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Abstract 35 

Metabolism negotiates cell-endogenous requirements of energy, nutrients and building blocks with the im-36 

mediate environment to enable various processes, including growth and differentiation. While there is an in-37 

creasing number of examples of crosstalk between metabolism and chromatin, few involve uptake of exoge-38 

nous metabolites. Solute carriers (SLCs) represent the largest group of transporters in the human genome and 39 

are responsible for the transport of a wide variety of substrates, including nutrients and metabolites. We 40 

aimed at investigating the possible involvement of SLC-mediated solutes uptake and cellular metabolism in 41 

regulating cellular epigenetic states. Here, we perform a CRISPR/Cas9 transporter-focused genetic screen 42 

and a metabolic compound library screen for the regulation of BRD4-dependent chromatin states in human 43 

myeloid leukemia cells. Intersection of the two orthogonal approaches reveal that loss of transporters in-44 

volved with purine transport or inhibition of de novo purine synthesis lead to dysfunction of BRD4-depend-45 

ent transcriptional regulation. Through mechanistic characterization of the metabolic circuitry, we elucidate 46 

the convergence of SLC-mediated purine uptake and de novo purine synthesis on BRD4 chromatin occu-47 

pancy. Moreover, adenine-related nucleotides supplementation effectively restores BRD4 functionality upon 48 

purine impairment. Our study highlights the specific role of purine/adenine metabolism in modulating 49 

BRD4-dependent epigenetic states. 50 
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Introduction 64 

Chromatin remodeling and the associated epigenetic events resulting in changes in gene expression are 65 

fundamental mechanisms regulating cellular states and normal physiology1. Coordinated dynamics of 66 

chromatin regulation is essential for cells to adapt to external challenges, while epigenetic aberrations 67 

contribute to diverse aspects of pathological conditions such as cancer2,3. Deciphering the various mechanisms 68 

by which environmental clues give rise to changes in chromatin regulation will help to elucidate how cellular 69 

states are achieved and enable identifying avenues of therapeutic homeostasis restauration.  70 

Accumulating evidence has highlighted that epigenetic dynamics are directly driven by cellular 71 

metabolic states, as shown by the reliance of epigenetic enzymes on intermediary metabolites acting as 72 

substrates or cofactors, such as acetyl-CoA or S-adenosylmethionine (SAM)4-5. Metabolism is comprised of a 73 

complex network of synthesis and degradation reactions, transforming nutrients derived from the extracellular 74 

environment into building blocks and energy equivalents necessary for cell growth, division and waste 75 

removal. Uptake of nutrients and removal of catabolites at cellular membranes are therefore key determinants 76 

of metabolic fluxes. Solute carriers (SLCs) represent the largest group of transmembrane transporters in the 77 

human genome, comprising more than 400 genes in 65 subfamilies6,7. SLCs are responsible for the transport 78 

of a large variety of molecular classes, including amino acids, carbohydrates, metals, ions and nucleosides6. 79 

SLCs are therefore central to controlling the metabolic state of cells by determining nutrient availability8 or by 80 

acting as transceptors9. Roughly two-thirds of SLCs locate at the plasma membrane controlling the cellular 81 

uptake and release of substrates across the membrane7, 10. Despite the significant role of SLCs in driving 82 

metabolic dynamics, our understanding of how specific SLCs can initiate metabolic changes that influence the 83 

state of chromatin is still sporadic.  84 

BRD4, a histone acetylation reader important in epigenetic and transcriptional regulation, is receiving 85 

considerable attention as a therapeutic target in the context of cancer due to its dominant role in regulating the 86 

transcription of oncogenic driver genes, particularly MYC, and associated enhancers11-12. To explore factors 87 

regulating BRD4 functionality, we previously established the BRD4 inhibition-based cellular reporter system 88 

REDS (Reporter for Epigenetic Drug Screening) in the human near-haploid chronic myeloid leukemia (CML) 89 

cell line KBM-713. REDS is defined by a single red fluorescent protein (RFP) integration at a genomic locus 90 

that specifically becomes actively transcribed once BRD4 is inhibited, therefore responding to BRD4 91 

inhibition by the expression of RFP (Extended Data Fig. 1a)13,14. Given a robust fluorescence-based readout of 92 

BRD4-related chromatin states, REDS is suitable for both, genetic and pharmacological screens. Utilizing a 93 

gene-trap mutagenesis-based genetic screen on REDS, we recently identified MTHFD1, an enzyme involved 94 

in folate metabolism, as a BRD4 interactor on chromatin that is required for BRD4 to exert its regulatory 95 

function on transcription14. Following the implication that the metabolic activity of the cell could contribute to 96 

BRD4-chromatin dynamics, we systematically investigated the involvement of SLC transporters in the axis 97 

linking nutrient availability, metabolism and BRD4 regulation.  98 

 99 

 100 

 101 
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Results 102 

SLC-mediated purine uptake regulates activity of BRD4 103 

By taking advantage of the REDS approach, we performed a fluorescence-activated cell sorting (FACS)-based 104 

genetic loss-of-function screen using an SLC-focused CRISPR/Cas9 library targeting 394 human SLC genes 105 

and pseudogenes15 in three independently derived REDS clones (REDS1, REDS15 and REDS17). REDS1 is 106 

characterized by a single RFP insertion in the first intron of CDKAL114. REDS15 and REDS17 have an RFP 107 

integration at the chromosomal 12q24.33 locus, 410 and 672 bp upstream of STX2, respectively (Extended 108 

Data Fig. 1b), similarly to the previously described REDS3 clone13. The three REDS clones were individually 109 

transduced with a pooled SLC knockout library and sorted to collect the highest 0.5 % RFP-expressing cells 110 

(Fig. 1a). Comparing the difference in sgRNA enrichment between sorted and unsorted populations, we 111 

identified SLCs for which depletion mimicked BRD4 functional inhibition, turning the cells RFP-positive (Fig. 112 

1b). We validated the findings by examining the RFP expression level in REDS1 and REDS15 clones 113 

following the depletion of the candidate SLC genes 12 days after sgRNA transduction. The results confirmed 114 

that SLC28A3, SLC29A4, SLC35F5 and SLC6A8 knockout led to a prominent induction of RFP expression 115 

(Fig. 1c). SLC28A3 and SLC29A4 are members of nucleoside transporter families responsible for nucleosides 116 

transport across the plasma membrane16-18. SLC35F5 belongs to the SLC35 family transporting nucleotide-117 

sugars across biological membranes19. Although the substrates of SLC35F5 are poorly characterized, members 118 

of the nucleotide-sugar transporters family have been reported to interact with nucleoside monophosphates20, 119 

and SLC35F5 was shown to affect cellular chemosensitivity to nucleoside analogues21, suggesting a potential 120 

role in nucleosides transport and metabolism. Given the possible functional overlap between these three SLCs, 121 

we generated dual and triple SLC knockouts in REDS15 cells (Extended Data Fig. 2). 12 days after sgRNA 122 

transduction, a more pronounced RFP expression was observed in the triple SLC knockout (SLC TKO) cells 123 

compared to the single or dual knockout cells (Fig. 1d).  124 

These data suggested that the role of the SLCs under investigation was to transport environmental 125 

solutes, potentially nucleosides, that inside the cell were required to maintain BRD4 functionality. To test this 126 

hypothesis, REDS clones were cultured in growth medium with either normal or dialyzed serum deprived of 127 

small molecules (e.g., nucleosides). We observed a gradual increase in RFP expression in both clones when 128 

supplied with dialyzed serum, suggesting that soluble components lost by dialysis were required for optimal 129 

BRD4 activity (Extended Data Fig. 3a). We further examined whether exogenous nucleosides supplementation 130 

could rescue the observed BRD4 inhibition phenotype, in order to evaluate the involvement of nucleosides 131 

transport in BRD4 functionality. Purine nucleosides supplementation reduced RFP expression in REDS clones 132 

growing in dialyzed serum as well as with selected SLC knockouts, whereas pyrimidine supplementation had 133 

no impact on RFP expression (Fig. 1e, Extended Data Fig. 3b,), implicating a purine-specific effect on BRD4 134 

regulation. The decrease of RFP expression was less pronounced in REDS15 cells with triple SLC knockout 135 

compared to the single knockout upon purine supplementation (Fig. 1e), most probably due to the additional 136 

impairment in nucleoside import upon the loss of multiple transporters. Together, these data suggested that 137 

exogenously added purines result in changes in BRD4 functionality in a manner dependent on the expression 138 

of specific SLC transporters. 139 
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To corroborate the involvement of these SLCs in BRD4 regulation, we overexpressed sgRNA-resistant 140 

SLC28A3 or SLC29A4 in the respective SLC knockout REDS15 cells. Expression of each of the wild-type 141 

(WT) transporters rescued the phenotype and effectively abrogated RFP expression. Transporter activity 142 

defective mutants described previously22,23 failed to reduce RFP expression, indicating that the nucleoside 143 

transport function is crucial for BRD4 functionality (Fig. 1f, g). Although we failed to overexpress SLC35F5 144 

in REDS cells, the detection of enhanced RFP expression in the triple SLC knockout cells compared to 145 

