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Abstract:
Regulation of oncogenic transcriptional programs in multiple myeloma requires the interplay of
histone modifications, their writers and readers with lineage-affiliated transcription factors. The
transcription factors IKZF1/3, IRF4 and MYC form an aberrant, myeloma-specific regulatory loop that
drives myelomagenesis and resistance to immunomodulatory drugs (IMiDs) such as lenalidomide.
Chromatin-based mechanisms that regulate these processes remain incompletely understood. Here we
investigate the role of CXXC1, a core component of the H3K4 methyltransferase complex COMPASS, in
the activity of the IKZF1/3-IRF4-MYC regulatory loop. We find that clinically, high CXXC1
expression is associated with high-risk proliferative, adverse prognosis disease. Consistent with
this, CXXC1 is a myeloma dependency and it regulates cellular fitness programs including cell
cycle, MYC targets and DNA damage response. High CXXC1 expression in primary myeloma cells is
associated with higher chromatin accessibility, while acute depletion of degron-tagged CXXC1
further validates its role in regulating myeloma cell fitness programs and high-risk
transcriptional signatures. CXXC1 interacts with and extensively co-binds to chromatin with IRF4
and IKZF3. Notably, in both lenalidomide-sensitive and -resistant myeloma cells, CXXC1 depletion
results in loss of IRF4 and IKZF3 chromatin binding and in parallel it ‘breaks’ the IRF4
transcriptional self-regulatory loop. Thus, CXXC1 and COMPASS emerge as novel therapeutic targets
in IMiD-sensitive and -resistant myeloma by regulating the activity of IRF4 and essential myeloma
cell fitness programs.
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 50 
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 52 
 53 
 54 
Abstract 55 
 56 
RegulaƟon of oncogenic transcripƟonal programs in mulƟple myeloma requires the interplay 57 
of histone modificaƟons, their writers and readers with lineage-affiliated transcripƟon 58 
factors. The transcripƟon factors IKZF1/3, IRF4 and MYC form an aberrant, myeloma-specific 59 
regulatory loop that drives myelomagenesis and resistance to immunomodulatory drugs 60 
(IMiDs) such as lenalidomide. ChromaƟn-based mechanisms that regulate these processes 61 
remain incompletely understood. Here we invesƟgate the role of CXXC1, a core component 62 
of the H3K4 methyltransferase complex COMPASS, in the acƟvity of the IKZF1/3-IRF4-MYC 63 
regulatory loop. We find that clinically, high CXXC1 expression is associated with high-risk 64 
proliferaƟve, adverse prognosis disease. Consistent with this, CXXC1 is a myeloma 65 
dependency and it regulates cellular fitness programs including cell cycle, MYC targets and 66 
DNA damage response. High CXXC1 expression in primary myeloma cells is associated with 67 
higher chromaƟn accessibility, while acute depleƟon of degron-tagged CXXC1 further 68 
validates its role in regulaƟng myeloma cell fitness programs and high-risk transcripƟonal 69 
signatures. CXXC1 interacts with and extensively co-binds to chromaƟn with IRF4 and IKZF3. 70 
Notably, in both lenalidomide-sensiƟve and -resistant myeloma cells, CXXC1 depleƟon 71 
results in loss of IRF4 and IKZF3 chromaƟn binding and in parallel it ‘breaks’ the IRF4 72 
transcripƟonal self-regulatory loop. Thus, CXXC1 and COMPASS emerge as novel therapeuƟc 73 
targets in IMiD-sensiƟve and -resistant myeloma by regulaƟng the acƟvity of IRF4 and 74 
essenƟal myeloma cell fitness programs.  75 
 76 
 77 
Key points 78 
 79 
High CXXC1 expression marks high risk, proliferaƟve myeloma  80 
 81 
CXXC1 sustains myeloma fitness transcripƟonal programs, IRF4 chromaƟn binding and IMiD 82 
resistance 83 
 84 
 85 
 86 
 87 
 88 
 89 
 90 
 91 
 92 
 93 
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 95 
 96 
 97 
IntroducƟon 98 
 99 
MulƟple myeloma (MM) remains a mostly incurable cancer of the bone marrow plasma cells 100 
(PC). Myeloma iniƟaƟon oŌen involves translocaƟon of oncogenes (e.g. MAF, MMSET, or 101 
CCND1) giving rise to the asymptomaƟc condiƟon monoclonal gammopathy of 102 
undetermined significance (MGUS)1-3. Progression to MM requires secondary geneƟc 103 
events1-3, alongside the co-opƟng of lineage-defining transcripƟon factors (TFs) such as 104 
IRF44-6. IRF4 establishes an aberrant feedback loop with MYC, leading to the enhanced 105 
expression of both transcripƟon factors5. IRF4 consƟtutes the highest dependency amongst 106 
TFs7,8, thus remaining a high priority target in MM therapeuƟcs. 107 
 108 
IKZF1 and IKZF3 are also PC lineage-defining TFs and major myeloma dependencies. 109 
CriƟcally, they underpin the therapeuƟc effect of immunomodulatory drugs (IMiDs) such as 110 
Lenalidomide (Len). Len, by interacƟng with the cereblon (CRBN) component of the 111 
CRL4CRBNௗE3 ubiquiƟn, promotes proteasomal degradaƟon of IKZF1/IKZF39,10, with 112 
consequent reduced expression of their transcripƟonal target IRF4 and disrupƟon of the 113 
IRF4-MYC feedback loop. IMiD and Len resistance are oŌen a result of loss of CRBN 114 
expression11,12, failure to degrade IKZF1/IKZF3 and preservaƟon of the IRF4-MYC feedback 115 
loop (reviewed in13,14). Len resistance can also be sustained by TFs such as ETV415 and 116 
BATF16, even when IKZF1/3 are efficiently degraded by Len. 117 
 118 
Besides co-opƟon of TFs, histone modifiers are also required to establish the epigeneƟc 119 
states that drive oncogenic gene regulaƟon17. An example of this are bromodomain 120 
inhibitors that prevent the H3K27 acetyl-transferases CBP/p300 from binding to the IRF4 121 
super-enhancer, leading to IRF4 transcripƟonal downregulaƟon18, and trigger a profound 122 
anƟ-myeloma effect with clinical trials now invesƟgaƟng a CBP/p300 inhibitor-IMiD 123 
combinaƟon (NCT04068597). However, liƩle is known about the role of H3K4me3 124 
methyltransferases and associated complexes in MM. We previously showed that, relaƟve to 125 
