeutic agents for the treatment of haematologic malignancies13. 100 

BET protein BRD4 is specifically enriched at immunoglobulin heavy chain (IgH) 101 

enhancers in MM cells bearing IgH rearrangement at the MYC locus, causing 102 

their aberrant proliferation14. BET inhibitors such as JQ1, which displace BRD4 103 

from chromatin by competitively binding to its bromodomain acetyl-lysine 104 

recognition pocket, trigger inhibition of MYC transcription14,15. 105 

CREB binding protein (CBP) and EP300 are bromodomain-containing histone 106 

acetyltransferases16. CBP/EP300 bromodomain inhibitors, such as SGC-CBP30, 107 

induce cell cycle arrest and apoptosis in MM cell-lines17 . Whilst the effects of 108 

BET bromodomain inhibition are most likely due to direct suppression of MYC, 109 

inhibition of CBP/EP300 bromodomain has been proposed to work through 110 

suppression of IRF417.  111 

Given the positive auto regulation loop between MYC and IRF4 in MM, we 112 

hypothesised that combining the two classes of inhibitors with distinct 113 

transcriptional effects would have a synergistic impact on MM cells. To confirm 114 

this, we explored the effect of combinations of BET and CBP/EP300 inhibitors on 115 

the viability of a panel of MM cell-lines. To assess whether the protein and mRNA 116 

levels for MYC, IRF4 and their downstream targets following drug exposure were 117 

consistent with those expected from the IRF4-MYC auto-regulatory loop model, 118 

we compared their experimentally measured with their simulated expression in a 119 
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network model of MM molecular interactions. We found that within the time 120 

frames used there is no synergistic effect on the viability of MM cell-lines. For all 121 

inhibitors we experimentally measured largely unaffected levels of IRF4 protein 122 

and downstream target protein mRNA levels. These results are consistent with 123 

the continued presence of IRF4 protein in MM cells due to its long half-life. Our 124 

network modelling of MM therefore suggests that cell death induced by 125 

CBP/EP300 bromodomain inhibition is not exerted directly through IRF4 but 126 

indirectly through MYC. 127 

 128 

Methods 129 

 130 

Cell viability assay 131 

Cell viability assay and statistical analysis were performed as described in the 132 

supplemental methods. In brief, cell viability after inhibitors treatment was 133 

assessed using CellTiter-Blue® Cell Viability Assay. Each experiment was 134 

reproduced 3 times per cell line. 135 

 136 

Western Blotting 137 

Detailed protocols for western blotting are available in the supplemental methods. 138 

Primary antibodies: IRF4 (ab133590, Abcam), MYC (sc-40, Santa-Cruz 139 

Biotechnology) and β-actin (A2066, Sigma-Aldrich). HRP-conjugated secondary 140 

antibodies: anti-rabbit (ab205718, Abcam) anti-mouse (7076S, Cell signalling). 141 

 142 

Quantitative Real Time PCR 143 
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 7 

RNA extraction, cDNA synthesis, and quantitative real time PCR was performed 144 

as in the supplemental methods. 145 

 146 

Protein half-life 147 

To measure protein half-life, cells were treated with 10µg/mL cycloheximide for 148 

up to 72h followed by western blotting. Detailed protocols are available in the 149 

supplemental methods. 150 

 151 

Gene and protein network modelling 152 

Computational models were constructed using Ordinary Differential Equations 153 

and solved using MATLAB 2020a and ode15s. All code, equations and 154 

parameters used in modelling are available on Github 155 

(https://github.com/SiFTW/MMModel/). Regulated reactions were modelled as 156 

described previously 18. Detailed methods are available in the supplemental 157 

methods. 158 

 159 

Results 160 

Concomitant BRD4 and CBP/EP300 inhibition does not have a synergistic 161 

effect on MM cell viability 162 

To explore the effect of the combination of bromodomain inhibitors on MM cell 163 

viability, we employed BET inhibitors JQ1 and OTX015, CPB/EP300 inhibitor 164 

SGC-CBP30 and ISOX-DUAL, a dual inhibitor of BET and CPB/EP300. Three 165 

MM (KMS-12-BM, NCI-H929, SKMM-1) and one acute leukaemia (OCI-AML3) 166 

cells lines were treated for 48h with different concentrations of these compounds. 167 

https://github.com/SiFTW/MMModel/
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As shown in Fig.1a-e, JQ1 was the most effective inhibitor with an IC50 between 168 