SLC28A3/SLC29A4 dual knockout cells (Fig. 1d) indicated a non-redundant role for SLC35F5 in BRD4 146 

regulation. These observations supported a functional link between SLC-mediated extracellular purine uptake 147 

and BRD4.  148 

 149 

Inhibition of de novo purine synthesis inactivates BRD4 150 

If intracellular purine concentrations were indeed important for the regulation of BRD4, other perturbations 151 

that reduce the purine pools should mimic the loss of transporter function. As an orthogonal approach, we 152 

tested whether compounds with metabolic activities may lead to BRD4 inhibition. To scout for metabolic 153 

compounds able to induce RFP expression, we established an image-based screen in REDS clones, using 154 

KBM-7 WT cells as negative control (Fig. 2a). This custom-made library contains 243 compounds broadly 155 

targeting eight metabolic pathways/processes, including nucleotide metabolism (Extended Data Fig. 4a, 156 

Supplementary Table 1). We observed increased RFP expression upon the treatment of the potent 157 

bromodomain and extra terminal protein inhibitor (BETi) CPI-0610 and the purine analog 6-mercaptopurine 158 

(6-MP) (Fig. 2b, Extended Data Fig. 4b), as well as the auto-fluorescent compound NSC-95397. Although 6-159 

MP treatment was not as efficient as direct inhibition of BRD4 by (+)-JQ1 or CPI-0610 in inducing RFP 160 

expression, the effect was consistent across REDS clones and the different time points. 6-MP interferes with 161 

purine metabolism by inhibiting amidophosphoribosyltransferase (PPAT), the first enzyme gate-keeping the 162 

entire de novo purine synthesis pathway. Azathioprine is a pro-drug that is non-enzymatically converted to 6-163 

MP. 6-MP is then processed either into its active derivative 6-thioinosine monophosphate (TIMP) which 164 

inhibits de novo purine synthesis, or into the inactive derivate 6-thiouric acid (6-TU) (Fig. 2c)24. To understand 165 

whether the increased RFP expression following 6-MP treatment was due to direct impact on de novo purine 166 

synthesis, we treated REDS clones with 6-MP related compounds. Azathioprine and TIMP, but not 6-TU, 167 

induced RFP expression in a dose-dependent manner (Fig. 2d, Extended Data Fig. 4c). Chemically inhibiting 168 

the second enzyme of de novo purine synthesis, glycinamide ribonucleotide transformylase (GART), with 169 

pelitrexol or lometrexol, also triggered RFP expression (Extended Data Fig. 4d), confirming a central role of 170 

this pathway in BRD4 regulation. In contrast, none of the pyrimidine metabolism inhibitors from the metabolic 171 

compound library induced RFP expression (Fig. 2b, Supplementary Table 1). To confirm this result, we treated 172 

REDS clones with three of the pyrimidine metabolism inhibitors selected from the library, teriflunomide, 173 

brequinar and 5-FU, and examined the RFP expression. After 72 h treatment, no significant RFP induction 174 

was observed (Extended Data Fig. 4e), ruling out the involvement of pyrimidine metabolism in regulating 175 

BRD4 functionality. Interestingly, treatment with arsenic trioxide, which blocks MTHFD1 nuclear 176 

localization25, induced RFP expression in REDS15 and REDS17 clones (Fig. 2b), consistent with our previous 177 
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finding that blocking the function of nuclear MTHFD1 leads to BRD4 inhibition14. Together with the results 178 

observed in the SLC loss-of-function screen, our data strongly suggested that intracellular purine levels were 179 

involved in BRD4 functional control. We therefore challenged this hypothesis by systematically assessing the 180 

BRD4-inhibition effects by knocking out seventeen purine metabolism genes individually in REDS15 cells, 181 

of which ten involved in de novo purine synthesis, five in degradation and two in salvage pathway (Extended 182 

Data Fig. 4f)26 and monitored RFP expression. Remarkably, nine out of ten de novo purine synthesis genes 183 

functionally assessed by knockout led to increased RFP expression whereas cells with deficient purine 184 

degradation or salvage pathway did not show significant induction of RFP signal (Fig. 2e), demonstrating a 185 

specific involvement of de novo purine synthesis in BRD4 regulation.  186 

 187 

Purine effects BRD4-mediated transcriptional regulation 188 

To investigate whether the above observed effects were due to changes in intracellular purine pools, we 189 

performed mass spectrometry-based targeted metabolomics to monitor the levels of a set of 40 metabolites in 190 

REDS15 cells bearing triple SLC knockout and in cells treated with 6-MP or (+)-JQ1. Of all classes of 191 

metabolites monitored, nucleotides/nucleosides were most affected upon (+)-JQ1 treatment. In addition, 6-MP 192 

treatment as well as the SLC knockout strongly reduced nucleotide/nucleoside levels, with a more pronounced 193 

effect on purines and their precursors, showing a strong correlation with the changes observed upon (+)-JQ1 194 

treatment (Fig. 3a, Supplementary Table 2).  195 

Binding of BRD4 to acetylated chromatin activates the cellular transcriptional machinery. Inhibition 196 

of BRD4 leads to its widespread eviction from chromatin, thereby causing transcriptional inactivation27. 197 

Having previously characterized the fidelity of the REDS in reflecting BRD4 function, we therefore sought to 198 

investigate whether purine metabolism affects BRD4 directly by investigating its subcellular compartment and 199 

chromatin-binding activity. By performing chromatin-nucleoplasm fractionation, we found that REDS15 cells 200 

treated with de novo purine synthesis inhibitors or bearing triple SLC knockout displayed decreased levels of 201 

BRD4 on chromatin but increased amounts of BRD4 in the nucleoplasm compared to their respective controls 202 

(Fig. 3b, Extended Data Fig. 5a). Neither BRD4 protein, nor its related acetylation marker on histone 3 lysine 203 

27 (H3K27), nor pan acetylation level on histone 3 were reduced (Extended Data Fig. 5b, c), suggesting the 204 

disassociation of BRD4 from chromatin was not due to decreasing histone acetylation abundance upon 205 

impaired purine metabolism. Consistently, we observed a global loss of BRD4-genome occupancy in REDS15 206 

cells with above treatments, mimicking the consequence of (+)-JQ1 treatment performing BRD4 chromatin 207 

immunoprecipitation-sequencing (ChIP-seq) (Fig. 3c, d, Extended Data Fig. 6b, c). Specific analysis on the 208 

loci of two important BRD4 target genes in leukemia, MYC and BCL-2, revealed that the above treatments 209 

resulted in a reduction of BRD4 occupancy on their promoter regions (Fig. 3e, Extended Data Fig. 6d). These 210 

findings demonstrated the specificity of intracellular purine levels on regulating BRD4-chromatin occupancy.  211 

Next, we investigated whether the changes in BRD4-chromatin binding observed when dampening 212 

purine levels may result in transcriptional changes similar to direct BRD4 inhibition. We performed gene 213 

expression profiling following treatment with 6-MP or (+)-JQ1 and in triple SLC knockout cells. A strong 214 

correlation between all the treatments at the transcriptional level was observed, suggesting the convergence on 215 
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a related mechanism (Extended Data Fig. 7a, b). Gene set enrichment analysis (GSEA) of the downregulated 216 

genes further revealed a significant enrichment in MYC- and E2F-dependent transcriptional signatures, both 217 

of which are BRD4 target genes (Extended Data Fig. 7c, d)28. Real-time PCR analysis confirmed that 6-MP 218 

treatment or triple SLC knockout led to a reduction of MYC transcripts (Extended Data Fig. 7e). Of note, we 219 

observed a similar downregulation of de novo purine synthesis genes following acute treatment with 6-MP and 220 

(+)-JQ1, but not upon SLC knockout (Extended Data Fig. 7f). The latter observation may be due to a feedback 221 

mechanism while cells were deficient in importing nucleosides, may activate compensatory pathways to 222 

overcome this metabolic bottleneck. Altogether, these data indicated that imbalance in intracellular purine 223 

pools, resulting from either inhibiting purine uptake or de novo purine synthesis, leads to impaired BRD4-224 

mediated transcriptional regulation. 225 

 226 

Purine uptake and synthesis converge on BRD4 regulation 227 

Purine uptake from the environment and de novo purine synthesis both impinge on BRD4 function. We next 228 

investigated how these two pathways may converge. If BRD4 inhibition and cell viability manifested by 229 

defective de novo purine synthesis was connected to the reduction of intracellular purine pools, increase in 230 

purine uptake from the environment may rescue the phenotype. As expected, depleting the PPAT gene resulted 231 

in a robust induction of RFP expression and reduction in cell viability (Fig. 4a, b). Overexpression of SLC28A3 232 

or SLC29A4, as well as extracellular purine supplementation, attenuated RFP expression and restored cell 233 

fitness (Fig. 4a-d), suggesting a dependence on available purine as a common BRD4 regulatory mechanism 234 

and a compensatory metabolic equilibrium between purine uptake and de novo purine synthesis. We next 235 

explored the relative contribution of both pathways to intracellular purine pools. To address this, we performed 236 

stable isotope tracing experiments coupled with mass spectrometry by supplementing the cell culture medium 237 

with +1 13C-adenine, which could be directly transported by nucleoside transporters, and +3 13C2,15N-glycine, 238 

which provided the backbone for purine scaffold in de novo synthesis. Measurement of the pattern of resultant 239 

labeled AMP levels in hydrolyzed nucleic acid samples, coming either directly from labeled adenine or glycine 240 

was used to assess the relative contribution of each pathway. REDS15 cells bearing triple SLC knockout, had 241 

decreased level of +1 and increased level of +3 labeled-AMP abundance compared to the vehicle group. In 242 

contrast, cells treated with 6-MP displayed a decreased level of +3 and increased level of +1 labeled-AMP 243 