normal PCs, CXXC1, a chromaƟn binding factor and COMPASS H3K4me3 methyltransferase 126 
complex component, is predicted to acquire a large number of addiƟonal binding sites on 127 
the chromaƟn of myeloma PCs of all geneƟc subgroups, especially in those with MAF 128 
translocaƟon7. In its physiological role, CXXC1 directly binds unmethylated CpG islands and 129 
guides H3K4me3 broad domain deposiƟon mostly at acƟve promoters catalysed by its 130 
partners SETD1A or SETD1B19-23. CXXC1 has several developmental roles including in 131 
hematopoiesis24 and T cell development24,25, while in the B cell lineage it is required for 132 
germinal centre (GC) formaƟon and acƟvaƟon of the relevant transcripƟonal programs26. By 133 
promoƟng the BCL6-mediated repression of Irf4, CXXC1 inhibits premature exit of B cells 134 
from the GC and thus limits the formaƟon of memory B cells and differenƟaƟon to 135 
plasmablasts26.  136 
 137 
Here we address the hypothesis that Len-sensiƟve and -resistant myeloma cells repurpose 138 
CXXC1 to regulate their transcripƟonal state in cooperaƟon with lineage-defining and 139 
oncogenic TFs and histone marks. 140 
 141 
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 142 
 143 
 144 
Methods  145 
 146 
Cell Lines, degrons and Len-resistant cultures  147 
The MM.1S and H929 myeloma cell lines were used to generate CXXC1-degron clones. Len-148 
resistant cell cultures (LenR) were then isolated by culturing degron-tagged clones in 149 
increasing concentraƟon of Len (up to 64 M) for around 12 weeks and then maintained in 150 
64 M Len. Control cell cultures were grown in parallel in DMSO. 151 
Cell cycle, apoptosis, shRNA, ChIP-seq and RNA-seq were performed and analyzed as 152 
previously described6,27. 153 
Accession codes for the data generated are: PXD073121 for proteomics; GSE318161 and 154 
GSE318058 for genomics. 155 
Detailed methods are described in Supplemental Methods. 156 
 157 
Results 158 
 159 
CXXC1 regulates essenƟal transcripƟonal programs in myeloma  160 
Amongst >1000 CCLE cancer cell lines, CXXC1 expression is highest in myeloma cells (Suppl 161 
Fig 1A), supporƟng a relaƟvely selecƟve role in MM compared to other cancers. 162 
 163 
We previously showed7 that shRNA-mediated depleƟon of CXXC1 in myeloma cell lines with 164 
disƟnct myeloma iniƟaƟng events (MAF-translocated MM1.S and NSD2-translocated H929) 165 
causes cell death. We extended this analysis and found that shRNA-mediated depleƟon of 166 
SETD1A (Suppl Figure 1B&C) is also toxic to myeloma cells (Suppl Figure 1D), suggesƟng an 167 
essenƟal role of both these  COMPASS components in the biology of MM. 168 
 169 
Since in our previous work CXXC1 binding was predicted to be higher in MAF-translocated 170 
myeloma cells7, we performed transcriptome analysis in MM1.S cells. We found that shRNA-171 
mediated CXXC1 depleƟon resulted in downregulaƟon and upregulaƟon of 1281 and 1035 172 
genes, respecƟvely, while upon SETD1A depleƟon, 1958 genes were downregulated and 173 
1661 were upregulated (Figure 1A & Table S1). Gene set enrichment analysis (GSEA) of 472 174 
genes downregulated by both CXXC1 and SETD1A depleƟon idenƟfied cell cycle genes (E2F 175 
targets, G2-M checkpoint), MYC targets, stress response funcƟons (DNA damage, unfolded 176 
protein response) and mTORC1 signalling as the most enriched (Figure 1B & Suppl Figure 177 
1E). Upregulated enriched pathways included interferon response and TNF signalling-178 
related inflammatory response (Figure 1B). 179 
 180 
Consistent with these findings, cells with CXXC1 and SETD1A knock-down showed increased 181 
DNA damage, as assessed by H2AXS139ph staining (Figure 1C&D), rapid inducƟon of cell 182 
cycle arrest in SETD1A-depleted (Figure 1E&F) and apoptosis in both SETD1A- and CXXC1-183 
depleted myeloma cells (Figure 1G&H).  184 
 185 
Similar to MM1.S cells, shRNA-mediated depleƟon of CXXC1 and SETD1A in H929 myeloma 186 
cells was associated with inducƟon of apoptosis and cell cycle arrest (Suppl Fig 1F&G); 187 
transcriptome and GSEA analyses of differenƟally expressed genes showed enrichment of 188 
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downregulated genes for cell cycle, MYC targets and mTORC1 signalling pathways (Suppl 189 
Figure 1H&I). 190 
 191 
We conclude that CXXC1 and SETD1A are myeloma dependencies and promote cellular 192 
fitness and oncogenic programs in myeloma PCs. 193 
 194 
Impact of CXXC1 expression on disease risk, biology, outcome and chromaƟn accessibility  195 
We sought to explore the significance of CXXC1 expression in a clinical context using paƟent 196 
detasets from the MMRF-CoMMpass study (NCT01454297). 197 
 198 
Genes with posiƟve correlaƟon with CXXC1 expression (r>0.3; Figure 2A & Table S1), were 199 
significantly enriched for E2F targets, DNA repair, G2-M checkpoint and MYC targets (Figure 200 
2B), mirroring pathways enriched upon depleƟon of CXXC1. SupporƟng a role of CXXC1 in 201 
myeloma cell proliferaƟon, its expression modestly but significantly correlated with the 202 
CoMMpass PC proliferaƟon index28 and UAMS70 gene high-risk transcripƟonal signature29, 203 
which is enriched in proliferaƟve genes (Figure 2C). Moreover, expression of CXXC1 204 
posiƟvely and significantly correlated with high-risk geneƟc features including chr1q21 205 
gain/amplificaƟon and RB1 loss while it negaƟvely correlated with hyperdiploidy and MYC 206 
amplificaƟon (Figure 2D). 207 
 208 

We then evaluated the prognosƟc relevance of CXXC1 expression (Suppl Figure 2A, Suppl 209 
Table S2.C). In a univariate Cox model, high CXXC1 expression was associated with shorter 210 
overall survival (OS) (hazard raƟo (HR)=1.37; p=8x10⁻⁴; Figure 2E) but had no impact on 211 
progression free survival (PFS; HR=1.12, p=0.13; Suppl Figure 2B). AssociaƟon with OS 212 
became more pronounced in a mulƟvariate model (adjusted HR=1.65, p=1x10⁻⁵, Figure 2E) 213 