0.27 and 0.42μΜ. Similar IC50 values were obtained for OTX015 (0.47-1.9µM) 169 

and  JQ1+SGC-CBP30 (0.28-0.67µM). However, treatment with SGC-CBP30 170 

alone (IC50 1.58µM-5µM) and ISOX-DUAL (2.15µM-7.70µM) showed reduced 171 

efficacy. The poor inhibitory activity of ISOX-DUAL could be explained by its 172 

reduced affinity for BRD4 and CPB/EP300 (IC50 1.5 and 0.65µM) when compared 173 

to JQ1 and SGC-CBP3019. To test this hypothesis, we compared the effect of 174 

ISOX-DUAL treatment with a combination of JQ1+SGC-CBP30 (Fig.1e). We 175 

found that the combination treatment had a stronger inhibitory effect on cell 176 

viability than ISOX-DUAL, with an IC50 comparable with that of JQ1 alone. Similar 177 

results were obtained when treating the cells for 72h (Fig. S1). Taken together, 178 

our results demonstrate that ISOX-DUAL offers no advantage to treatment with 179 

a BET inhibitor alone and that combining JQ1 and SGC-CBP30 does not lead to 180 

synergistic or antagonistic cytotoxic effects.  181 

 182 

Bromodomain inhibitors impact IRF4 mRNA but not protein expression in 183 

MM cell-lines 184 

We next investigated the effects of bromodomain inhibitors on the mRNA and 185 

protein expression levels of IRF4 and MYC. We treated the cells with a 186 

concentration of drugs at their IC50 value (as in Fig.1). As shown by western 187 

blotting analysis, we observed a dramatic decrease in the level of MYC protein, 188 

following treatment for 4, 8, 24h (Fig.S2) with a complete abrogation after 48h 189 

and 72h (Fig.2) However, drug treatments did not have a similar effect on IRF4 190 

protein levels. No reduction in IRF4 protein levels was observed at any of the 191 
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time points when using JQ1 or OTX015 and a slight reduction in IRF4 protein 192 

expression (up to 30%) was only observed across all MM cell-lines when a 193 

combination JQ1+SGC-CBP30 was used (Fig.2, S2). We next examined the 194 

effect of drug treatment on the levels of IRF4 and MYC mRNA. Treatment with 195 

all drugs significantly decreased both IRF4 and MYC mRNA expression in all cell-196 

lines after 4, 8, 24, 48 and 72h (Fig.3, S3), although the mean reduction for MYC 197 

was more pronounced than that for IRF4. In summary, our data show that 198 

bromodomain inhibitors effectively reduce MYC and IRF4 mRNA levels and MYC 199 

protein levels, but do not show a corresponding effect on IRF4 protein levels. 200 

 201 

Bromodomain inhibitors affect the gene-expression levels of target genes 202 

of MYC but not IRF4 203 

As protein levels of MYC and IRF4 were unequally affected by drug treatment, 204 

we hypothesised that expression of their downstream target genes would also be 205 

differentially affected. To test this hypothesis, we measured the impact of drug 206 

treatment on the mRNA levels of IRF4 (KLF2 and PRDM1) and MYC (CDK4 and 207 

hTERT) downstream targets. We treated the cells with a concentration of drugs 208 

corresponding to their IC50 value for 4, 8, 24, 48 and 72h (Fig.4, S6, S7). At the 209 

early time points of 4, 8 and 24h, no significant reduction of mRNA levels could 210 

be detected in the MM cell-lines for IRF4 downstream target KLF2 (Fig.S4), whilst 211 

a 30% reduction could be seen after 48 and 72h (Fig.4). A similar trend was 212 

observed for PRDM1 mRNA levels, with small decreases at early time points 213 

(Fig.S4) and more substantial decreases of about 50% only occurring after 48 214 

and 72h (Fig.4).  215 
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In contrast, mRNA expression of the MYC downstream targets hTERT and CDK4 216 

were rapidly and effectively decreased by drug treatment in all cell-lines (Fig.5, 217 