(Fig. 4e). These findings revealed that cells with inhibited purine uptake rely more on de novo purine synthesis 244 

to maintain intracellular purine levels, while cells with impaired de novo purine synthesis rely on increased 245 

purine uptake from the environment. Simultaneous impairment of both pathways additively led to BRD4 246 

inhibition and impaired cell viability (Fig. 4f, g), once again indicating that SLC-mediated purine uptake and 247 

de novo purine synthesis converge on BRD4 regulation. 248 

  249 

SLC functional redundancy can restore BRD4 activity 250 

While monitoring REDS cells with SLC knockout, we noticed an unexpected loss of the BRD4 inhibition 251 

phenotype, reflected by the loss of RFP expression, around day 23 post sgRNA transduction (Extended Data 252 

Fig. 8a). No difference was observed in sgRNA editing efficiencies compared to those observed at day 12, 253 
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excluding the possibility of a selection of non-edited cells over time (Extended Data Fig. 8b). Neither 254 

significant metabolic changes, nor impairment of BRD4 chromatin-nucleoplasm distribution were observed at 255 

day 23 (Supplementary Table 2, Extended Data Fig. 8c, d). In line with the fact that triple SLC knockout cells 256 

at day 12 did not show significant expressional changes of de novo purine synthesis genes (Extended Data Fig. 257 

7f), we speculated that knocking out several SLCs with related transport profiles may activate metabolic 258 

compensatory route(s) to rescue BRD4 inhibition conferred by the lack of purine uptake, resulting in a full 259 

recovery around day 23. 260 

Given the convergence of purine uptake and de novo purine synthesis, we explored whether the 261 

dynamic balance between these two pathways is associated with the recovery of BRD4 function. If de novo 262 

purine synthesis addition was the compensatory route to reactivate BRD4 in triple SLC knockout cells on day 263 

23, inhibiting this pathway should have a more pronounced effect on growth inhibition and RFP induction. To 264 

test this hypothesis, we examined the cell viability with de novo purine synthesis inhibition by lometrexol 265 

treatment. The REDS15 triple SLC knockout day 12 cells were more sensitive to lometrexol treatment 266 

compared to the sgRen cells due to the combinatorial inhibition of purine uptake and de novo purine synthesis 267 

(Extended Data Fig. 8e), consistent with our previous findings (Fig. 4g). However, this differential growth 268 

inhibition effect was not observed at day 23 (Extended Data Fig. 8e). Additionally, lometrexol treatment was 269 

unable to boost RFP expression in triple SLC knockout day 23 cells (Extended Data Fig. 8f), suggesting that 270 

other factors beyond de novo purine synthesis were required for triple SLC knockout day 23 cells to re-balance 271 

the intracellular purine levels, therefore regaining full BRD4 functionality.  272 

Functional redundancy within the SLC superfamily has been reported for several metabolite classes6,15. 273 

Inhibition of one SLC often results in expressional changes or a pharmacokinetic alteration of other SLCs29, 274 

suggesting a presence of an integrated transporter functional network preserving metabolic homeostasis. In 275 

line with the presence of the overlapping SLC substrates preferences29, we hypothesized that the loss of certain 276 

SLCs may trigger metabolic compensations via SLCs crosstalk. In this respect, we therefore investigated 277 

whether any SLC compensatory mechanism could take place, thereby restoring BRD4 activity in triple SLC 278 

knockout cells on day 23. We compared the transcriptional profiles of SLC nucleoside transporter and 279 

nucleotide-sugar transporter family genes to investigate whether purine metabolism recovery on day 23 was 280 

associated with the transcriptional upregulation of any of these SLCs involved in uptake of the purine-related 281 

metabolites. No significant upregulation of the listed SLCs was observed (Extended Data Fig. 8g), suggesting 282 

the compensatory response was not related to the transcriptional changes of these SLCs. However, by 283 

performing the stable isotope tracing experiment described above, we found that +1 labeled-AMP, reflecting 284 

purine uptake from the environment, was inhibited on day 12 but later recovered on day 23. On the other hand, 285 

+3 labeled-AMP, coming from de novo purine synthesis, was originally upregulated on day 12 but further 286 

decreased on day 23 (Extended Data Fig. 8h), indicating that the recovery of purine metabolism was 287 

presumably achieved by restoration of purine uptake. While the metabolic compensatory mechanism in triple 288 

SLC knockout cells on day 23 was not entirely elucidated here, our data pointed towards an enhanced purine 289 

uptake capability, likely related to the high degree of functional redundancy observed among cellular 290 

transporters. 291 
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 292 

Inhibition of purine metabolism sensitizes cells to BRD4 inhibitors 293 

As impaired purine metabolism led to BRD4 dysfunction, we postulated that this might sensitize cells to BRD4 294 

inhibition. Upon (+)-JQ1 treatment, a considerable induction of RFP expression was detected in REDS cells 295 

bearing triple SLC knockout compared to control cells (Fig. 4h). A similar synergistic effect was observed 296 

when combining treatment with 6-MP and (+)-JQ1, compared to the treatment with the individual compounds 297 

(Fig. 4i). To further evaluate whether this synergy affected cellular viability, we combined 6-MP treatment 298 

with CPI-0610 in three BETi insensitive leukemia cell lines, Jurkat E6.1, Raji and K562 (Genomics of Drug 299 

Sensitivity in Cancer database). In all three cell lines, a considerable reduction on cell viability was observed, 300 

contrary to the respective single treatments (Extended Data Fig. 9a, b). To quantify the drug interaction effects 301 

of 6-MP and CPI-0610, we calculated the combination drug index (CDI), whereby scores <1, =1 or >1, indicate 302 

synergistic, additive or antagonistic effects, respectively30,31. The CDI was calculated as 0.39 in Jurkat E6.1, 303 

0.35 in Raji and 0.24 in K562 cells, indicative of substantial synergy, highlighting a pharmacologically 304 

actionable axis connecting purine metabolism and BRD4-dependent chromatin states.  305 

 306 

Adenine-dependent metabolic regulation mediates chromatin binding 307 

To gain insight into the purine specific regulation on BRD4, we evaluated the rescuing effect of individual 308 

purine-related metabolites on BRD4 functionality in cells with impaired purine metabolism. A dose-dependent 309 

decrease on RFP expression was found in REDS cells bearing triple SLC knockout, with 6-MP treatment as 310 

well as with nucleoside transporter SLC29A4 inhibition by TC-T 600032 treatment while supplemented with 311 

AICAR, IMP, AMP, ADP, ATP, adenine, adenosine or hypoxanthine (Fig. 5a, b, Extended Data Fig. 10a). 312 

Strikingly, these metabolites contain either an adenine base or are connected to adenine catabolism. None of 313 

the guanine-related nucleotides was sufficient to rescue BRD4 functionality upon purine metabolism 314 

imbalance, excluding the involvement of guanine in BRD4 regulation. We then investigated the effect of these 315 

metabolites on RFP expression while degrading BRD4 protein by dBET633 treatment or inhibiting BRD4-316 

histone binding ability by (+)-JQ1 treatment in REDS cells. Notably, adenine-related metabolites were then 317 

no longer sufficient to decrease RFP expression (Extended Data Fig. 10b, c). Moreover, by examining MYC 318 

expression as an additional readout of BRD4 inhibition consequence, we confirmed that adenine-related 319 

metabolites could restore MYC expression upon cells with 6-MP treatment. However, no convincing 320 

restoration of MYC by supplementing any of these metabolites was observed while inhibiting BRD4 by (+)-321 

JQ1 treatment (Extended Data Fig. 10d), demonstrating that adenine-dependent metabolic regulation is either 322 

epistatically upstream of BRD4 or acts directly on BRD4 itself, since none of these metabolites was able to 323 

reactivate MYC expression while directly interrupting BRD4-histone binding by (+)-JQ1 treatment.  324 

To further strengthen the above findings, we performed ChIP-qPCR experiments in two other CML 325 

cell lines, K562 and LAMA-84, using primer sets targeting MYC and BCL-2 promoter regions that we 326 

previously found to be bound by BRD4, as well as a negative control primer set targeting non-BRD4 bound 327 

region. The results revealed that impairing purine metabolism by 6-MP treatment or knocking out the three 328 

SLCs led to inhibition of BRD4 binding to its target gene loci. Supplementation of adenine, instead of cytidine, 329 
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restored the recruitment of BRD4 upon purine impairment, whereas BRD4 functionality was not restored upon 330 

(+)-JQ1 treatment (Fig. 5c). In summary, these results highlighted an adenine-dependent metabolic regulation 331 

on BRD4-chromatin binding dynamics. 332 

 333 

Discussion 334 

How does the environment affect chromatin-dependent cellular states? The growing evidence of the 335 

effect of extracellular nutrients and metabolites availability on cellular epigenetic states has raised the untested 336 

hypothesis that transporters taking up extracellular nutrients into cells could participate in environment-337 

chromatin crosstalks34,35. Several studies have previously implicated intracellular SLCs in epigenetic 338 

regulation, particularly by controlling availability of substrates for epigenetic marks. For instance, 339 

overexpression of SLC25A26, a transporter importing SAM from cytoplasm into the mitochondrial matrix, 340 

leads to a rewiring of methionine metabolism and hypermethylation of mitochondrial DNA36. Moreover, loss 341 

of the mitochondrial citrate carrier SLC25A1 impairs acetyl-CoA synthesis, thereby affecting global histone 342 

acetylation37. Whether extracellularly available metabolites could directly affect the function of master 343 

epigenetic regulators was less understood. In this study, by integrating an SLC loss-of-function screen and a 344 

metabolic compound library screen, we identified a connection between intracellular purine availability and 345 