aŌer accounƟng for established clinical and cytogeneƟc risk factors30. Of note, in the 214 
mulƟvariate model, CXXC1 expression was also significantly associated with shorter PFS 215 
(HR=1.23, p=0.02, Suppl Figure 2B). 216 

Upon cross-validaƟon, the mulƟvariate model including CXXC1 achieved strong 217 
discriminaƟon, with a mean of Ɵme-dependent area under the curve (AUC) of 0.737 and a C-218 
index of 0.715, both substanƟally higher than those of the univariate model (AUC: 0.554; C-219 
index: 0.554) (Figure 2F). For progression-free survival (PFS), predicƟve performance was 220 
generally lower (AUC: 0.687 vs 0.540; C-index: 0.643 vs 0.527; Suppl Figure 2C). Survival 221 
analysis of the independent Arkansas dataset48 confirmed that higher expression of CXXC1 is 222 
associated with worse survival (Suppl Figure 2D).  223 
Of note, in the IMiD-treated subgroup of the CoMMpass cohort, higher CXXC1 expression 224 
remained significantly associated with OS and PFS in both univariate and mulƟvariable 225 
analyses (Suppl Table S2.D, Suppl Figure 2E-H), with larger effect sizes than those observed 226 
in the full cohort. The univariate associaƟon with PFS, which was not significant in the full 227 
cohort, became significant in the IMiD-treated subgroup, supporƟng a stronger prognosƟc 228 
relevance of CXXC1 in this clinically relevant treatment context. 229 
 230 
Further analysis of another three independent gene expression datasets showed that 231 
progression from MGUS to MM is associated with significantly higher CXXC1 expression 232 
(Suppl Figure 2I). 233 
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Therefore, high CXXC1 expression is associated with progression from MGUS to MM and 234 
proliferaƟve, high risk, adverse prognosis myeloma and is a strong, independent predictor of 235 
OS, including in IMiD-treated paƟents. 236 
 237 
To explore how CXXC1 expression impacts chromaƟn states, we compared the 238 
transcriptomes and chromaƟn accessibility of primary myeloma cells with high and low 239 
CXXC1 expression (n=5 paƟents each), using normal PC (NPC) as reference, from our 240 
previously described cohort7 (Figure 2G & Table S3). Comparison of transcriptomes (Table 241 
S3) showed that, in line with the findings of CXXC1 knockdown (KD), genes and pathways 242 
promoƟng cell cycle were highly upregulated and enriched in CXXC1high cells (Suppl Figure 243 
2J&K). CXXC1high myeloma PCs collecƟvely had a higher number of myeloma-specific 244 
accessible peaks, i.e., not present in normal PC, than CXXC1low cells (~39,000 vs 31,000 peaks 245 
respecƟvely, Figure 2H), suggesƟng higher CXXC1 expression is associated with a more open 246 
chromaƟn. When accessibility was overlapped with CXXC1 binding peaks in MM1.S myeloma 247 
cells (see below), the overlap was >5 fold greater in CXXC1high than in CXXC1low myeloma PC 248 
(odds raƟo: 6.16, p-value< 2.2x10-16;), mostly distributed at intronic and intergenic areas 249 
(Figure 2H). These CXXC1-binding accessible peaks showed a significant enrichment for IRF 250 
moƟfs (including IRF4) in CXXC1high but not CXXC1low myeloma PC, suggesƟng co-binding with 251 
IRF4 (Figure 2I). These findings are consistent with CXXC1 dose-dependent effects on 252 
chromaƟn accessibility in primary myeloma cells and suggest the ability of CXXC1 to regulate 253 
transcripƟon of oncogenic programs through co-operaƟon with IRF4. 254 
 255 
ChromaƟn proteomics reveal CXXC1 interacƟon with the PC lineage-defining TFs  256 
To obtain unbiased insights into the on-chromaƟn protein partnerships of CXXC1, we 257 
performed immunoprecipitaƟon (IP) of endogenous CXXC1 and SETD1A in MM1.S nuclear 258 
extracts followed by Liquid Chromatography-Mass Spectrometry (LC-MS).  259 
We idenƟfied 1086 and 1044 proteins enriched (FDR <0.05) in CXXC1 and SETD1A IPs 260 
respecƟvely (Figure 3A, Suppl Figure 3A and Suppl Table S4). 261 
As expected, among the  CXXC1 and SETD1A interactors, we idenƟfied several COMPASS 262 
components (Figure 3A&E and Suppl Figure 3A). Key TFs including IRF4, IKZF1 and IKZF3 and 263 
the RUNX family RUNX1 and RUNX3, but not MAF, also showed interacƟon with CXXC1. GO 264 
analysis revealed significant enrichment of proteins associated with chromaƟn funcƟons 265 
(Figure 3B).  266 
In co-IP/western blot assays, IP with anƟ-SETD1A and -IRF4 anƟbodies immunoprecipitated 267 
CXXC1(Figure 3C and Suppl Figure 3B) and, reciprocally, IP against CXXC1 pulled down IRF4 268 
and IKZF3/IKZF1 (Figure 3D and Suppl Figure 3B), further validaƟng their individual 269 
interacƟons with CXXC1. 270 
 271 
Among the several chromaƟn complexes with important transcripƟonal roles enriched by 272 
CXXC1 and SETD1A IP were the Mediator complex31, the chromaƟn remodellers INO8032 and 273 
SWI/SNF49 and the NuA433 and Sin334 chromaƟn regulator complexes. CXXC1 but not SETD1A 274 
IPs were enriched for the cleavage and polyadenylaƟon factor group of proteins that are 275 
known to be involved in mRNA processing and cleavage35 (Figure 3E). Co-IP/WB assays 276 
confirmed the interacƟon of CXXC1 with MED1 (Suppl Figure 3C) and the cleavage and 277 
polyadenylaƟon factor group proteins CPSF1-3 (Suppl Figure 3D). 278 
 279 
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ChromaƟn co-binding of CXXC1 with lineage-affiliated TFs and MAF 280 
Using ChIP-seq in MM1.S cells, we mapped the genome-wide binding profiles of CXXC1 and 281 
SETD1A and integrated them with binding of MED1, RNA Polymerase II, EZH2 and several 282 
histone marks. We idenƟfied 45,535 CXXC1 binding sites which mostly overlap with 283 
transcripƟonally acƟve chromaƟn and with limited overlap with repressive chromaƟn (Figure 284 
4A). SETD1A ChIP-seq detected a smaller number of peaks mainly overlapping with the 285 
~10% most robust CXXC1 peaks, possibly reflecƟng the ability of CXXC1 but not of SETD1A to 286 
