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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 CXXCl, 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, CXXC1l is a myeloma dependency and it regulates cellular fitness programs including cell
cycle, MYC targets and DNA damage response. High CXXCl expression in primary myeloma cells is
associated with higher chromatin accessibility, while acute depletion of degron-tagged CXXC1l
further validates its role in regulating myeloma cell fitness programs and high-risk
transcriptional signatures. CXXCl interacts with and extensively co-binds to chromatin with IRF4
and IKZF3. Notably, in both lenalidomide-sensitive and -resistant myeloma cells, CXXCl depletion
results in loss of IRF4 and IKZF3 chromatin binding and in parallel it ‘breaks’ the IRF4
transcriptional self-regulatory loop. Thus, CXXCl 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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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 /RF4
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.

Key points

High CXXC1 expression marks high risk, proliferative myeloma

CXXC1 sustains myeloma fitness transcriptional programs, IRF4 chromatin binding and IMiD
resistance
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Introduction

Multiple myeloma (MM) remains a mostly incurable cancer of the bone marrow plasma cells
(PC). Myeloma initiation often involves translocation of oncogenes (e.g. MAF, MMSET, or
CCND1) giving rise to the asymptomatic condition monoclonal gammopathy of
undetermined significance (MGUS)*3. Progression to MM requires secondary genetic
events'3, alongside the co-opting of lineage-defining transcription factors (TFs) such as
IRF44. IRF4 establishes an aberrant feedback loop with MYC, leading to the enhanced
expression of both transcription factors®. IRF4 constitutes the highest dependency amongst
TFs”8, thus remaining a high priority target in MM therapeutics.

IKZF1 and IKZF3 are also PC lineage-defining TFs and major myeloma dependencies.
Critically, they underpin the therapeutic effect of immunomodulatory drugs (IMiDs) such as
Lenalidomide (Len). Len, by interacting with the cereblon (CRBN) component of the
CRL4REN E3 ybiquitin, promotes proteasomal degradation of IKZF1/IKZF3%°, with
consequent reduced expression of their transcriptional target IRF4 and disruption of the
IRF4-MYC feedback loop. IMiD and Len resistance are often a result of loss of CRBN
expression1?, failure to degrade IKZF1/IKZF3 and preservation of the IRF4-MYC feedback
loop (reviewed in'314). Len resistance can also be sustained by TFs such as ETV4'> and
BATF®, even when IKZF1/3 are efficiently degraded by Len.

Besides co-option of TFs, histone modifiers are also required to establish the epigenetic
states that drive oncogenic gene regulation'’. An example of this are bromodomain
inhibitors that prevent the H3K27 acetyl-transferases CBP/p300 from binding to the /IRF4
super-enhancer, leading to IRF4 transcriptional downregulation'®, and trigger a profound
anti-myeloma effect with clinical trials now investigating a CBP/p300 inhibitor-IMiD
combination (NCT04068597). However, little is known about the role of H3K4me3
methyltransferases and associated complexes in MM. We previously showed that, relative to
normal PCs, CXXC1, a chromatin binding factor and COMPASS H3K4me3 methyltransferase
complex component, is predicted to acquire a large number of additional binding sites on
the chromatin of myeloma PCs of all genetic subgroups, especially in those with MAF
translocation’. In its physiological role, CXXC1 directly binds unmethylated CpG islands and
guides H3K4me3 broad domain deposition mostly at active promoters catalysed by its
partners SETD1A or SETD1B%23, CXXC1 has several developmental roles including in
hematopoiesis?* and T cell development?*25, while in the B cell lineage it is required for
germinal centre (GC) formation and activation of the relevant transcriptional programs?®. By
promoting the BCL6-mediated repression of Irf4, CXXC1 inhibits premature exit of B cells
from the GC and thus limits the formation of memory B cells and differentiation to
plasmablasts?®.