S5).  218 

In summary, these results confirm our hypothesis that MYC, but not IRF4 219 

downstream target genes are substantially downregulated as a result of 220 

bromodomain inhibition. 221 

 222 

Gene and protein network modelling are consistent with a long IRF4 protein 223 

half-life 224 

Given the known feedback loop between MYC and IRF4 in MM cells we asked 225 

whether the reduction in IRF4 mRNA, but not protein expression could be 226 

explained by the stability of IRF4 protein.  227 

To test this hypothesis and to assess whether the protein and mRNA levels for 228 

MYC, IRF4 and their downstream targets following drug exposure were 229 

consistent with those expected from the IRF4-MYC auto-regulatory loop model, 230 

we used computational techniques to model the MYC and IRF4 gene and protein 231 

network in MM cells. Computational modelled time courses of PRDM1, IRF4, and 232 

MYC protein and mRNA levels were generated by simulating the effect of 233 

inhibiting MYC mRNA transcription. In order to compare computational 234 

simulations with measured protein and mRNA levels, both experimental and 235 

simulated results were normalised to the first timepoint to give a fold change over 236 

time.  237 

As the results are independent from the drug and cell line used, we initially 238 

modelled our response based on drugs inhibiting MYC expression (Fig.6a) using 239 
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the published half-life for MYC of 30min20 and an estimated of 7h for IRF4 (no 240 

data was found). The squared distance between the mean experimental result 241 

and modelled response for each timepoint shows a discrepancy, specifically for 242 

IRF4 protein and PRDM1 mRNA levels (Fig.6b), suggesting that IRF4 has a half-243 

life significantly longer than 7 h. To measure IRF4 protein half-life, we treated MM 244 

cell-lines with 10µg/mL cycloheximide to block protein synthesis for up to 72h and 245 

monitored the effect on existing protein levels by western blotting (Fig.7a). We 246 

found that IRF4 protein levels decreased slowly in all MM cell-lines and the half-247 

life was determine to be 61, 52 and 33h in KMS-12-BM, NCI-H929 and SKMM-1 248 

respectively. In contrast to the stability of IRF4, levels of MYC decreased within 249 

30min in all MM cell-lines, (half-lives of 1hr, 22min and 30min respectively), in 250 

line with published reports20. To test whether a half-life of 48h for IRF4 can explain 251 

the observed response to the drug we modelled MYC and IRF4 gene and protein 252 

network using this longer half-life. The squared distance between the mean 253 

experimental result and modelled response for each timepoint now shows a good 254 

agreement between the model and the data (Fig.7b). Despite the overall 255 

improvement of the fit, a discrepancy persists for IRF4 protein levels between 24 256 

and 36h suggesting that the model does not completely recapitulate the data, 257 

especially at the later time points. 258 

 259 

Gene and protein network modelling suggest that bromodomain inhibitors 260 

effects on MM cell-lines are mainly exerted through MYC transcription 261 

repression and not IRF4 262 
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The initial computational modelling of the predicted drug response on MM cell-263 

lines was formulated on the assumption of bromodomain inhibition affecting 264 

mainly MYC transcription. This was a reasonable assumption based on the 265 

observation that unperturbed IRF4 protein levels in MM cell-lines could be 266 

measured following most drug treatment. However, because of a small (30%) but 267 

consistent reduction of IRF4 protein levels in response to treatment with the JQ1+ 268 

SGC-CBP30 combination we then asked whether bromodomain inhibitors work 269 

through repression of MYC, IRF4 or both. To do so, we used gene and protein 270 

network modelling to simulate the effect of a drug acting on the transcription of 271 