directly bind DNA, and/or differences in the Ab affiniƟes or epitope accessibility (Figure 4A).  287 
ChromHMM annotaƟon showed that CXXC1 binds to acƟve enhancers and promoters 288 
(Figure 4B). Moreover, we idenƟfied 615 and 773 CXXC1-bound neo-promoters and neo-289 
enhancers respecƟvely (i.e., not acƟve in mature B and normal PCs, Figure 4C), suggesƟng 290 
that CXXC1 parƟcipates in conferring myeloma-specific regulatory potenƟal in malignant PC.  291 
 292 
IntegraƟon of CXXC1 ChIP-seq with the transcriptome of CXXC1 knock-down cells by BETA36,  293 
idenƟfied 686 and 553 genes that are predicted to be directly bound and acƟvated or 294 
repressed, respecƟvely, by CXXC1 (Figure 4D & Suppl Table S5). GSEA confirmed that CXXC1-295 
acƟvated genes are more highly and significantly enriched than CXXC1-repressed genes in 296 
cell cycle, E2F1, MYC targets and DNA repair pathways (Figure 4E). 297 
Similarly, SEDT1A is predicted to acƟvate 743 genes enriched for MYC and E2F targets, cell 298 
cycle, mTORC1 signalling, unfolded protein response and DNA Repair (Suppl Figure 4A&B; 299 
Table S5) 300 
 301 
CXXC1 footprints in newly accessible chromaƟn are parƟcularly pronounced in MAF-302 
translocated myeloma7. Overlaying of MAF and CXXC1 ChIP-seq peaks showed considerable 303 
overlap, with 25% of CXXC1 binding sites overlapping with MAF binding, corresponding to 304 
65% of all MAF binding sites (Figure 4F&G). We idenƟfied 34 genes (24 acƟvated, 10 305 
repressed) and regulatory regions that are co-occupied and co-regulated by MAF and CXXC1; 306 
(Suppl Figure 4C & Suppl Table S5). Amongst these was the neo-enhancer of the cell-307 
migraƟon CCR1gene which we previously showed is acƟvated by oncogenic MAF6 (Suppl 308 
Figure 4C&D). We found co-binding of CXXC1, IRF4 and MAF at accessibility peaks that were 309 
idenƟfied as significant for CCR1 transcripƟonal regulaƟon by Peaks-to-Genes (P2G) analysis 310 
of primary myeloma cells subjected to paired ATAC-seq and RNA-seq analyses7 (Suppl Figure 311 
4D). 312 
 313 
Comparison of the IRF4, IKZF1/3 and CXXC1 cistromes found that nearly all CXXC1 binding 314 
sites were co-occupied by IRF4, while 70% and 40% were co-occupied by IKZF1 and IKZF3, 315 
respecƟvely. A higher fracƟon of all IKZF3 than IKZF1 peaks (40% vs 25% of all) co-bound 316 
with CXXC1, while >50% of IRF4 binding sites were co-bound by CXXC1 (Figure 4F&G). The 317 
IRF4, IKZF1/3 and CXXC1 co-bound regions showed higher chromaƟn accessibility in primary 318 
myeloma PC expressing higher CXXC1 levels (Figure 4F). 319 
 320 
Using TOPmentaƟon37, we extended these studies to myeloma PC from two paƟents 321 
(PT0511 with t(11;14) and UPN108 with hyperdiploid MM; Figure 4H & Suppl Figure 4E).  322 
Among the CXXC1 BETA targets, we found that CXXC1 occupied 69% of CXXC1 BETA regions 323 
and 85% of BETA genes in PT0511, and 49% regions and 80% genes in UPN108, with variable 324 
IKZF3 and IRF4 co-binding and presence of acƟve chromaƟn marks (H3K27ac, H3K4me3). 325 
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GSEA of BETA acƟvated genes bound by CXXC1 in the paƟent myeloma PC showed significant 326 
enrichment for E2F-, MYC-targets and DNA repair (Suppl Figure 4F).  327 
 328 
Degron-mediated depleƟon of CXXC1 reveals dual chromaƟn funcƟon of CXXC1 329 
For inducible degradaƟon of CXXC1 and funcƟonal analysis upon acute loss of CXXC1, we 330 
generated two FKBP12F36V- and HA-tagged CXXC1-degron clones (M1&M2) in MM1.S cells38 331 
(Figure 5A). Degron-tagged endogenous CXXC1 was expressed at a level similar to the 332 
endogenous naƟve protein of the parental cells, while treatment with the degron inducer 333 
dTAG-V138 resulted in loss of total CXXC1 as early as 4hrs (Figure 5B and Suppl Figure 5A). In 334 
compeƟƟon assays, while co-cultured parental MM1.S cells survived aŌer dTAG-V1 335 
treatment, M1&M2 cells were selecƟvely depleted (Figure 5C&D).  336 
 337 
Transcriptome analysis of M1 and M2 cells showed hundreds of genes up- and down-338 
regulated at 24 hours, and >1,000 up- and down-regulated genes at 60 hours post CXXC1 339 
depleƟon (Figure 5E & Table S6). GSEA of downregulated genes in CXXC1-depleted cells 340 
highlighted enrichment for cell cycle, MYC-dependent transcripƟon, DNA repair, mTORC1 341 
signalling and unfolded protein response (Figure 5F). CXXC1 depleƟon resulted in cell cycle 342 
arrest of both M1 and M2 cells (Suppl Figure 5B). 343 
 344 
ChromaƟn analysis of M1 revealed ~45,000 CXXC1 binding peaks, mostly distributed 345 
between promoters and enhancers (Figure 5G). While significant loss of CXXC1 binding to 346 
chromaƟn was observed upon dTAG-V1-induced CXXC1 depleƟon, this was not complete at 347 
60hrs, even with nearly full loss of total CXXC1 protein detecƟon, suggesƟng that chromaƟn-348 
bound CXXC1 may not be as suscepƟble to degron-induced depleƟon. To further explore 349 
this, we carried out ChIP-seq with anƟ-HA Ab and idenƟfied only 4,441 significant CXXC1 350 
peaks, suggesƟng possible lower affinity or accessibility of the HA epitope for the anƟbody 351 
(Suppl Figure 5C). Nearly all of these peaks were also idenƟfied by the anƟ-CXXC1 Ab and 352 
were severely depleted upon dTAG-V1 treatment. Notably, these anƟ-HA peaks showed 353 
extensive SETD1A co-binding and corresponded to the strongest CXXC1 Ab peaks and unlike 354 
peaks idenƟfied by the CXXC1 Ab, lacked IRF4 and IKZF1/3 co-binding, were highly enriched 355 
in unmethylated CpG islands (Suppl Figure 5C) and were devoid of IRF4 moƟfs (Suppl Figure 356 
5D).  357 
 358 
 359 
Therefore, in addiƟon to its reported funcƟon at unmethylated CpG islands19-21, CXXC1 also 360 
serves to regulate gene transcripƟon in myeloma cells through co-binding with TFs.  361 
 362 
ChromaƟn profiling of H3K4me3, the histone mark deposited by COMPASS40, notably 363 
showed no significant differences between DMSO control and dTAG-V1-treated myeloma 364 