Here we address the hypothesis that Len-sensitive and -resistant myeloma cells repurpose
CXXC1 to regulate their transcriptional state in cooperation with lineage-defining and
oncogenic TFs and histone marks.
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Methods

Cell Lines, degrons and Len-resistant cultures

The MM.1S and H929 myeloma cell lines were used to generate CXXC1-degron clones. Len-
resistant cell cultures (LenR) were then isolated by culturing degron-tagged clones in
increasing concentration of Len (up to 64 uM) for around 12 weeks and then maintained in
64 uM Len. Control cell cultures were grown in parallel in DMSO.

Cell cycle, apoptosis, ShRNA, ChiP-seq and RNA-seq were performed and analyzed as
previously described®?”.

Accession codes for the data generated are: PXD073121 for proteomics; GSE318161 and
GSE318058 for genomics.

Detailed methods are described in Supplemental Methods.

Results

CXXC1 regulates essential transcriptional programs in myeloma
Amongst >1000 CCLE cancer cell lines, CXXC1 expression is highest in myeloma cells (Suppl
Fig 1A), supporting a relatively selective role in MM compared to other cancers.

We previously showed’ that shRNA-mediated depletion of CXXC1 in myeloma cell lines with
distinct myeloma initiating events (MAF-translocated MM1.S and NSD2-translocated H929)
causes cell death. We extended this analysis and found that shRNA-mediated depletion of
SETD1A (Suppl Figure 1B&C) is also toxic to myeloma cells (Suppl Figure 1D), suggesting an
essential role of both these COMPASS components in the biology of MM.

Since in our previous work CXXC1 binding was predicted to be higher in MAF-translocated
myeloma cells’, we performed transcriptome analysis in MM1.S cells. We found that shRNA-
mediated CXXC1 depletion resulted in downregulation and upregulation of 1281 and 1035
genes, respectively, while upon SETD1A depletion, 1958 genes were downregulated and
1661 were upregulated (Figure 1A & Table S1). Gene set enrichment analysis (GSEA) of 472
genes downregulated by both CXXC1 and SETD1A depletion identified cell cycle genes (E2F
targets, G2-M checkpoint), MYC targets, stress response functions (DNA damage, unfolded
protein response) and mTORC1 signalling as the most enriched (Figure 1B & Suppl Figure
1E). Upregulated enriched pathways included interferon response and TNFa signalling-
related inflammatory response (Figure 1B).

Consistent with these findings, cells with CXXC1 and SETD1A knock-down showed increased
DNA damage, as assessed by H2AXS139ph staining (Figure 1C&D), rapid induction of cell
cycle arrest in SETD1A-depleted (Figure 1E&F) and apoptosis in both SETD1A- and CXXC1-
depleted myeloma cells (Figure 1G&H).

Similar to MML.S cells, shRNA-mediated depletion of CXXC1 and SETD1A in H929 myeloma
cells was associated with induction of apoptosis and cell cycle arrest (Suppl Fig 1F&G);
transcriptome and GSEA analyses of differentially expressed genes showed enrichment of
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downregulated genes for cell cycle, MYC targets and mTORC1 signalling pathways (Suppl
Figure 1H&I).

We conclude that CXXC1 and SETD1A are myeloma dependencies and promote cellular
fitness and oncogenic programs in myeloma PCs.

Impact of CXXC1 expression on disease risk, biology, outcome and chromatin accessibility
We sought to explore the significance of CXXC1 expression in a clinical context using patient
detasets from the MMRF-CoMMpass study (NCT01454297).

Genes with positive correlation with CXXC1 expression (r>0.3; Figure 2A & Table S1), were
significantly enriched for E2F targets, DNA repair, G2-M checkpoint and MYC targets (Figure
2B), mirroring pathways enriched upon depletion of CXXC1. Supporting a role of CXXC1 in
myeloma cell proliferation, its expression modestly but significantly correlated with the
CoMMpass PC proliferation index?® and UAMS70 gene high-risk transcriptional sighature?®®,
which is enriched in proliferative genes (Figure 2C). Moreover, expression of CXXC1
positively and significantly correlated with high-risk genetic features including chrl1q21
gain/amplification and RB1 loss while it negatively correlated with hyperdiploidy and MYC
amplification (Figure 2D).