BRD4 function driven by SLC nucleoside transporters. Purine and pyrimidine are both fundamental building 346 

blocks of nucleic acids, but only purine supplementation rescued BRD4 functionality in cells growing in the 347 

absence of nucleosides or harboring defective nucleosides transport, indicating an additional regulatory role 348 

for this class of metabolites.  349 

Extracellular purines, such as adenosine and ATP, are considered prototypical danger signals, as they 350 

are released from inflammatory cells as well as cancer cells and accumulate at inflammatory sites38,39. Purines 351 

are abundant components of the tumor microenvironment, where they may reach concentrations in the high 352 

micromolar range40. Additionally, extracellular purines acting on purinergic receptors have a major role in 353 

modulating immunosuppression and cancer progression38,39. Nevertheless, the role of nucleoside transporter-354 

mediating purine uptake in cancer development and in the tumor microenvironment is still unclear. 355 

Transporter-mediated uptake of nucleosides across the cell membrane is generally regarded as an alternative 356 

pathway to provide building blocks for DNA synthesis41 but was not known to have a regulatory role. Our 357 

findings provide additional insights that the nucleoside transporters mediate the crosstalk between the 358 

environment and chromatin states. Loss of nucleoside transporting SLCs, resulting in reduced purine transport 359 

into cells, led to a prominent BRD4 inhibition. Overexpression of WT SLCs, but not of transporter defective 360 

mutants, rescued this phenotype, suggesting SLC-mediated purine uptake actively supports BRD4 361 

functionality, possibly boosting cancer proliferation in the purine-rich tumor microenvironment. In this 362 

context, it is worth mentioning that the purine-nucleoside transporter axis has a critical role in supporting host-363 

cancer interactions39. This critical role of purine metabolites in regulating BRD4 functionality was further 364 

highlighted by the effect of inhibition of de novo purine synthesis.  365 

The balance of intracellular purine pools is maintained by the interplay between purine uptake, de 366 

novo synthesis, salvage and degradation processes. Generally, salvage pathway accounts for most of the 367 
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intracellular purines to economize intracellular energy expenditure. However, upon high requirements for 368 

purines, such as during cell proliferation, intracellular purines are replenished by de novo synthesis to sustain 369 

the increased nucleotides demands42. In our study, by knocking out genes involved in purine metabolism, we 370 

found that BRD4 functionality was specifically influenced when purine uptake or de novo synthesis was 371 

inhibited. In this regard, we speculate that purine uptake via SLC nucleoside transporters and de novo purine 372 

synthesis may play predominant roles in maintaining the balance of intracellular purine pools in comparison 373 

to salvage and degradation processes, at least in the context of CML models. Notably, uptake of purine from 374 

the environment was elevated while de novo purine synthesis was inhibited, and inhibition of purine uptake 375 

slightly stimulated de novo purine synthesis. Although the relative contribution of each purine metabolic 376 

process to the intracellular purine pools remains hard to quantify precisely, our findings pointed out a potential 377 

reciprocal regulation between purine uptake and de novo purine synthesis.  378 

When intracellular purine pools were imbalanced, the association of BRD4 with chromatin was 379 

interrupted. In this circumstance, adenine-related metabolites supplementation was able to restore BRD4 380 

functionality, pointing to a specific involvement of adenine in BRD4 biology. Our findings could be due to the 381 

essential roles of adenine-related metabolites in maintaining the content of adenylates, functional relevant in a 382 

wide array of physiologic processes. Firstly, chromatin remodeling complexes harnessing energy released by 383 

adenylates breakdown, such as ATP hydrolysis, has been found as a core control of chromatin architectures, 384 

while inhibiting ATPase within the complex precluded transcriptional reprogramming43,44. Notably, BRD4 has 385 

been shown to localize at gene promoters in concert with SWI/SNF45, an ATP-dependent chromatin 386 

remodeling complex. In line with the close connection between purine metabolism and adenylates generation, 387 

it is therefore possible that BRD4-dependent chromatin remodeling was affected upon purine imbalance owing 388 

to lower adenylate levels. Secondly, adenylates interconversion is required for protein phosphorylation46. The 389 

phosphorylation of BRD4 by protein kinases, such as CK2 and CDK1, triggers the interaction of BRD4 and 390 

chromatin45-47. Treatment of type I kinase inhibitor, an ATP competitor, led to inhibition of BRD4-dependent 391 

transcriptional regulation and BETi resistance in cancer cells48, again demonstrating the indispensable role of 392 

adenylates in BRD4 biology. Therefore, adenine-related metabolites supplementation replenished adenylate 393 

contents in cells could legitimately reverse either the activity of BRD4-related chromatin remodeling complex 394 

or BRD4 phosphorylation. This further raises the concern of the potential involvement of one of the most 395 

important adenylates, ATP, in BRD4 regulation. In the metabolic compound library used, several compounds 396 

function to impair ATP production, such as FCCP and 3-nitropropionic acid, that respectively interfere with 397 

mitochondrial proton gradient and mitochondrial complex II of the electron transport chain (ETC)49, failed to 398 

induce any BRD4 inhibition phenotype at the early timepoint of treatment. However, followed by the strong 399 

cytotoxic effect at later timepoints, we were unable to further monitor any effects. On the other hand, it was 400 

previously reported that the bromodomains of BRD4 and BRD9 bind purine derivatives50-52. It is tempting to 401 

speculate that an imbalance of the purine intracellular concentration could affect cellular epigenetic state 402 

through the direct binding of a purine or adenine moiety to BRD4 bromodomains or one of the proteins 403 

interacting with BRD414. While our attempts to detect such an interaction with known purine metabolites have 404 

been unsuccessful so far, alternative approaches, such as a more comprehensive assessment of BRD4-405 
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metabolite interactions by mass spectrometry-based untargeted metabolomics, would be required to shed 406 

further light on the mechanism.        407 

BRD4 is considered a compelling target in cancer due to its critical role in cancer progression11,28. 408 

BETi are being explored as therapeutic agents and currently being pursued in clinical trials (NCT03205176, 409 

NCT02705469 and NCT01587703). Although early results from these trials are encouraging, primary and 410 

acquired BETi resistance mechanisms have been reported in several preclinical studies53,54, which could 411 

hamper the therapeutic potential of BETi. Using BETi-insensitive leukemia cell lines as a model to investigate 412 

the inhibition of de novo purine synthesis in the state of primary BETi resistance, we found that 6-MP treatment 413 

sensitized these cells to BETi, suggesting that combinatorial treatments involving de novo purine synthesis 414 

inhibition could serve to circumvent BETi resistance. Further investigation on the role of de novo purine 415 

synthesis on the interactions with acquired BETi resistance mechanisms, involving extended time scales and 416 

mechanistic approaches, should follow. 417 

Our study illustrates a metabolic regulatory axis of BRD4 function driven by purine/adenylate levels 418 

maintained by SLC-mediated purine uptake and de novo purine synthesis (Fig. 5d). Impairing purine 419 

metabolism by (1) depriving purine from the environment, (2) inhibiting purine uptake, or (3) impairing de 420 

novo purine synthesis leads to BRD4-chromatin disassociation and consequent BRD4 dysfunction. Our 421 

findings suggest that inhibition of purine metabolism should further be investigated for its potential use in the 422 

treatment for diseases driven by BRD4 dysregulation.  423 
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Methods 472 

Cell lines 473 

KBM-7 WT cells were obtained from Haplogen. HEK293T and K562, Jurkat E6.1 and Raji cells were 474 

purchased from ATCC. LAMA-84 cells were purchased from DSMZ. BRD4 reporter clones (REDS) were 475 

generated by retroviral-based gene trap technology as previously described15,16 using the human male near-476 

haploid CML cell line KBM-7. REDS1, REDS15, REDS17 and KBM-7 WT cells were maintained in Iscove’s 477 

Modified Dulbecco’s Medium (IMDM, Gibco). Jurkat E6.1, Raji, K562 and LAMA-84 were maintained in 478 

RPMI 1640. HEK293T cells were maintained in Dulbecco’s Modified Eagles Medium (DMEM, Gibco). All 479 

media were supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and 1% penicillin/streptomycin (PS). 480 

cell lines were maintained at 5% CO2 at 37°C, initially authenticated by STR typing before use (except the 481 

REDS) and tested for mycoplasma contamination.  482 

Plasmids and cloning 483 

CRISPR/Cas9-based SLC KO cell generation was performed using the pLentiCRISPRv2 vector (Addgene 484 

#52961) containing a modified tracrRNA variant (pLentiCRISPRv3)55, pLentiGuide-BlastR and pLentiGuide-485 

NeoR vectors were derived in-house by replacing the PuroR resistance cassette with BlastR or NeoR in the 486 

pLentiGuide-PuroR vector (Addgene #52963). In brief, sgRNAs for each gene were designed using the 487 