cells (Suppl Figure 5E) except for broad domains (BDs) (>4 kb) linked to transcripƟonal 365 
acƟvaƟon of lineage idenƟty genes23 (Figure 5H&I). Indeed, BD loss was found at PC lineage-366 
defining genes such as IRF4, PRDM1, XBP1 but less so at IKZF1/3 (Figure 5J). There were only 367 
limited changes in H3K27ac distribuƟon upon CXXC1 depleƟon (Suppl Figure 5F). 368 
 369 
CXXC1-dependent IRF4 transcripƟon and chromaƟn binding  370 
To explored the impact of CXXC1 in Len resistance, we generated Len-resistant derivaƟves 371 
(LenR) from clones M1and M2 (Len IC50 565 and 587 M respecƟvely) and compared them 372 

D
ow

nloaded from
 ashpublications.​org/​blood/​article-pdf/​doi/​10.​1182/​blood.​2026033534/​2586819/​blood.​2026033534.​pdf by guest on 04 Septem

ber 2026



 

9 
 

with their Len-sensiƟve (LenS) counterparts, showing sensiƟve range15,16,41 (Len IC50 0.049 373 
and 0.017M; Figure 6A). As expected with Len treatment, expression of IKZF3 and of its 374 
feed-forward loop partners IRF4 and MYC decreased; by contrast, expression remained 375 
robust for all three TFs in LenR cells (Suppl Figure 6A&B). Despite these differences, dTag-V1 376 
treatment resulted in death of LenS and LenR degrons at a similar rate, suggesƟng that 377 
myeloma cells were dependent on CXXC1 for survival regardless of Len sensiƟvity (Figure 378 
6B&C).   379 
 380 
MechanisƟcally, CXXC1 depleƟon in LenS M1 cells reduced expression of MYC and IRF4, but 381 
not IKZF3. In LenR M1, Len-resistance was consistent with loss of expression of CRBN 382 
resulƟng in sustained expression of IKZF3, while CXXC1 depleƟon decreased expression of 383 
MYC but not IRF4 or IKZF3 (Figure 6D). mRNA expression broadly mirrored this paƩern 384 
(Suppl Figure 6C).  385 
Crucially, ChIP-seq analysis showed that overall binding of IRF4 to chromaƟn in CXXC1-386 
depleted cells was significantly impaired in both LenS and LenR cells (Figure 6E). Thus, IRF4 387 
binding to chromaƟn is CXXC1-dependent, even when IRF4 expression is not altered upon 388 
CXXC1 depleƟon. 389 
CXXC1depleƟon moderately but significantly reduced the genome-wide binding of IKZF3 in 390 
LenR but not in Len S cells (Figure 6E).  391 
 392 
In CXXC1-depleted and –replete LenS and LenR M2 cells, IKZF3 and MYC protein expression 393 
mirrored what was observed in M1 cells, although changes at the mRNA level were less 394 
apparent (Figure 6G and Suppl Figure 6D). However, IRF4 mRNA and protein levels 395 
decreased in both LenS and LenR M2 cells (Figure 6G and Suppl Figure 6D). At the chromaƟn 396 
level, this was reflected by significant reducƟon of both IRF4 and IKZF3 binding in CXXC1-397 
depleted LenS and LenR cells, showing CXXC1-dependenance of IRF4 and IKZF3 chromaƟn 398 
binding in two disƟnct Len-resistant derivaƟves (Figure 6H).  399 
In parental M1 cells, depleƟon of CXXC1 was also associated with significant chromaƟn-wide 400 
reducƟon in IKZF1 and MYC binding (Suppl Figure 6E).  401 
 402 
 403 
We tested the transcripƟonal effects of CXXC1 depleƟon in LenS and LenR M1/M2 cells by 404 
BETA-integraƟng the corresponding transcriptome changes with the CXXC1 ChIP-seq profile. 405 
GSEA of BETA genes in LenS and LenR M1 and M2 cells confirmed higher enrichment of 406 
E2F1- and MYC-targets, mTORC1 signalling and unfolded response amongst the 407 
downregulated genes and interferon signatures among the upregulated (Figure 6F&I & 408 
Suppl Table S7). DownregulaƟon of several of these CXXC1-acƟvated BETA genes in CXXC1-409 
depleted M1/M2 cells was also validated by reverse transcriptase-qPCR (Suppl Figure 6F). 410 
Analysis of the IRF4 promoter and super-enhancer in LenS & LenR M1 and M2 cells showed 411 
that, upon CXXC1 reducƟon, IRF4 binding was markedly diminished, whereas IKZF3 binding 412 
was not or only mildly affected (Figure 6J). Accessibility peaks that were idenƟfied as 413 
significant for IRF4 transcripƟonal regulaƟon by P2G analysis of primary myeloma cells were 414 
extensively co-bound by CXXC1, IRF4 and IKZF3 (Figure 6J).  415 
These findings are consistent with a feed-forward transcripƟonal loop whereby IRF4 sustains 416 
its own transcripƟon through CXXC1-dependent co-binding.  417 
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To confirm this, we performed bidirecƟonal CXXC1-IRF4 ChIP-re-ChIP at three sites of the 418 
IRF4 super-enhancer. This showed simultaneous binding of both factors at the IRF4 super-419 
enhancer, thus further supporƟng CXXC1-IRF4 interacƟon and co-binding  (Suppl Figure 6G). 420 
 421 
Amongst several other genes relevant to myeloma cell fitness that are predicted to be 422 
regulated by CXXC1 marked by loss of IRF4 and/or IKZF3 upon CXXC1 depleƟon (Suppl Figure 423 
6H&I) was APOBEC3B, a protein that underpins genomic instability and high-risk myeloma in 424 
the context of MAF-translocated and other forms of MM42,43.  425 
Together, these findings demonstrate a CXXC1-dependent acƟvity of IRF4 and IKZF3 and co-426 
regulaƟon of transcripƟonal programs required for Len response and resistance.   427 
 428 
To invesƟgate the role of CXXC1 in Len resistance in a different geneƟc background, we 429 
generated LenR CXXC1-degron-tagged H929 cells (clone H1-LenR; Len IC50 384 M) (Suppl 430 
Figure 7A&B) by growth in Len. Parental LenS H929 cells (IC50 0.57 M) responded to Len 431 
with reducƟon of MYC and IKZF3 but not IRF4 expression, while H1-LenR cells retained IRF4 432 
and MYC but not IKZF3 expression (Suppl Figure 7C). CXXC1 depleƟon resulted in loss of H1-433 
LenR cells in co-culture with H929 cells (Suppl Figure 7D). Transcriptome analysis of H1-LenR 434 
upon CXXC1-depleƟon confirmed that CXXC1 regulates myeloma fitness programs such cell 435 
cycle and MYC targets (Suppl Figure 7E&F & Suppl Table S7). Consistently, cell cycle in 436 
CXXC1-depleted cells was arrested with significant reducƟon of G2/M cells, coinciding with 437 
increase of subG0/1 apoptoƟc cells (Suppl Figure 7G). Notably, H1-LenR cells preserved 438 