We then evaluated the prognostic relevance of CXXC1 expression (Suppl Figure 2A, Suppl
Table S2.C). In a univariate Cox model, high CXXC1 expression was associated with shorter
overall survival (OS) (hazard ratio (HR)=1.37; p=8x10~*%; Figure 2E) but had no impact on
progression free survival (PFS; HR=1.12, p=0.13; Suppl Figure 2B). Association with OS
became more pronounced in a multivariate model (adjusted HR=1.65, p=1x10~>, Figure 2E)
after accounting for established clinical and cytogenetic risk factors3°. Of note, in the
multivariate model, CXXC1 expression was also significantly associated with shorter PFS
(HR=1.23, p=0.02, Suppl Figure 2B).

Upon cross-validation, the multivariate model including CXXC1 achieved strong
discrimination, with a mean of time-dependent area under the curve (AUC) of 0.737 and a C-
index of 0.715, both substantially higher than those of the univariate model (AUC: 0.554; C-
index: 0.554) (Figure 2F). For progression-free survival (PFS), predictive performance was
generally lower (AUC: 0.687 vs 0.540; C-index: 0.643 vs 0.527; Suppl Figure 2C). Survival
analysis of the independent Arkansas dataset*® confirmed that higher expression of CXXC1 is
associated with worse survival (Suppl Figure 2D).

Of note, in the IMiD-treated subgroup of the CoMMpass cohort, higher CXXC1 expression
remained significantly associated with OS and PFS in both univariate and multivariable
analyses (Suppl Table S2.D, Suppl Figure 2E-H), with larger effect sizes than those observed
in the full cohort. The univariate association with PFS, which was not significant in the full
cohort, became significant in the IMiD-treated subgroup, supporting a stronger prognostic
relevance of CXXC1 in this clinically relevant treatment context.

Further analysis of another three independent gene expression datasets showed that
progression from MGUS to MM is associated with significantly higher CXXC1 expression
(Suppl Figure 21).
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Therefore, high CXXC1 expression is associated with progression from MGUS to MM and
proliferative, high risk, adverse prognosis myeloma and is a strong, independent predictor of
0S, including in IMiD-treated patients.

To explore how CXXC1 expression impacts chromatin states, we compared the
transcriptomes and chromatin accessibility of primary myeloma cells with high and low
CXXC1 expression (n=5 patients each), using normal PC (NPC) as reference, from our
previously described cohort’ (Figure 2G & Table S3). Comparison of transcriptomes (Table
S3) showed that, in line with the findings of CXXC1 knockdown (KD), genes and pathways
promoting cell cycle were highly upregulated and enriched in CXXC1"&" cells (Suppl Figure
2J&K). CXXC1Me" myeloma PCs collectively had a higher number of myeloma-specific
accessible peaks, i.e., not present in normal PC, than CXXC1'"°" cells (~39,000 vs 31,000 peaks
respectively, Figure 2H), suggesting higher CXXC1 expression is associated with a more open
chromatin. When accessibility was overlapped with CXXC1 binding peaks in MM1.S myeloma
cells (see below), the overlap was >5 fold greater in CXXC1M&" than in CXXC1'°* myeloma PC
(odds ratio: 6.16, p-value< 2.2x107%%), mostly distributed at intronic and intergenic areas
(Figure 2H). These CXXC1-binding accessible peaks showed a significant enrichment for IRF
motifs (including IRF4) in CXXC1"&" but not CXXC1'°" myeloma PC, suggesting co-binding with
IRF4 (Figure 2l). These findings are consistent with CXXC1 dose-dependent effects on
chromatin accessibility in primary myeloma cells and suggest the ability of CXXC1 to regulate
transcription of oncogenic programs through co-operation with IRF4.