MYC, IRF4 or both (Fig.8a) using the measured half-lives of IRF4 and MYC. 272 

When comparing the predicted to the experimentally measured expression of 273 

MYC, IRF4 and PRDM1 we could conclude that the main effect of the drugs is 274 

predicted to be through disruption of MYC transcription (Fig.8b). The modelled 275 

response of the effects of a drug acting only on IRF4 transcription poorly predicts 276 

the observed protein and mRNA levels, especially those of MYC. Simulating the 277 

effects of a drug treatment targeting both MYC and IRF4 transcription improves 278 

the match, but not as well when using a single-hit to MYC model. However, for 279 

all models a discrepancy remains between the measured and modelled levels of 280 

IRF4 protein after 24h, pointing at additional and yet uncovered regulatory 281 

interactions within the IRF4 network in MM cells. When extrapolated to MM cells 282 

in vivo, our work has important implications for the design of new therapeutic 283 

strategies. 284 

 285 

Discussion 286 
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In this work we studied the effects on MM cell-lines of two classes of 287 

bromodomain (BET and CBP/Ep300) inhibitors, with putatively distinct 288 

transcriptional effects, with the aim to disrupt the oncogenic feedback loop 289 

between MYC and IRF4. Specifically, we wanted to evaluate the possibility that 290 

the combination of these bromodomain inhibitors would have synergistic impact 291 

on the viability of MM cells and on the transcription and protein levels of IRF4 and 292 

MYC. 293 

Our data showed that while the two BET inhibitors JQ1 and OTX015 showed the 294 

most effective inhibition on cell viability, the CBP/Ep300 inhibitor SGC-295 

CBP/Ep300 and the dual BET-CBP/Ep300 inhibitor ISOX-DUAL caused the least 296 

effect. Since the combination JQ1+SGC-CBP30 has a stronger inhibitory effect 297 

on cell viability compared to the dual inhibitor alone this suggests that the limited 298 

effect of ISOX-DUAL is caused by its reduced affinity for BRD4 and CPB/EP300. 299 

Our data also indicate that combining JQ1 and SGC-CBP30 does not lead to 300 

synergistic or antagonistic cytotoxic effects on MM cell-lines. In line with previous 301 

studies14,15,17,22, we found that these drugs cause MYC downregulation at protein 302 

and mRNA levels. Interestingly, within the time frame and for all inhibitors we 303 

have observed largely unaffected levels of IRF4 protein and downstream target 304 

gene mRNA levels. Using computational modelling of a network of MM molecular 305 

interactions, we could show that these results can be partially explained by the 306 

high stability of the IRF4 protein (>48h). Finally, the modelling data also implies 307 

that any effect observed on MM cell-lines for both inhibitors is not exerted through 308 

IRF4 but mainly through MYC. These results are in contrast with previous data17 309 

supporting the idea that SGC-CBP30 treatment on MM cell line causes cell 310 
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cytotoxicity via targeting of IRF4. However, more recent data show that inhibition 311 

of CBP/EP300 bromodomains can interfere with GATA1 and MYC-driven 312 

transcription by displacing CBP/EP300 from GATA1 and MYC binding sites at 313 

enhancers leading to a decrease in the level of acetylation of these regulatory 314 

regions. This in turn reduces gene-expression of both GATA1 and MYC23. 315 

Our data shows that IRF4 is characterized by a long half-life in a panel of MM 316 

cell-lines. Previous studies have shown a variability in the half-life’s values for 317 

IRF proteins (IRF1~30min, IRF7~5h, IRF2~8h, IRF3~60h)24,25. The basis of 318 

these varied half-lives is unclear, but it may involve differences in ubiquitin-319 

mediated degradation through differential in expression of ubiquitin-specific 320 

proteases (USPs). Alterations of USP enzymes are implicated in the 321 

pathogenesis of various cancers and USP15 has been reported to be 322 

overexpressed in MM cells and inhibit MM apoptosis26,27. Interestingly, USP4 323 

interacts with, stabilizes and deubiquitinates IRF4 28, which could be provide an 324 

explanation for the long IRF4 half-life. Further work will be required to determine 325 

if these USPs have any role in the regulation of IRF4 stability in MM cells. 326 

A growing body of preclinical and clinical evidence suggests that bromodomain 327 

inhibition could be an important therapeutic approach in a number of hematologic 328 

malignancies29. Furthermore, in vivo and in vitro evidence suggests synergistic 329 

cytotoxicity of bromodomain inhibitors and immunomodulatory drugs (IMiDs) in 330 

MM 30 and primary effusion lymphoma 31. lMiDs are known to bind cereblon, 331 

which activates E3-ubiquitin ligase resulting in the degradation of IKZF1 and 332 