CHOPCHOP prediction tool56. Oligonucleotides containing BsmBI restriction site-compatible overhangs were 488 

annealed, phosphorylated and ligated into above listed vectors using standard cloning techniques and sequence 489 

verified using Sanger sequencing. sgRNAs targeting purine metabolism were cloned into pLentiCRISPRv2 490 

(Addgene #52961). Sequences of sgRNA are listed in Supplementary Table 3. Codon-optimized sgRNA-491 

resistance SLC28A3 and SLC29A4 plasmids were synthesized by GeneScript (Supplementary Table 4). After 492 

sequence verification, the cDNAs were cloned into pDONR221 plasmid and then subcloned into pRRL-based 493 

lentiviral expression plasmids containing a N- or C-terminal StrepII-HA tag and a BlastR resistance cassette57 494 

using the Gateway cloning system (Thermo Fisher Scientific). Transporter defective mutants SLC28A3 495 

G367R and SLC29A4 I89M were generated using NEB Q5 site-directed mutagenesis kit (Supplementary 496 

Table 4). 497 

RFP integration locus analysis in REDS cells 498 

RFP integration site in REDS1 cells has been identified in ref14. In REDS15 and REDS17 clones, the genomic 499 

integration locus was further identified by using Retro-X™ Integration Site Analysis Kit (Clontech 500 

Laboratories) according to the instructions provided by the manufacturer. 501 

SLC KO CRISPR/Cas9 screen and cell sorting 502 

The SLC knockout CRISPR/Cas9 library has been described previously by Girardi et al.15 (Addgene #132552). 503 

Briefly, a CRISPR/Cas9 library targeting 388 SLCs and 6 SLC pseudogenes with 6 guides per gene, together 504 

with 120 guides targeting 20 essential genes and 120 non-targeting or control guides, was cloned by Gibson 505 

cloning in the pLentiCRISPRv2 (Addgene #52961). Viral particles were generated by transient transfection of 506 

HEK293T cells with the library and packaging plasmids pMD2.G (Addgene #12259) and psPAX2 (Addgene 507 

#12260) using PolyFect (Qiagen). 24 hours after transfection, the medium was changed to fresh IMDM 508 
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supplemented with 10% FBS. The viral supernatant was collected after 72 hours of transfection, filtered and 509 

stored at -80oC until further use. REDS1, REDS15 and REDS17 clones were infected in triplicates by the viral 510 

supernatant at a low multiplicity of infection (MOI around 0.3, library coverage ~2000x) to allow for 511 

integration of a single lentiviral sgRNA cassette per cell. The infected cells were selected with 0.5 μg/ml 512 

puromycin for 7 days, then grown in puromycin-free medium for 2 days before sorting. Approximately 50,000 513 

of the highest 0.5% RFP-expressing cells were sorted by using FACSAria (BD Biosciences) sorter and 514 

expanded to 6 million cells. Genomic DNA was extracted using the QIAamp DNA Mini Kit (Qiagen). The 515 

sgRNA inserts in the input control cell populations as well as sorted samples were PCR-amplified using 516 

barcode-containing primers (IDT Ultramers) as described previously15, the indexed samples were subsequently 517 

pooled and sequenced on a HiSeq 3000/4000 (Illumina) at the Biomedical Sequencing Facility (BSF at CeMM, 518 

https://biomedical-sequencing.at).  519 

SLC knockout CRISPR/Cas9 screen data analysis 520 

RNA-Seq reads were demultiplexed and mapped to the sgRNAs present in the library using a custom procedure 521 

implemented in Python (crispyCount). Samples with a median sgRNA coverage of less than 10 were excluded 522 

from further analysis (4 out of 18 samples). To compensate for the noise and off target action of sgRNAs 523 

inherent to CRISPR screening approaches, we used a two-step differential abundance analysis. In a first step, 524 

differential abundance of sgRNAs in sorted samples compared to unsorted samples, across biological replicates 525 

and clones, was estimated with DESeq2 library (version 1.22.2)58. Subsequently, significantly enriched 526 

sgRNAs (adjusted p-value ≤ 0.05) were sorted by fold change and aggregated to genes using Gene Set 527 

Enrichment Analysis with fgsea library (version 1.8.0)59, requiring at least two significant guides per gene. 528 

Resulting enriched SLC genes were filtered for expression based on 3’mRNA sequencing analysis, with the 529 

normalized raw counts > 0, sorted by decreasing significance and the top 16 candidates were considered hits 530 

(corresponding to a p-value ≤ 0.171). 531 

Flow cytometry 532 

The RFP expression which represents BRD4 inhibition phenotype was measured on LSR Fortessa II cytometer 533 

interfaced with FACSDiva (BD Biosciences). Live cells were gated based on the FSC-A and SSC-A, followed 534 

by FSC-A and FSC-H gating to select the singlet cells. FlowJo software version 10 (Tree Star) was used for 535 

data analysis. 536 

Metabolic compound library screen 537 

The custom-made metabolic drug library will be described in detail in Pemovska et al. (in preparation). During 538 

the screen, 1 μM (+)-JQ1 was used as positive control and DMSO and 1 μM (-)-JQ1 were included as negative 539 

and vehicle controls, respectively. Three REDS clones and KBM-7 cells were treated with 10 μM of each 540 

compound. Briefly, 2.5 nl of DMSO, 1mM (+)-JQ1, 1mM (-)-JQ1 and 10 mM compounds were transferred 541 

from a 384-well compound library source plate to 384-well tissue-culture treated black microplates with 542 

optically clear bottom (Perkin Elmer) by a Labcyte Echo liquid handler attached to a Perkin Elmer high-content 543 

cell::explorer workstation (PLACEBO lab at CeMM). 20,000 cells in 25 μl IMDM supplemented with 10% 544 

FBS and 1% PS were further seeded in the plates and images with 20X magnification were taken by automated 545 

https://biomedical-sequencing.at/
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microscopy Opera Phenix High-Content Screening System (Perkin Elmer). 5 images were taken per well every 546 

24 hours until 96 hours treatment. Automated image analysis was performed using CellProfiler 2.1.260. In brief, 547 

bright field images were smoothed using a Gaussian filter and cells, represented as dark structures with a light 548 

ring like halo, were enhanced as dark hole features in the smoothed images. Cells were thereafter identified 549 

from enhanced features to quantify cellular RFP intensity and cellular morphology. In addition, information 550 

about total RFP intensity, mean cell area as well as the cell count per image was collected. Consecutive analysis 551 

and plotting were performed in R (version 3.4.4). 552 

Western blot analysis 553 

Cells were lysed in RIPA lysis buffer (50 mM Tris (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% NP-40, sodium 554 

deoxycholate 0.5%, 0.1% SDS, with one tablet of EDTA-free protease inhibitor (Roche) per 50 ml) for 20 min 555 

on ice, then centrifuged at 20800 g at 4°C for 15 min to remove the cell debris. Protein concentration was 556 

measured with BCA (Pierce) and samples were separated by sodium dodecyl sulfate–polyacrylamide gel 557 

electrophoresis and transferred to nitrocellulose membranes (GE Healthcare). The membranes were further 558 

blocked with 5% milk in TBS-T, then incubated with indicated antibodies. After peroxidase coupled secondary 559 

antibodies incubation, the anti-bound proteins were visualized ECL Western blotting system (Thermo 560 

Scientific), according to the instructions. 561 

Antibodies list 562 

The primary antibodies for western blot were: HA (901501, BioLegend, dilution 1:5000), BRD4 (ab128874, 563 

Abcam, dilution 1:2500), α-Tubulin (ab7291, Abcam, dilution 1:10000), Lamin B1 (ab16048, Abcam, dilution 564 

1:2500), Histone H3 (ab18521, Abcam, dilution 1:2500), H3K27ac (8173, Cell Signaling, dilution 1:2500), 565 

Pan-acetyl H3 (39140, Active Motif, dilution 1:2500), MYC (sc-40, Santa Cruz, dilution 1:500) and GAPDH 566 

(sc-365062, Santa Cruz, dilution 1:10000). The secondary antibodies used were goat anti-mouse HRP (115-567 

035-003, Jackson ImmunoResearch, dilution 1:5000), goat anti-rabbit HRP (111-035-144, Jackson 568 

ImmunoResearch, dilution 1:5000). Antibodies used for ChIP-seq and ChIP-qPCR were: BRD4 (ab128874, 569 

Abcam) and rabbit polyclonal IgG (sc-66931, Santa Cruz). 570 

Metabolites profiling and LC-MS analysis 571 

For metabolites collection, 20 million cells per replicates were washed by PBS and incubated in FBS-free 572 

IMDM for 30 min in 5% CO2 atmosphere at 37°C. Cells were further washed twice with cold PBS, lysed with 573 

1 ml cold Methanol:H2O solution (80:20) and centrifuged at 20800 g at 4°C for 15 min. The supernatant was 574 

collected and immediately snap frozen. For the targeted metabolomics experiments, the cell extract samples 575 

were dried down using nitrogen evaporator and reconstituted in 100 µl of methanol. Samples were vortexed 576 

for 10 seconds and centrifuged at 1000 g for 10 min. 15 µl of supernatant were mixed with 10 µl of isotopically 577 

labelled internal standards, followed by the addition of 5 µl of water and 150 µl of methanol. Samples were 578 

vortexed for 10 seconds and centrifuged at 1000 g for 10 min. The supernatant was collected and used for LC-579 

MS analysis (Pro-Met, CeMM). A Vanquish UHPLC system (Thermo Scientific) coupled with an Orbitrap Q 580 