Chromatin proteomics reveal CXXC1 interaction with the PC lineage-defining TFs

To obtain unbiased insights into the on-chromatin protein partnerships of CXXC1, we
performed immunoprecipitation (IP) of endogenous CXXC1 and SETD1A in MM1.S nuclear
extracts followed by Liquid Chromatography-Mass Spectrometry (LC-MS).

We identified 1086 and 1044 proteins enriched (FDR <0.05) in CXXC1 and SETD1A IPs
respectively (Figure 3A, Suppl Figure 3A and Suppl Table S4).

As expected, among the CXXC1 and SETD1A interactors, we identified several COMPASS
components (Figure 3A&E and Suppl Figure 3A). Key TFs including IRF4, IKZF1 and IKZF3 and
the RUNX family RUNX1 and RUNX3, but not MAF, also showed interaction with CXXC1. GO
analysis revealed significant enrichment of proteins associated with chromatin functions
(Figure 3B).

In co-IP/western blot assays, IP with anti-SETD1A and -IRF4 antibodies immunoprecipitated
CXXC1(Figure 3C and Suppl Figure 3B) and, reciprocally, IP against CXXC1 pulled down IRF4
and IKZF3/IKZF1 (Figure 3D and Suppl Figure 3B), further validating their individual
interactions with CXXC1.

Among the several chromatin complexes with important transcriptional roles enriched by
CXXC1 and SETD1A IP were the Mediator complex3!, the chromatin remodellers INO803? and
SWI/SNF*? and the NuA432 and Sin33* chromatin regulator complexes. CXXC1 but not SETD1A
IPs were enriched for the cleavage and polyadenylation factor group of proteins that are
known to be involved in mRNA processing and cleavage®® (Figure 3E). Co-IP/WB assays
confirmed the interaction of CXXC1 with MED1 (Suppl Figure 3C) and the cleavage and
polyadenylation factor group proteins CPSF1-3 (Suppl Figure 3D).
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Chromatin co-binding of CXXC1 with lineage-affiliated TFs and MAF

Using ChlP-seq in MM1.S cells, we mapped the genome-wide binding profiles of CXXC1 and
SETD1A and integrated them with binding of MED1, RNA Polymerase Il, EZH2 and several
histone marks. We identified 45,535 CXXC1 binding sites which mostly overlap with
transcriptionally active chromatin and with limited overlap with repressive chromatin (Figure
4A). SETD1A ChlP-seq detected a smaller number of peaks mainly overlapping with the
~10% most robust CXXC1 peaks, possibly reflecting the ability of CXXC1 but not of SETD1A to
directly bind DNA, and/or differences in the Ab affinities or epitope accessibility (Figure 4A).
ChromHMM annotation showed that CXXC1 binds to active enhancers and promoters
(Figure 4B). Moreover, we identified 615 and 773 CXXC1-bound neo-promoters and neo-
enhancers respectively (i.e., not active in mature B and normal PCs, Figure 4C), suggesting
that CXXC1 participates in conferring myeloma-specific regulatory potential in malignant PC.

Integration of CXXC1 ChIP-seq with the transcriptome of CXXC1 knock-down cells by BETA3,
identified 686 and 553 genes that are predicted to be directly bound and activated or
repressed, respectively, by CXXC1 (Figure 4D & Suppl Table S5). GSEA confirmed that CXXC1-
activated genes are more highly and significantly enriched than CXXC1-repressed genes in
cell cycle, E2F1, MYC targets and DNA repair pathways (Figure 4E).