IKZF3 32. Downregulation of IKZF1 and IKZF3 then suppresses IRF4 333 

transcription. Therefore IMiDs, just like bromodomain inhibitors, indirectly inhibit 334 
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IRF4 expression. Our studies suggest that indirect inhibition of IRF4, either via 335 

IMiDs or bromodomain inhibition, might not be effective at interfering with IRF4 336 

and its oncogenic transcription programme in MM because of its stability. Future 337 

work aimed at targeting the IRF4 addiction in MM may be more effective if re-338 

focussed on direct inhibition or degradation of IRF4, which could be then used in 339 

synergistic combination to address relapsed or refractory cases of MM for which 340 

presently limited choices exist.  341 
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Figure legends 463 

Figure 1. Characterization of the effect of JQ1, OTX015, SGC-CBP30, ISOX-464 

DUAL and JQ1+ SGC-CBP30 treatments on MM cell-lines viability. 465 

Reduction of KMS-12-BM (a), NCI-H929 (b), SKMM-1 (c) and OCI-AML3 (d) cell 466 

viability after treatment with different concentrations of bromodomain inhibitors 467 

for 48h. Cell survival is plotted against the logarithm of inhibitor concentrations. 468 

JQ1 (red curves), JQ1+SGC-CBPEP30 (purple curves), OTX015 (pink curves), 469 

SGC-CBP30 (brown curves) and ISOX-DUAL (light blue curves). Results are 470 

represented as mean ±Standard Error of Mean (SEM) of triplicate assays. (e) 471 

The graph shows the IC50 values of JQ1, JQ1+SGC-CBP30, OTX015, SGC-472 

CBP/EP30, ISOX-DUAL after 48h treatment of KMS-12-BM (green bars), NCI-473 

H929 (black bars), OCI-AML3 (blue bars) and SKMM-1 (orange bars) cells.  474 

 475 

Figure 2. IRF4 and MYC protein levels in MM cell-lines following treatment 476 

with JQ1, OTX015, SGC-CBP30, ISOX-DUAL and JQ1+ SGC-CBP30. 477 

Changes in MYC and IRF4 protein levels were analysed by Western Blot 478 

following IC50  drug treatments for 48 and 72h in KMS-12-BM, SKMM-1, NCI-479 

H929 and OCI-AML3. The control (CTRL) is 2mM DMSO treatment. β-actin was 480 

used as loading control. Quantification was performed by using LI-COR machine 481 

and protein levels were expressed relative to the control treatment. 482 

 483 

Figure 3. IRF4 and MYC mRNA expression in MM cell-lines following 484 

treatment with JQ1, OTX015, SGC-CBP30, ISOX-DUAL and JQ1+ SGC-485 

CBP30.  486 
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IRF4 and MYC mRNA expression was analysed by qPCR following IC50 drug 487 

treatments for 48 and 72h in KMS-12-BM (green bars), SKMM-1 (orange bars), 488 

NCI-H929 (black bars) and OCI-AML3 (blue bars) cells. The control (CTRL) is 489 

2mM DMSO treatment. Transcript levels were normalised against β-actin 490 

expression and expressed relative to the control treatment. Data are shown as 491 