CRBN expression despite exposure to Len and responded with reduced expression of MYC 439 
but not of IRF4 upon CXXC1 depleƟon (Suppl Figure 7H). ChIP-seq in H1-LenR cells showed 440 
extensive chromaƟn co-binding of CXXC1 and IRF4. InducƟon of CXXC1 depleƟon resulted in 441 
significant loss of IRF4 chromaƟn binding parallel to the loss of CXXC1 binding (Suppl Figure 442 
7I). BETA integraƟon of the CXXC1 cistrome of H1-LenR myeloma cells upon CXXC1 depleƟon 443 
with the corresponding transcriptomes, confirmed that CXXC1 acƟvates cell cycle, E2F, MYC 444 
targets and mTORC1 signalling genes (Suppl Figure 7J). 445 
 446 
Together, these findings corroborate in different geneƟc backgrounds the CXXC1-dependent 447 
IRF4 chromaƟn binding and regulaƟon of myelomagenic transcripƟonal programs in Len-448 
resistant cells, independent of cereblon expression status. 449 
 450 
 451 
Discussion 452 
 453 
We idenƟfied CXXC1 as a key enabler of the IRF4-dependent oncogenic gene regulatory 454 
networks that control myeloma cell proliferaƟon and fitness. Importantly for myeloma 455 
treatment, our data showed that targeƟng CXXC1 can overcome IMiD resistance by directly 456 
dysregulaƟng IRF4, providing a promising strategy for relapsed/refractory disease. 457 
 458 
High CXXC1 expression marks high-risk geneƟc features, proliferaƟve transcripƟonal 459 
signatures and adversely impacts paƟent survival, thus supporƟng its importance in the 460 
biology of high-risk myeloma. MechanisƟcally, these effects of CXXC1 are linked to its ability 461 
to directly regulate expression of genes involved in essenƟal cellular funcƟons in myeloma 462 
PC and to instruct chromaƟn binding of IRF4 and IKZF1/IKZF3.  463 
 464 
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Changes in H3K4me3 upon CXXC1 depleƟon affect mostly H3K4me3 BDs at PC lineage-465 
defining genes and not in total H3K4me3 chromaƟn modificaƟon, consistent with previous 466 
reports for COMPASS23. Similarly, in GC B cells, CXXC1 deleƟon does not impact overall 467 
H3K4me3 chromaƟn levels except for loss of BDs at genes related to B lineage and mitoƟc 468 
cell cycle26. These limited H3K4me3 changes in the absence of CXXC1 likely reflect 469 
redundancy between the COMPASS and the KMT2A/B histone methyl-transferase 470 
acƟviƟes23.  471 
 472 
Beyond the previously reported recruitment of the glucocorƟcoid receptor by SETD1A to 473 
chromaƟn in response to dexamethasone44,  liƩle is known on the interacƟon of CXXC1 and 474 
COMPASS with TFs. Our co-IP-MS approach revealed interacƟon of CXXC1 with the PC 475 
lineage-defining TFs IKZF3 and IRF4. These interacƟons were corroborated at the chromaƟn 476 
level by finding extensive co-binding of all three factors and by demonstraƟng that CXXC1 477 
depleƟon disrupts co-binding of IRF4 and IKZF1/IKZF3 and dysregulates cell proliferaƟon and 478 
fitness transcripƟonal programs. These funcƟons are not limited to CXXC1 binding to CpG 479 
islands and the ensuing deposiƟon of H3K4me3. Indeed, the combinatorial analysis of 480 
CXXC1, IKZF3, IRF4 and histone marks allowed the delineaƟon of two paƩerns of CXXC1-481 
dependent chromaƟn regulaƟon. The majority of the CXXC1-bound regions are co-bound by 482 
these DNA binding factors, whereas a second set, which includes only ~10% of CXXC1 483 
binding sites, is characterised by high level of SETD1A co-occupancy and exclusion of IRF4 484 
and IKZF3. This laƩer paƩern is enriched in chromaƟn regions of unmethylated CpG islands 485 
and is consistent with the role of CXXC1 and COMPASS in protecƟng CpG islands from 486 
repressive DNA methylaƟon19,20.  Similar paƩerns of CXXC1 chromaƟn binding were 487 
previously reported in early B cell progenitors showing a segregated paƩern of CXXC1 488 
chromaƟn binding whereby B lineage-defining transcripƟon factors co-bind with CXXC1 489 
outside the unmethylated CpG islands39. 490 
 491 
Given the extensive CXXC1-IKZF1/IKZF3-IRF4 interplay and the criƟcal role of these TFs in the 492 
regulaƟon of IMiD response, we extended our invesƟgaƟon into the role of CXXC1 in the 493 
context of Len resistance, a clinical outcome that eventually affects most IMiD-treated 494 
paƟents 13,14. CXXC1 depleƟon resulted in significant loss of IKZF3 binding to chromaƟn 495 
despite preserved expression of the laƩer in LenR cells. Importantly, for IRF4, CXXC1 496 
depleƟon provided evidence of two levels of CXXC1-IRF4 interacƟon. One that entails CXXC1-497 
dependent co-binding of IRF4 with CXXC1 on chromaƟn irrespecƟve of changes in IRF4 498 
expression; and another, in which CXXC1, by co-binding with IRF4 to the IRF4 super-499 
enhancer and promoter, directly regulates IRF4 transcripƟon and thus indirectly decreases 500 
IRF4 binding to chromaƟn. This is consistent with a CXXC1-dependent, self-regulaƟon of IRF4 501 
expression in a feed-forward loop. 502 
 503 
Despite the disƟnct CXXC1-IRF4-IKZF3 interplay in LenR vs LenR myeloma cells, CXXC1 504 
depleƟon results in transcripƟonal downregulaƟon of genes regulaƟng myeloma cell fitness 505 
and IMiD resistance, including those for cell cycle, MYC-signaling, DNA repair and 506 
proteostasis. 507 
Further supporƟng the noƟon that CXXC1 regulates transcripƟonal programs that overlap 508 
with those acƟvated by IMiDs, genes directly repressed by CXXC1 in both LenS and LenR 509 
myeloma cells are enriched in IFN pathway response15,16. We also note the ability of CXXC1 510 
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to directly regulate expression of APOBEC3B, responsible for mutaƟonal signatures that 511 
underpin genomic instability and high-risk myeloma42,43. 512 
 513 
In conclusion, CXXC1 is required for IRF4 and IKZF3 acƟvity and together regulate genes 514 
criƟcal for cell fitness in IMiD-resistant as well as -sensiƟve myeloma cells. Since direct or 515 