Similarly, SEDT1A is predicted to activate 743 genes enriched for MYC and E2F targets, cell
cycle, mTORC1 signalling, unfolded protein response and DNA Repair (Suppl Figure 4A&B;
Table S5)

CXXC1 footprints in newly accessible chromatin are particularly pronounced in MAF-
translocated myeloma’. Overlaying of MAF and CXXC1 ChIP-seq peaks showed considerable
overlap, with 25% of CXXC1 binding sites overlapping with MAF binding, corresponding to
65% of all MAF binding sites (Figure 4F&G). We identified 34 genes (24 activated, 10
repressed) and regulatory regions that are co-occupied and co-regulated by MAF and CXXC1;
(Suppl Figure 4C & Suppl Table S5). Amongst these was the neo-enhancer of the cell-
migration CCR1gene which we previously showed is activated by oncogenic MAF® (Suppl
Figure 4C&D). We found co-binding of CXXC1, IRF4 and MAF at accessibility peaks that were
identified as significant for CCR1 transcriptional regulation by Peaks-to-Genes (P2G) analysis
of primary myeloma cells subjected to paired ATAC-seq and RNA-seq analyses’ (Suppl Figure
4D).

Comparison of the IRF4, IKZF1/3 and CXXC1 cistromes found that nearly all CXXC1 binding
sites were co-occupied by IRF4, while 70% and 40% were co-occupied by IKZF1 and IKZF3,
respectively. A higher fraction of all IKZF3 than IKZF1 peaks (40% vs 25% of all) co-bound
with CXXC1, while >50% of IRF4 binding sites were co-bound by CXXC1 (Figure 4F&G). The
IRF4, IKZF1/3 and CXXC1 co-bound regions showed higher chromatin accessibility in primary
myeloma PC expressing higher CXXC1 levels (Figure 4F).

Using TOPmentation3’, we extended these studies to myeloma PC from two patients
(PTO511 with t(11;14) and UPN108 with hyperdiploid MM; Figure 4H & Suppl Figure 4E).
Among the CXXC1 BETA targets, we found that CXXC1 occupied 69% of CXXC1 BETA regions
and 85% of BETA genes in PT0511, and 49% regions and 80% genes in UPN108, with variable
IKZF3 and IRF4 co-binding and presence of active chromatin marks (H3K27ac, H3K4me3).
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GSEA of BETA activated genes bound by CXXC1 in the patient myeloma PC showed significant
enrichment for E2F-, MYC-targets and DNA repair (Suppl Figure 4F).

Degron-mediated depletion of CXXC1 reveals dual chromatin function of CXXC1

For inducible degradation of CXXC1 and functional analysis upon acute loss of CXXC1, we
generated two FKBP12M3®V- and HA-tagged CXXC1-degron clones (M1&M2) in MM1.S cells3®
(Figure 5A). Degron-tagged endogenous CXXC1 was expressed at a level similar to the
endogenous native protein of the parental cells, while treatment with the degron inducer
dTAG-V138 resulted in loss of total CXXC1 as early as 4hrs (Figure 5B and Suppl Figure 5A). In
competition assays, while co-cultured parental MM1.S cells survived after dTAG-V1
treatment, M1&M2 cells were selectively depleted (Figure 5C&D).

Transcriptome analysis of M1 and M2 cells showed hundreds of genes up- and down-
regulated at 24 hours, and >1,000 up- and down-regulated genes at 60 hours post CXXC1
depletion (Figure 5E & Table S6). GSEA of downregulated genes in CXXC1-depleted cells
highlighted enrichment for cell cycle, MYC-dependent transcription, DNA repair, mTORC1
signalling and unfolded protein response (Figure 5F). CXXC1 depletion resulted in cell cycle
arrest of both M1 and M2 cells (Suppl Figure 5B).