Exactive (Thermo Scientific) mass spectrometer was used for the LC-MS analysis. The chromatographic 581 

separation for samples was carried out on an ACQUITY UPLC BEH Amide, 1.7 µm, 2.1x100 mm analytical 582 
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column (Waters) equipped with a VanGuard: BEH C18, 2.1x5mm pre-column (Waters). The column was 583 

maintained at a temperature of 40°C and 2 µl sample were injected per run. The mobile phase A was 0.15% 584 

formic acid (v/v) in water and mobile phase B was 0.15% formic acid (v/v) in 85% acetonitrile (v/v) with 10 585 

mM ammonium formate. The gradient elution with a flow rate 0.4 mL/min was performed with a total analysis 586 

time of 17 min. The Orbitrap Q Exactive (Thermo Scientific) mass spectrometer was operated in an 587 

electrospray ionization positive mode, spray voltage 3.5 kV, aux gas heater temperature 400°C, capillary 588 

temperature 350°C, aux gas flow rate 12. The metabolites of interest were analyzed using a full MS scan mode, 589 

scan range m/z 50 to 400, resolution 35000, AGC target 1e6, maximum IT 50ms. The Trace Finder 4.1 software 590 

(Thermo Scientific) was used for the data processing. Seven-point linear calibration curves with internal 591 

standardization and 1/x weighing was constructed for the quantification of metabolites. 592 

Stable isotope labeled adenine and glycine incorporation into nucleic acid and LC-MS analysis 593 

REDS15 cells were treated with growth medium containing 50 μM 8-13C-adenine (+1) (CLM-1654-PK, 594 

Cambridge Isotope Laboratories) or 13C2-15N-glycine (+3) (CNLM-1673-H-PK, Cambridge Isotope 595 

Laboratories) and incubated for 24 h. RNA was extracted from cells using RNeasy Mini kit (Qiagen) according 596 

to manufacturer's instructions and the concentration was measured using a Nanodrop spectrophotometer. After 597 

alkaline hydrolysis, samples were equilibrated with NaOH. 10 µl of hydrolysed RNA samples were mixed 598 

with 40 µl of methanol. Afterwards, samples were vortexed for 10 seconds, incubate on ice for 5 min, vortexed 599 

for 10 seconds and centrifuged at 1000 g for 10 min. The supernatant was collected and used for LC-MS 600 

analysis (Pro-Met, CeMM). A Vanquish UHPLC system (Thermo Scientific) coupled to an Orbitrap Fusion 601 

Lumos (Thermo Scientific) mass spectrometer was used for the LC-MS analysis. The chromatographic 602 

separation for samples was carried out on an ACQUITY UPLC BEH Amide, 1.7 µm, 2.1x100 mm analytical 603 

column (Waters) equipped with a VanGuard: BEH C18, 2.1x5mm pre-column (Waters). The column was 604 

maintained at a temperature of 40°C and 2 µl sample were injected per run. The mobile phase A was 0.15% 605 

formic acid (v/v) in water and mobile phase B was 0.15% formic acid (v/v) in 85% acetonitrile (v/v) with 10 606 

mM ammonium formate. The gradient elution with a flow rate 0.4 mL/min was performed with a total analysis 607 

time of 17 min. The mass spectrometer was operated in a positive electrospray ionization mode: spray voltage 608 

3.5 kV; sheath gas flow rate 60 arb; auxillary gas flow rate 20 arb; capillary temperature 285 °C. For the 609 

analysis a full MS scan mode with a scan range m/z 110 to 500, resolution 120000, AGC target 2e5 and a 610 

maximum injection time 50 ms was applied. The data processing was performed with the TraceFinder 4.1 611 

software (Thermo Scientific). 612 

Chromatin-bound protein enrichment and cell fractionation 613 

Pellets from 15 million cells were lysed in 150 μl cold cytoplasmic lysis buffer (0.15% NP-40, 10 mM Tris-614 

HCl pH 7.0, 50 mM NaCl and protease inhibitor). After 5 min on ice incubation, the lysates were layered onto 615 

400 μl cold sucrose buffer (10 mM Tris-HCl pH 7.0, 150 mM NaCl, 25% sucrose and protease inhibitor) and 616 

centrifuged for 10 min at 18000 g at 4oC. The supernatant was harvested as cytoplasmic fraction, and pellets 617 

were further washed by 1 ml cold-nuclei wash buffer (0.1% triton X-100, 1 mM EDTA, 1X PBS and protease 618 

inhibitor) followed by spinning down for 5 min at 1300 g at 4oC for 3 times. Pellets were further gently 619 
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resuspended in 200 μl cold glycerol buffer (20 mM Tris-HCl pH 8.0, 75 mM NaCl, 0.5 mM EDTA, 50% 620 

glycerol, 0.85 mM DTT and protease inhibitor) and mixed with 200 μl cold nuclei lysis buffer (1% NP-40, 20 621 

mM HEPES pH 7.5, 300 mM NaCl, 0.2 mM EDTA, 1 M Urea, 1 mM DTT and protease inhibitor) by pulsed 622 

vortexing. After 2 min on ice incubation, the lysates were centrifuged for 2 min at 20800 g at 4oC, and the 623 

supernatant was harvested as nucleoplasmic fraction. The pellets were further resuspended in 100 μl RIPA 624 

buffer, sonicated 3 times for 1 sec at ca. 25% intensity, and centrifuged for 10 min at 20800 g at 4oC. After 625 

this step, the supernatant was harvest as chromatin-bound protein fraction. 15 μl cytoplasmic fraction, 12 μl 626 

nucleoplasmic fraction and 3 μl chromatin-bound protein fraction were further applied to western blot analysis. 627 

3’mRNA sequencing and data analysis 628 

The Illumina compatible library was prepared with QuantSeq 3’mRNA-seq Library Prep kit (Lexogen) 629 

according to manufacturer's instructions. The multiplexed libraries were sequenced on 50-bp single read 630 

configuration on a HiSeq 4000 (Illumina) by Biomedical Sequencing Facility at CeMM. Raw sequencing reads 631 

were demultiplexed, and after barcode, adaptor and quality trimming with cutadapt  632 

(https://cutadapt.readthedocs.io/en/stable/), quality control was performed using FastQC 633 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The remaining reads were mapped to the 634 

GRCh38/h38 human genome assembly using genomic short-read RNA-Seq aligner STAR version 2.5. We 635 

obtained more than 98 % mapped reads in each sample with 70 – 80 % of reads mapping to unique genomic 636 

location. Transcripts were quantified using End Sequence Analysis Toolkit (ESAT). Differential expression 637 

analysis was performed using independent triplicates with DESeq2 (1.24.0) on the basis of read counts. 638 

Exploratory data analysis and visualizations were performed in R-project version 3.4.2 (Foundation for 639 

Statistical Computing, Vienna, Austria, https://www.R-project.org/) with Rstudio IDE version 1.2.1578, 640 

ggplot2 (3.3.0), dplyr (0.8.5), readr (1.3.1), gplots (3.0.1). 641 

Chromatin Immunoprecipitation (ChIP)  642 

ChIP experiment was carried out as described in ref61 and each of the treatment was performed in triplicates. 643 

In brief, 50 million cells were crosslinked with 1% formaldehyde for 10 min at room temperature followed by 644 

quenching with 125 mM glycine (pH 2.5) for 5 min on ice. After two times washing with cold PBS, cell pellet 645 

was lysed and then the chromatin was sheared using a Covaris S2X (duty cycle: 5%; intensity: 4; power: 10 646 

W; cycles per burst: 200; time: 40 min). The fragmented chromatin was incubated with antibodies (4.5 µg) 647 

overnight at 4 °C, followed by a 3 h incubation with Dynabeads Protein G (Thermal Fisher Scientific) at 4 °C. 648 

After washing the beads twice with low-salt RIPA buffer, twice with high-salt RIPA buffer and twice with 649 

RIPA-LiCl buffer, the antibody-bound chromatin was eluted, and treated with RNase for 30 min at 37 °C, with 650 

proteinase K for 2.5 h at 55°C, and then decrosslinked overnight at 65 °C. DNA was then extracted using 651 

phenol-chloroform, precipitated and then dissolved in Tris-EDTA buffer. For ChIP-sequencing, the libraries 652 

were prepared using NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs, E7645S) 653 

with NEBNext Multiplex Oligos for Illumina (New England Biolabs, E7335S and E7500S) according to 654 

manufacturer's instructions. The libraries were sequenced on 50-bp single read configuration on a HiSeq 4000 655 

(Illumina) by Biomedical Sequencing Facility at CeMM.  656 

https://cutadapt.readthedocs.io/en/stable/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Pre-processing of ChIP-seq reads and bioinformatic analyses 657 

Read trimming was performed using Skewer62. Read mapping was performed to GRCh38/hg38 using 658 

Bowtie263 and the “-very sensitive” parameter. Only unique reads with a mapping quality >30 and alignment 659 

to the nuclear genome were included in the downstream analyses. Peak calling was performed using MACS264 660 

using respective IgG ChIP samples as control. Peaks overlapping blacklisted features defined in the ENCODE 661 

project38 were discarded from the analyses. Consensus peak set generation of ChIP-seq peaks across samples 662 

per ChIP-seq dataset, read count quantification per peak and read count normalization across samples using 663 

reads per million normalization (rpm) was performed as implemented in ngs.toolkit 664 