indirect targeƟng of IRF4 remains one of the highest prioriƟes in MM therapeuƟcs, our 516 
findings showing that IRF4 acƟvity is CXXC1-dependent provides a strong raƟonale for 517 
therapeuƟc targeƟng of CXXC1 itself and the COMPASS complex more broadly in the context 518 
of IMiD-resistant as well as -sensiƟve myeloma. Supported by the observaƟon that, while 519 
CXXC1 promotes the proliferaƟve GC B cell reacƟon, it is dispensable for normal PC 520 
differenƟaƟon26, such an approach could follow the principles of therapeuƟc targeƟng of the 521 
oncogenic KMT2A methyltransferase complex in acute myeloid leukaemia by Menin 522 
inhibitors45 and would complement emerging epigeneƟc and transcripƟonal approaches of 523 
IRF4 therapeuƟcs that target CBP/p300 histone acetyl-transferases18,46 and the SWI/SNF 524 
family of chromaƟn remodelling complexes47. 525 
 526 
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 529 
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Figure Legends 717 
 718 
Figure 1. CXXC1 regulates essenƟal transcripƟonal programs in myeloma  719 
A. Heatmaps of differenƟally expressed genes idenƟfied by RNA-seq (n=2, biological 720 
replicates per condiƟon) upon shRNA-mediated depleƟon of CXXC1 and SETD1A in MM1.S 721 
cells for three days. Right heatmap shows DEG shared by CXXC1 and SETD1A-depleted cells 722 
(Log2F change >|1|; padj <0.05) 723 
B. GSEA of shared up and downregulated genes from A. 724 
C. Immunofluorescence assay to assess DNA damage response aŌer staining for DAPI and 725 
with anƟ-H2AXS139ph Ab of MM1.S cells three days aŌer their treatment with CXXC1- and 726 
SETD1A- targeƟng shRNA or scramble control.  Scale bar, 5m. 727 
D. CumulaƟve data of C (n=3-4; mean±SEM is shown, t test against scrb control). 728 
E. Flow-cytometric analysis of cell cycle of MM1.S cells (day 4) aŌer propidium iodide 729 
staining using the indicated shRNAs and scramble controls. 730 
F. CumulaƟve data of E (n=3, mean±SEM is shown, one way-Anova). 731 
G. Flow-cytometric analysis of apoptosis of MM1.S cells aŌer propidium iodide and Annexin 732 
V staining (day 4) using the indicated shRNAs and scramble controls. 733 
H. CumulaƟve data of G showing Annexin V+PI+ cells (n=3, mean±SEM is shown, t test 734 
against scrb control). 735 
*p<0.05, **p<0.01, ****p<0.0001  736 
 737 
Figure 2. CXXC1 expression correlates with chromaƟn accessibility and high risk, adverse 738 
prognosis proliferaƟve myeloma  739 
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A. CorrelaƟon of CXXC1 expression with other genes expressed in primary myeloma cells. 740 
Data from the MMRF CoMMpass (n= 789 paƟents with myeloma plasma cell RNA-seq).  741 
B. GSEA of posiƟvely correlated genes (r>0.3; red coloured in A). 742 
C. ScaƩerplots showing correlaƟon of CXXC1 expression with transcriptome-based 743 
proliferaƟon index (top) and the gene expression signature-based UAMS-70 ProliferaƟon 744 
Score (boƩom), as retrieved from MMRF CoMMpass.  745 
D. CorrelaƟon of CXXC1 expression with different myeloma geneƟc subgroups as retrieved 746 
from MMRF CoMMpass.  747 
E. Kaplan–Meier curves showing OS probability over a 10-year Ɵme scale across CXXC1 748 
expression quanƟles in univariate (top) and mulƟvariate (middle) Cox proporƟonal hazards 749 
models. The mulƟvariate model adjusts for sex, age, ISS stage, LDH, and high-risk cytogeneƟc 750 
alteraƟons (NSD2 and MAF translocaƟons, 1q21 gain, 17p13 and 1p22 deleƟons). Wald p-751 
values and hazard raƟos (HRs) with 95% confidence intervals are shown. CXXC1 mRNA 752 
expression range for each quanƟle is shown at the boƩom. 753 
F. Cross-validated performance of OS predicƟon models including CXXC1. Time-dependent 754 
area under the curve (AUC; top graph) and the concordance index (C-index; boƩom graph) 755 
with 95% confidence intervals across folds are shown for both univariate with mulƟvariate 756 
models.  757 
G. mRNA expression of CXXC1 in CXXC1 low and high primary myeloma cells (n=5 each) and 758 
normal PC (n=3). 759 
H. Stepwise idenƟficaƟon of myeloma-specific (i.e. not present in normal plasma cells) 760 
chromaƟn accessible sites in CXXC1-high and -low myeloma plasma cells and fracƟon of 761 
myeloma-specific ATAC-seq peaks bound by CXXC1 in CXXC1 high and low cells (Fisher’s 762 
exact test). In addiƟon, promoter vs enhancer distribuƟon of CXXC1-bound, myeloma-763 
specific accessible sites is shown. MM and NPC data derived from reference 7.  764 
I. MoƟf analysis and enrichment of CXXC1-bound ATAC-seq peaks in CXXC-high and -low 765 
myeloma cells. 766 
 767 
 768 
Figure 3. ChromaƟn protein interactome reveals novel interacƟons of CXXC1 with IRF4 and 769 
IKZF3  770 
A. Volcano plot of proteins differenƟally and significantly enriched aŌer 771 
immunoprecipitaƟon with CXXC1 and in relaƟon to IgG control upon MS analysis (FDR<0.05). 772 
Proteins of interest are highlighted. 773 
B. Ontology enrichment over-representaƟon analysis of proteins that are significantly 774 
enriched upon CXXC1 immunoprecipitaƟon. 775 
C.  CXXC1 interacƟon with indicated proteins. Cell lysates were first immunoprecipitated 776 
with anƟ-CXXC1, -SETD1A, -IRF4 or IgG control Abs and detected by western blot with anƟ-777 
CXXC1 Ab. 778 
D. IRF4, IKZF3 and IKZF1 interacƟon with CXXC1.  Cell lysates were first immunoprecipitated 779 
with anƟ-CXXC1 or IgG control Abs and detected by western blot with anƟ-IRF4, -IKZF3 or -780 
IKZF1 Abs. 781 
E. Heatmap of normalised values of proteins (see Methods) idenƟfied by MS as enriched 782 
aŌer immunoprecipitaƟon with anƟ-CXXC1, -SETD1A or IgG control Abs. Protein members of 783 
the Mediator, INO80, Sin3, Nu4A, mRNA cleavage and COMPASS complexes are shown. For 784 
normalisaƟon of protein abundance values, the coefficient of variaƟon (SD/mean) of 785 
proteins present in all four replicates samples was calculated. Among these proteins, 786 

D
ow

nloaded from