mean ±SEM. A t-test was performed with reference to the control. *P<0.05, 492 

**P<0.01, ***P < 0.001. 493 

Figure 4. IRF4 downstream gene mRNA expression in MM cell-lines 494 

following treatment with JQ1, OTX015, SGC-CBP30, ISOX-DUAL and JQ1+ 495 

SGC-CBP30.  496 

KLF2 and PRDM1mRNA expression was analysed by qPCR following IC50 drug 497 

treatments for 48 and 72h in KMS-12-BM (green bars), SKMM-1 (orange bars), 498 

and NCI-H929 (black bars) cells. The control (CTRL) is 2mM DMSO treatment. 499 

Transcript levels were normalised against β-actin expression and expressed 500 

relative to the control treatment. Data are shown as mean ±SEM. A t-test was 501 

performed with reference to the control. *P<0.05, **P<0.01, ***P < 0.001. 502 

 503 

Figure 5. MYC downstream gene mRNA expression in MM cell-lines 504 

following treatment with JQ1, OTX015, SGC-CBP30, ISOX-DUAL and JQ1+ 505 

SGC-CBP30.  506 

CDK4 and hTERT mRNA expression was analysed by qPCR following IC50 drug 507 

treatments for 48 and 72h in KMS-12-BM (green bars), SKMM-1 (orange bars), 508 

and NCI-H929 (black bars) cells. The control (CTRL) is 2mM DMSO treatment. 509 

Transcript levels were normalised against β-actin expression and expressed 510 
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relative to the control treatment. Data are shown as mean ±SEM. A t-test was 511 

performed with reference to the control. *P<0.05, **P<0.01, ***P < 0.001. 512 

 513 

Figure 6. Computational model of the molecular regulatory network in MM 514 

cells. 515 

(a) Systems Biology Graphical Notation (SBGBN) diagram of the model of IRF4, 516 

MYC and PRDM1 regulation. Positive regulation is indicated by lines capped with 517 

circles. Negative regulation is indicated by lines capped with bars. (b) 518 

Experimentally measured expression of the indicated molecular species in H929, 519 

SKMM-1, KMS cell-lines exposed to SGC-CBP30, JQ1, OTX015, ISOX-DUAL, 520 

and JQ1+SGC-CBP30 combination. Each shaded region represents the 521 

standard deviation of 3 experimental replicates. The modelled response is shown 522 

with a solid line. The model assumes a half-life for IRF4 of 7 h. The squared 523 

distance between the mean experimental result and modelled response for each 524 

timepoint is shown in the bottom right with colours consistent with other panels. 525 

 526 

Figure 7. Analysis of IRF4 stability in MM cell-lines and updated 527 

computational model of the molecular regulatory network in MM cell . 528 

(a) KMS-12-BM, SKMM-1, NCI-H929 were incubated with 10µg/mL 529 

cycloheximide for the indicated time points and cell lysates analysed by Western 530 

blotting for protein levels of IRF4 and MYC. β-actin was used as a loading control. 531 

(b) Experimentally measured expression of the indicated molecular species in 532 

H929, SKMM-1, KMS cell-lines exposed to SGC-CBP30, JQ1, OTX015, ISOX-533 

DUAL, and JQ1+SGC-CBP30 combination. Each shaded region represents the 534 
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standard deviation of 3 experimental replicates. The modelled response is shown 535 

with a solid line. The model uses the experimentally determined IRF4 half-life. 536 

The squared distance between the mean experimental result and modelled 537 

response for each timepoint is shown in the bottom right with colours consistent 538 

with other panels. 539 

 540 

Figure 8. Computational model simulating the effect of a drug acting on 541 

MYC transcription, IRF4 transcription or both.  542 

Systems Biology Graphical Notation (SBGBN) diagram of the model of IRF4, 543 

MYC and PRDM1 regulation. Positive regulation is indicated by lines capped with 544 

circles. Negative regulation is indicated by lines capped with bars. Drugs are 545 

shown impacting IRF4 transcription (A) and MYC transcription (B). 546 

Experimentally measured expression of the indicated molecular species in H929, 547 

SKMM-1, KMS cell-lines exposed to SGC-CBP30, JQ1, OTX015, ISOX-DUAL, 548 

and JQ1+SGC-CBP30 combination. The impact of single targeting IRF4 (A, left) 549 

and MYC (B, middle) is shown, along with the combination (A+B, right). Each 550 

shaded region represents the standard deviation of 3 experimental replicates. 551 

The modelled response is shown with a solid line. The model uses the 552 

experimentally determined IRF4 half-life. The squared distance between the 553 

mean experimental result and modelled response for each timepoint is shown in 554 

the bottom right with colours consistent with other panels. 555 

  556 
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Supplementary Figure Legends 557 

 558 

Supplementary Figure 1. Characterization of the effect of JQ1, OTX015, 559 

SGC-CBP30, ISOX-DUAL and JQ1+ SGC-CBP30 treatments on MM cell-560 

lines viability.  561 

Reduction of KMS-12-BM (a), NCI-H929 (b), SKMM-1 (c) and OCI-AML3 (d) cell 562 

viability after treatment with different concentrations of bromodomain inhibitors 563 

for 72h. Cell survival is plotted against the logarithm of inhibitor concentrations. 564 