(https://github.com/afrendeiro/toolkit). ChIP-seq consensus peaks were annotated to their closest gene body as 665 

implemented in ngs.toolkit (https://github.com/afrendeiro/toolkit). Principal component analysis (PCA) was 666 

performed using the R package factoextra (https://CRAN.R-project.org/package=factoextra). 667 

Three replicates per sample were available for analysis except for 6-MP treatment where replicate number 3 668 

(6-MP_BRD4_IP_rep3) in REDS15 cells was excluded after PCA analysis (Extended Data Fig. 6a). 669 

Differential expression analysis was performed using DESeq258 using raw count data. Differential regions 670 

were defined as having an FDR-adjusted p-value <0.01 and an absolute log2 fold change >= 1. Aggregate 671 

coverage plots and chromatin accessibility heatmaps were generated using plotHeatmap and plotProfile 672 

functions implemented in the deepTools package65.  673 

RNA extraction, RT-qPCR and ChIP-qPCR 674 

Total RNA was extracted using RNeasy Mini kit (Qiagen) including a DNase I digest step according to 675 

manufacturer's instructions and the reverse transcription was performed using RevertAid reverse transcriptase 676 

(Thermo Fisher Scientific) together with oligo dT primers. The RT-qPCR and ChIP-qPCR experiments were 677 

performed using SensiFAST SYBR Green (Bioline) analyzed on a Rotor-Gene Q (Qiagen). The results of RT-678 

qPCR on MYC expression were normalized to GAPDH. ChIP-qPCR was performed for quantification of 679 

the enrichment of BRD4 at MYC and BCL-2 promoter regions. Enrichment data were analyzed by 680 

calculating the immunoprecipitated DNA percentage of input DNA for each sample. Primer sequences 681 

are listed in Supplementary Table 5.  682 

Cell viability assay 683 

Cell viability was determined using CellTiter Glo Luminescent Cell Viability Assay (Promega) on quantitation 684 

of the ATP present according to the instructions provided by the manufacturer, or by CASY Cell Counter and 685 

Analyzer (Innovatis) on counting the cell numbers in triplicates. Luminescent output from CellTiter Glo was 686 

recorded by SpectraMax M5 Multimode plate reader (Molecular Devices). 687 

Statistics and reproducibility 688 

All the experiments were performed with at least two biological replicates. Western blot experiments were 689 

performed two times independently with similar results. 690 

Data availability 691 

ChIP-seq and RNA-seq data have been deposited to NCBI GEO (GSE167374, GSE168099 and GSE168101). 692 

https://github.com/afrendeiro/toolkit
https://github.com/afrendeiro/toolkit
https://cran.r-project.org/package=factoextra
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Figure legends 693 

Fig. 1. A SLC-focused CRISPR/Cas9 genetic screen identifies a functional link between SLC nucleoside 694 

transporters and BRD4. a, Schematic overview of FACS-based SLC loss-of-function screen in REDS clones. 695 

b, The enrichment of sgRNA-targeted SLCs in the highest 0.5% RFP-expressing REDS cells versus the 696 

unsorted population. The color-coded dots represent the top 16 enriched SLCs from the screen according to -697 

log10(p-value). c, Validation of individual hits by SLC knockout. REDS1 and REDS15 cells were infected with 698 

lentivirus-based sgRNA expression cassettes and the RFP intensity was measured 12 days after sgRNA 699 

transduction. The log2 fold change of RFP intensity was calculated relatively to the cells transduced with 700 

control sgRNA (sgRen). Mean ± s.d., n =3 biologically independent samples. The p-value was calculated by 701 

paired t-tests. d, RFP expression in REDS15 cells with the identified SLC hits single, dual or triple knockout 702 

(SLC TKO) after sgRNA transduction for 12 days. e, RFP expression in REDS15 cells with SLC knockout 703 

exogenously supplied with purine (adenosine and guanosine) or pyrimidine (cytidine and thymidine) 704 

nucleosides for 72 h. The log2 fold change of RFP intensity was calculated relatively to sgRen cells with DMSO 705 

treatment. Mean ± s.d., n =3 biologically independent samples. f, Western blot analysis of the overexpression 706 

level of N- or C-terminal HA-tagged wild-type (WT) or transporter activity defective mutant SLC28A3 or 707 

SLC29A4 in REDS15 cells with respective SLC knockout. g, RFP expression in REDS15 cells as indicated.  708 

Fig. 2. Metabolic perturbation on de novo purine synthesis leads to BRD4 inhibition. a, Schematic 709 

overview of image-based metabolic compound library screen. b, Image-based quantification of cellular RFP 710 

induction upon metabolic compound library treatment in REDS1, REDS15, REDS17 and KBM-7 WT cells 711 

over time. The log2 fold change in mean cellular RFP signal, relative to DMSO per time point (Y-axis), plotted 712 

against the numbers of cells detected per image (X-axis), color-coded for mean cell area (pixels/cell, 1 px = 713 

0.35 μm2) as a surrogate for cell viability. c, Catabolism of azathioprine and 6-MP. d, RFP expression in 714 

REDS15 cells with indicated concentrations of 6-MP-related compounds treatment for 72 h. e, RFP expression 715 

in REDS15 cells with purine metabolism genes knockout. The log2 fold change of RFP intensity was calculated 716 

relatively to sgRen cells. Mean ± s.d., n =3 biologically independent samples. The p-value was calculated by 717 

unpaired t-tests. 718 

Fig. 3. Impairing purine metabolism by blocking nucleoside uptake or de novo purine synthesis results 719 

in BRD4 inhibition. a, Metabolite composition in REDS15 cells with triple SLC knockout (SLC TKO) 12 720 

days after sgRNA transduction, 10 μM 6-MP or 1 μM (+)-JQ1 treatment for 48 h. The log2 fold change of 721 

metabolites level was calculated relatively to sgRen or DMSO treated cells. AA, amino acids; NT, nucleotides; 722 

NB, nucleobases; NS, nucleosides. b, Western blot analysis of BRD4 expression in chromatin-bound, 723 

nucleoplasm and cytoplasmic fractions in REDS15 cells. Lamin B1, GAPDH and histone H3 were markers 724 

for nuclear-chromatin, cytoplasm and chromatin-bound protein fractions. ns, non-specific band. c, Heatmaps 725 

representing BRD4 binding enrichment for all ChIP-seq consensus peak regions (N = 24,140). d, Aggregate 726 

coverage plots showing mean enrichment for the different ChIP-seq consensus peak regions in REDS15 cells 727 

with 10 μM 6-MP or 1 μM (+)-JQ1 treatment or bearing triple SLC knockout (SLC TKO), with ±10 kb centered 728 

on the regions. e, Genome browser visualization of BRD4 binding at its representative target genes MYC and 729 
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BCL-2 in REDS15 cells with indicated treatments. The graphs from ChIP-seq experiment shown here are the 730 

merged results of the replicates. 731 

Fig. 4. SLC-mediated purine uptake and de novo purine synthesis converge on BRD4 regulation. a,b, 732 

Relative RFP intensity (a) and cell viability (b) of SLC28A3 or SLC29A4 overexpressing REDS15 cells with 733 

or without PPAT knockout 10 days after sgRNA transduction. Mean ± s.d., n=3 biologically independent 734 

samples. The p-value was calculated by unpaired t-tests. c,d, Relative RFP expression (c) and cell viability 735 

(d) of REDS15-sgPPAT cells with nucleosides supplement for 72 h. Mean ± s.d., n=3 biologically independent 736 

samples. e, Stable isotope labeled +1 adenine or +3 glycine tracing into nucleotides in REDS15 vehicle cells, 737 

with triple SLC knockout (SLC TKO, 12 days after sgRNA transduction) or with 10 μM 6-MP treatment after 738 

24 h. Mean ± s.d., n=3 biologically independent samples. The p-value was calculated by unpaired t-tests.  f,g,  739 

Relative RFP intensity (f) and cell viability (g) of REDS15 cells with PPAT, triple SLC knockout (SLC TKO, 740 

12 days after sgRNA transduction) or the combined knockout. Mean ± s.d., n=3 biologically independent 741 

samples. The p-value was calculated by unpaired t-tests. Cell viability was measured by CellTiter Glo assay. 742 

h, RFP expression in control sgRen cells and cells with triple SLC knockout (SLC TKO, 12 days after sgRNA 743 

transduction) treated with DMSO or 1 uM (+)-JQ1 for 72 h. i, Dose-response matrix displaying the RFP 744 

intensity in REDS1 and REDS15 clones treated with indicated concentrations of (+)-JQ1 or 6-MP, or in 745 

combination for 72 h, relative to treatment with DMSO. 746 

Fig. 5. Adenine-containing nucleotides supplementation rescues BRD4 functionality upon purine 747 

metabolism impairment. a, Relative RFP expression in REDS cells with triple SLC knockout (SLC TKO, 12 748 

days after sgRNA transduction) supplemented with indicated concentrations of nucleotide metabolites for 72 749 

h. The log2 fold change was calculated relatively to sgRen cells with DMSO treatment. b, Relative RFP 750 

expression in REDS cells with 10 μM 6-MP and indicated concentrations of nucleotide metabolites co-751 

treatment for 72 h. The log2 fold change was calculated relatively to cells treated with DMSO. c, ChIP-qPCR 752 

analysis using primers targeting BRD4-bound MYC and BCL-2 promoter regions and non-bound MYC super 753 

enhancer upstream in K562 and LAMA-84 cells treated with DMSO, 10 μM 6-MP, 1 μM (+)-JQ1 or cells 754 

bearing triple SLC knockout (SLC TKO), with or without 100 μM adenine or cytidine supplementation for 72 755 

h. Enrichment was shown as the percentage of total input DNA of each sample. Mean ± s.d., n=2 biologically 756 

independent samples. d, Proposed mechanism of purine metabolism in BRD4 regulation. 757 
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Extended Data Fig. 1. Characterization and validation of BRD4 reporter REDS clones. a, RFP 928 
expression in REDS1, REDS15 and REDS17 clones with DMSO or 1 μM (+)-JQ1 treatment for 72 h. b, 929 
Representation of RFP insertion gene locus in REDS15 and REDS17 clones. Single RFP was inserted in 930 
chromosome 12, 410 bp (REDS15) or 673 bp (REDS17) upstream of STX2. 931 