 ashpublications.​org/​blood/​article-pdf/​doi/​10.​1182/​blood.​2026033534/​2586819/​blood.​2026033534.​pdf by guest on 04 Septem

ber 2026



 

18 
 

proteins with coefficient of variaƟon <60% were classified as background, the sum of their 787 
intensity was calculated, and all protein spectra were divided by this value and then Log2 788 
transformed. 789 
 790 
Figure 4. ChromaƟn co-binding of CXXC1 with lineage-affiliated TF and oncogenic MAF 791 
A. Heatmap of chromaƟn binding of CXXC1 and SETD1A and other indicated chromaƟn 792 
factors and histone modificaƟons as assessed by ChIP-seq in MM1.S myeloma cell line. Top 793 
metagene graphs illustrate binding of chromaƟn factors and histone enrichment in regions 794 
bound solely by CXXC1 or SETD1A or by both. 795 
B. Heatmap of indicated epigenomic states of chromaƟn regions bound solely by CXXC1 or 796 
SETD1A or by both. 797 
C. Heatmap of CXXC1 chromaƟn binding to promoter and enhancer regions that are de novo 798 
acƟvated in myeloma cells and predominantly inacƟve across different B-cell development 799 
states (Blueprint chromHMM states, as per reference 6).  800 
D. SchemaƟc of the principle of BETA analysis and number of genes predicted to be directly 801 
regulated, acƟvated or repressed by CXXC1 by BETA analysis. 802 
E. GSEA of genes predicted to be acƟvated or repressed by CXXC1 by BETA. 803 
F.  Heatmap of the indicated transcripƟon and chromaƟn factors co-binding with CXXC1 804 
centred on CXXC1. Heatmaps of ATAC-seq from paƟent myeloma plasma cells with high and 805 
low expression of CXXC1 are shown. 806 
G. Top: FracƟon of CXXC1 ChIP-seq peaks showing co-binding with indicated TF (dark blue). 807 
BoƩom: FracƟon of each transcripƟon and chromaƟn factor binding peaks co-bound by 808 
CXXC1 (dark blue). Overall number of peaks for each factor is also shown. 809 
H. Venn diagrams showing binding of CXXC1 in paƟent myeloma PC at chromaƟn regions 810 
bound by CXXC1in MM1.S cells (leŌ) and are predicted to directly regulate genes (right) in 811 
MM1.S cells. The primary geneƟc event for paƟent PT0511 is t(11;14) and for paƟent 812 
UPN108 is hyperdiploidy. 813 
 814 
Figure 5. Probing the role of CXXC1 on chromaƟn acƟvity upon its degron-dependent 815 
depleƟon in myeloma cells 816 
A. SchemaƟc of the degron system for CXXC1 protein depleƟon. 817 
B. Western blot using anƟ-CXXC1 Ab of parental MM1.S cells and of M1 and M2 degron-818 
tagged myeloma cells with dTag-V1-induced CXXC1 depleƟon at different Ɵme points. 819 
Vinculin is shown as loading control. 820 
C&D. Flow-cytometric analysis (leŌ) and cumulaƟve data (right) of cell viability over 12 days 821 
of a 1:1 co-culture of parental MM1.S cells and mNeon-Green-expressing M1 and M2 cells 822 
upon treatment with DMSO control or dTag-V1  (n=3  independent experiments). 823 
E&F. Volcano plot and shared differenƟally expressed genes in M1&M2 cells before and at 824 
24 and 60hrs post-degron inducƟon (E).  GSEA at 60hrs (F). 825 
G. Heatmap showing CXXC1, chromaƟn binding in parental MM1.S cells and M1 degron-826 
tagged cells 60hrs aŌer DMSO or dTag-V1 treatment. Bar on the right shows promoters and 827 
enhancers as assessed by chromHMM. Corresponding metagene profiles are shown on top 828 
of heatmaps. 829 
H. Heatmap of H3K4me3 broad domains (BDs) (>4kb) with and without degron inducƟon 830 
and CXXC1 depleƟon at 60hrs. 831 
I. Comparison of normalised ChIP-seq signal of H3K4me3 broad domains with and without 832 
degron inducƟon as shown in J. 833 
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J. IGV browser snapshots of examples of H3K4me3 broad domains at regulatory areas of 834 
plasma cell lineage affiliated transcripƟon factors. H3K27ac and CXXC1 binding are also 835 
shown. 836 
 837 
Figure 6. CXXC1-dependent IRF4 transcripƟon and binding to chromaƟn and regulaƟon of 838 
lenalidomide resistance 839 
A.  IC50 esƟmaƟon of LenS and LenR M1 and M2 myeloma cells. Cells were exposed to 840 
varying concentraƟons of Lenalidomide for 5 days and viability was assessed by CellGlo 841 
assay. 842 
B&C.  Viability of LenS and LenR M1 and M2 myeloma cells over Ɵme as assessed by flow 843 
cytometry upon treatment with DMSO or dTAGV1. 844 
D. Expression of MYC, IRF4, IKZF3, CRBN and CXXC1 in M1 LenS and LenR myeloma cells 845 
upon treatment with DMSO or dTag-V1 for 60 hrs as assessed by Western blot. Duplicate 846 
assays are shown. 847 
E. Heatmaps of IRF4 and IKZF3 chromaƟn binding upon treatment with DMSO or dTAGV1 for 848 
60hrs of M1 LenS and R cells. Heatmap of CXXC1 is from Fig 4F.  849 
Metagene profiles are also shown on top of heatmaps. Significant differences in factor 850 
binding are shown at the boƩom of heatmaps. ***, p<0.0001 851 
F. GSEA of genes idenƟfied by BETA as bound by CXXC1 (ChIP-seq) and differenƟally 852 
expressed (RNA-seq) upon CXXC1 depleƟon in M1 cells.  853 
G. Expression of MYC, IRF4, IKZF3, CRBN and CXXC1 in M2 LenS and LenR myeloma cells 854 
upon treatment with DMSO or dTAGV1for 60hrs as assessed by Western blot. Duplicate 855 
assays are shown. 856 
H. Heatmaps of IRF4 and IKZF3 chromaƟn binding upon treatment with DMSO or dTAGV1for 857 
60hrs of M2 cells. Heatmap of CXXC1 is from Fig 4F. Metagene profiles are also shown on top 858 
of heatmaps. Significant differences in factor binding are shown at the boƩom of heatmaps. 859 
***, p<0.0001 860 
I. GSEA of genes idenƟfied by BETA as bound by CXXC1 (ChIP-seq) and differenƟally 861 
expressed (RNA-seq) upon CXXC1 depleƟon in M2 cells. 862 
J. IGV browser snapshot of IRF4 and its enhancer showing CXXC1, IRF4 and IKZF3 binding 863 
and corresponding changes upon CXXC1 depleƟon for 60hrs. H3K4me3 and H3K27ac 864 
enrichment and ChromHMM states of chromaƟn are also shown. Significant peak-to-gene 865 
(P2G) linkage associaƟons (p < 0.05, rho > 0.5) idenƟfied in primary MM ATAC–RNA-seq 866 
samples are shown at the boƩom.  867 
 868 
 869 
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