JQ1 (red curves), JQ1+SGC-CBPEP30 (purple curves), OTX015 (pink curves), 565 

SGC-CBP30 (brown curves) and ISOX-DUAL (light blue curves). Results are 566 

represented as mean ±Standard Error of Mean (SEM) of triplicate assays. (e) 567 

The graph shows the IC50 values of JQ1, JQ1+SGC-CBP30, OTX015, SGC-568 

CBP/EP30, ISOX-DUAL after 72h treatment of KMS-12-BM (green bars), NCI-569 

H929 (black bars), OCI-AML3 (blue bars) and SKMM-1 (orange bars) cells.  570 

 571 

Supplementary Figure 2. IRF4 and MYC protein levels in MM cell-lines 572 

following treatment with JQ1, OTX015, SGC-CBP30, ISOX-DUAL and JQ1+ 573 

SGC-CBP30 for 4, 8 and 24 h.  574 

Changes in MYC and IRF4 protein levels were analysed by Western Blot 575 

following IC50  drug treatments for 4, 8 and 24h in KMS-12-BM, SKMM-1, NCI-576 

H929 and OCI-AML3. The control (CTRL) is 2mM DMSO treatment. β-actin was 577 

used as loading control. Quantification was performed by using LI-COR machine 578 

and protein levels were expressed relative to the control treatment. 579 

 580 
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Supplementary Figure 3. IRF4 and MYC mRNA expression in MM cell-lines 581 

following treatment with JQ1, OTX015, SGC-CBP30, ISOX-DUAL and JQ1+ 582 

SGC-CBP30 for 4, 8 and 24 h.  583 

IRF4 and MYC mRNA expression was analysed by qPCR following IC50 drug 584 

treatments for 4, 8 and 24h in KMS-12-BM (green bars), SKMM-1 (orange bars), 585 

NCI-H929 (black bars) and OCI-AML3 (blue bars) cells. The control (CTRL) is 586 

2mM DMSO treatment. Transcript levels were normalised against β-actin 587 

expression and expressed relative to the control treatment. Data are shown as 588 

mean ±SEM. A t-test was performed with reference to the control. *P<0.05, 589 

**P<0.01, ***P < 0.001. 590 

 591 

Supplementary Figure 4. IRF4 downstream gene mRNA expression in MM 592 

cell-lines following treatment with JQ1, OTX015, SGC-CBP30, ISOX-DUAL 593 

and JQ1+ SGC-CBP30 for 4, 8 and 24 h.  594 

KLF2 and PRDM1 mRNA expression was analysed by qPCR following IC50 drug 595 

treatments for 4, 8 and 24h in KMS-12-BM (green bars), SKMM-1 (orange bars), 596 

and NCI-H929 (black bars) cells. The control (CTRL) is 2mM DMSO treatment. 597 

Transcript levels were normalised against β-actin expression and expressed 598 

relative to the control treatment. Data are shown as mean ±SEM. A t-test was 599 

performed with reference to the control. *P<0.05, **P<0.01, ***P < 0.001. 600 

 601 

Supplementary Figure 5. MYC downstream genes mRNA expression in MM 602 

cell-lines following treatment with JQ1, OTX015, SGC-CBP30, ISOX-DUAL 603 

and JQ1+ SGC-CBP30 for 4, 8 and 24 h.  604 
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CDK4 and hTERT mRNA expression was analysed by qPCR following IC50 drug 605 

treatments for 4, 8 and 24h in KMS-12-BM (green bars), SKMM-1 (orange bars), 606 

and NCI-H929 (black bars) cells. The control (CTRL) is 2mM DMSO treatment. 607 

Transcript levels were normalised against β-actin expression and expressed 608 

relative to the control treatment. Data are shown as mean ±SEM. A t-test was 609 

performed with reference to the control. *P<0.05, **P<0.01, ***P < 0.001. 610 

 611 
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Fig.6
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Fig.7
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Fig.8
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