Extended Data Fig. 2. Generation of SLC nucleoside transporters knockout. To generate the SLC 932 
knockout cells, we co-infected REDS cells with lentivirus-based Cas9-sgRNA expression cassettes 933 
(pLentiCRISPRv3-PuromycinR), pLentiGuide-BlasticidinR and pLentiGuide-NeomycinR carrying sgRen or 934 
sgSLC. The control and knockout cells were selected with 0.5 μg/ml puromycin, 20 μg/ml blasticidin and 935 
250 μg/ml neomycin for 7 days. 936 

Extended Data Fig. 3. Purine supplementation attenuates BRD4 inhibition phenotype in exogenous 937 
nucleosides limited condition. a, Relative RFP intensity in REDS1 and REDS15 clones cultured in medium 938 
supplemented with 10% dialyzed serum (dFBS) over time. The log2 fold change of the RFP intensity was 939 
normalized with cells cultured in medium supplemented with 10% FBS. Mean ± s.d., n = 3 biologically 940 
independent samples. The p-value was calculated by unpaired t-tests. b, Relative RFP intensity in REDS15 941 
cells after growing in medium supplemented with 10% dFBS for 10 days and further exogenously added 942 
with purine (adenosine and guanosine) or pyrimidine nucleosides (cytidine and thymidine) for 72 h. 943 
Mean ± s.d., n = 3 biologically independent samples. 944 

Extended Data Fig. 4. Identification of the metabolic pathway involving in BRD4 regulation. a, 945 
Summary of the targeted pathways of metabolic compound library. b, Representative images of REDS15 946 
cells with DMSO, 1 μM (+)-JQ1, 10 μM CPI-0610 or 10 μM 6-MP treatment for 72 h. Scale bar, 100 μm. c, 947 
RFP expression in REDS1 cells with indicated concentrations of 6-MP-related compounds treatment for 948 
72 h. d, RFP expression in REDS1 and REDS15 cells with indicated concentrations of pelitrexol and 949 
lometrexol treatment for 72 h. e, RFP expression in REDS1 and REDS15 cells with indicated concentrations 950 
of pyrimidine metabolism inhibitors treatment for 72 h. f, Scheme of purine metabolism, enzymes 951 
participating in the cascade and the pathway intermediates. 952 

Extended Data Fig. 5. Investigation of BRD4 and its related histone acetylation markers expression in 953 
REDS15 cells upon purine metabolism impairment. a, Western blot analysis of BRD4 expression in 954 
chromatin-bound, nucleoplasm and cytoplasmic fractions after 10 μM pelitrexol or lometrexol treatment for 955 
72 h. Lamin B1, GAPDH and histone H3 were markers for nuclear-chromatin, cytoplasm and chromatin-956 
bound protein fractions. b,c, Western blot analysis of BRD4, H3K27ac and pan-H3ac expression in cells 957 
with 10 μM 6-MP treatment or bearing triple SLC knockout (SLC TKO, 12 days after sgRNA transduction) 958 
(b), and in cells with 10 μM pelitrexol or lometrexol treatment for 72 h (c). ns, non-specific band. 959 

Extended Data Fig. 6. BRD4 ChIP-seq in REDS15 cells upon purine metabolism impairment. a, 960 
Principal component analysis on BRD4 ChIP-seq raw counts in cells with indicated treatments. Upper panel, 961 
with 3 replicates of individual treatment. Lower panel, with replicate number 3 in 6-MP treated group (6-962 
MP_BRD4_IP_rep3) excluded. b, Heatmaps representing BRD4 binding enrichment for all ChIP-seq 963 
consensus peak regions (N = 24,140) in individual replicates. c, Aggregate coverage plots showing mean 964 
enrichment for the different ChIP-seq consensus peak regions in cells with 10 μM 6-MP or 1 μM (+)-JQ1 965 
treatment or bearing triple SLC knockout (SLC TKO), with ±10 kb centred on the regions. d, Genome 966 
browser visualization of BRD4 binding at its representative target genes MYC and BCL-2 in cells with 967 
indicated treatments. 968 

Extended Data Fig. 7. Transcriptome analysis in cells with purine metabolism impairment. a,b, Heat 969 
map of relative transcriptional change (a) and Pearson correlation coefficient of gene expression (b) in 970 
REDS1 and REDS15 clones with triple SLC knockout (SLC TKO, 12 days after sgRNA transduction), 971 
10 μM 6-MP or 1 μM (+)-JQ1 treatment for 72 h. The log2 fold change of gene expression was calculated 972 
relatively to sgRen or DMSO treated cells. c,d, GSEA of the downregulated genes from the merged RNA-973 
seq results of REDS1 and REDS15 clones (c). The GSEA plots show downregulation of MYC and E2F 974 
target gene sets (d). e, RT–qPCR analysis of MYC expression by using two different MYC primer sets in 975 
REDS1, REDS15 and K562 cells. Mean ± s.d., n = 3 biologically independent samples. f, Heat map of 976 
relative transcriptional change of purine metabolism genes in REDS1 and REDS15 clones with 10 μM 6-MP 977 
or 1 μM (+)-JQ1 treatment for 72 h or with triple SLC knockout (SLC TKO, 12 days after sgRNA 978 
transduction). 979 
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Extended Data Fig. 8. Loss of BRD4 inhibition phenotype in REDS15 cells after SLC sgRNA 980 
transduction for 23 days. a, RFP expression in cells with SLC knockout 23 days after sgRNA transduction. 981 
b, TIDE analysis of SLC sgRNA editing efficiency. c, Metabolite composition in cells with triple SLC 982 
knockout (SLC TKO) 23 days after sgRNA transduction. The log2 fold change of metabolites level was 983 
calculated relatively to sgRen cells. AA, amino acids; NT, nucleotides; NB, nucleobases; NS, nucleosides. d, 984 
Western blot analysis of BRD4 expression in chromatin-bound, nucleoplasm and cytoplasmic fractions. 985 
Lamin B1, GAPDH and histone H3 were markers for nuclear-chromatin, cytoplasm and chromatin-bound 986 
protein fractions. ns, non-specific band. e, The viability of triple SLC knockout (SLC TKO) day 12 and day 987 
23 cells after lometrexol treatment for 72 h. Cell numbers were measured by CASY Cell Counter and 988 
Analyzer and normalized with the control sgRen day 12 or day 23 cells. Mean ± s.d., n = 3 biologically 989 
independent samples. f, Relative RFP intensity in sgRen or triple SLC knockout (SLC TKO) day 12 or 23 990 
cells with lometrexol treatment for 72 h. The log2 fold change of the RFP intensity was normalized with 991 
sgRen cells with DMSO treatment. g, Heat map of the relative transcriptional change of genes in SLC28, 992 
SLC29 and SLC35 families in REDS15 triple SLC knockout day 12 and day 23 cells normalized with the 993 
respective controls sgRen day 12 and day 23 cells. h, Stable isotope labeled +1 adenine or +3 glycine tracing 994 
into nucleotides in sgRen or triple SLC knockout (SLC TKO) day 12 and day 23 cells. Mean ± s.d., n = 3 995 
biologically independent samples. The p-value was calculated by unpaired t-tests. 996 

Extended Data Fig. 9. Inhibition of nucleoside transport or de novo purine synthesis synergistically 997 
impairs leukemia cells growth with CPI-0610. a,b, Dose-response matrix displaying the cell viability 998 
measured using CellTiter Glo (a) and CASY Cell Counter and Analyzer (b) of Jurkat E6.1, Raji and K562 999 
cells treated with indicated concentrations of CPI-0610 or 6-MP, or in combination for 72 h. 1000 

Extended Data Fig. 10. Investigating the rescuing effect of nucleotide metabolites on BRD4 1001 
functionality. a-c, Relative RFP expression in REDS1 and REDS15 cells co-treated with 100 μM nucleotide 1002 
metabolites and 10 μM SLC29A4 inhibitor TC-T 6000 for 72 h (a), 10 nM dBET6 for 24 h (b) and 1 μM (+)-1003 
JQ1 for 72 h (c). The log2 fold change was normalized with DMSO treated cells. d, Western blot analysis of 1004 
BRD4, c-MYC and BRD4-related histone acetylation markers expression in REDS15 cells co-treated with 1005 
100 μM nucleotide metabolites and 10 μM 6-MP or 1 μM (+)-JQ1 for 72 h. ns, non-specific band. 1006 
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