Chromatin analysis of M1 revealed ~45,000 CXXC1 binding peaks, mostly distributed
between promoters and enhancers (Figure 5G). While significant loss of CXXC1 binding to
chromatin was observed upon dTAG-V1-induced CXXC1 depletion, this was not complete at
60hrs, even with nearly full loss of total CXXC1 protein detection, suggesting that chromatin-
bound CXXC1 may not be as susceptible to degron-induced depletion. To further explore
this, we carried out ChIP-seq with anti-HA Ab and identified only 4,441 significant CXXC1
peaks, suggesting possible lower affinity or accessibility of the HA epitope for the antibody
(Suppl Figure 5C). Nearly all of these peaks were also identified by the anti-CXXC1 Ab and
were severely depleted upon dTAG-V1 treatment. Notably, these anti-HA peaks showed
extensive SETD1A co-binding and corresponded to the strongest CXXC1 Ab peaks and unlike
peaks identified by the CXXC1 Ab, lacked IRF4 and IKZF1/3 co-binding, were highly enriched
in unmethylated CpG islands (Suppl Figure 5C) and were devoid of IRF4 motifs (Suppl Figure
5D).

Therefore, in addition to its reported function at unmethylated CpG islands'®?!, CXXC1 also
serves to regulate gene transcription in myeloma cells through co-binding with TFs.

Chromatin profiling of H3K4me3, the histone mark deposited by COMPASS?*°, notably
showed no significant differences between DMSO control and dTAG-V1-treated myeloma
cells (Suppl Figure 5E) except for broad domains (BDs) (>4 kb) linked to transcriptional
activation of lineage identity genes?® (Figure 5H&I). Indeed, BD loss was found at PC lineage-
defining genes such as IRF4, PRDM1, XBP1 but less so at IKZF1/3 (Figure 5J). There were only
limited changes in H3K27ac distribution upon CXXC1 depletion (Suppl Figure 5F).

CXXC1-dependent IRF4 transcription and chromatin binding
To explored the impact of CXXC1 in Len resistance, we generated Len-resistant derivatives
(LenR) from clones M1and M2 (Len IC50 565 and 587 uM respectively) and compared them
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with their Len-sensitive (LenS) counterparts, showing sensitive range®>!¢4! (Len 1C50 0.049
and 0.017uM; Figure 6A). As expected with Len treatment, expression of IKZF3 and of its
feed-forward loop partners IRF4 and MYC decreased; by contrast, expression remained
robust for all three TFs in LenR cells (Suppl Figure 6A&B). Despite these differences, dTag-V1
treatment resulted in death of LenS and LenR degrons at a similar rate, suggesting that
myeloma cells were dependent on CXXC1 for survival regardless of Len sensitivity (Figure
6B&C).

Mechanistically, CXXC1 depletion in LenS M1 cells reduced expression of MYC and IRF4, but
not IKZF3. In LenR M1, Len-resistance was consistent with loss of expression of CRBN
resulting in sustained expression of IKZF3, while CXXC1 depletion decreased expression of
MYC but not IRF4 or IKZF3 (Figure 6D). mRNA expression broadly mirrored this pattern
(Suppl Figure 6C).

Crucially, ChIP-seq analysis showed that overall binding of IRF4 to chromatin in CXXC1-
depleted cells was significantly impaired in both LenS and LenR cells (Figure 6E). Thus, IRF4
binding to chromatin is CXXC1-dependent, even when IRF4 expression is not altered upon
CXXC1 depletion.

CXXCldepletion moderately but significantly reduced the genome-wide binding of IKZF3 in
LenR but notin Len S cells (Figure 6E).

In CXXC1-depleted and —replete LenS and LenR M2 cells, IKZF3 and MYC protein expression
mirrored what was observed in M1 cells, although changes at the mRNA level were less
apparent (Figure 6G and Suppl Figure 6D). However, IRF4 mRNA and protein levels
decreased in both LenS and LenR M2 cells (Figure 6G and Suppl Figure 6D). At the chromatin
level, this was reflected by significant reduction of both IRF4 and IKZF3 binding in CXXC1-
depleted LenS and LenR cells, showing CXXC1-dependenance of IRF4 and IKZF3 chromatin
binding in two distinct Len-resistant derivatives (Figure 6H).

In parental M1 cells, depletion of CXXC1 was also associated with significant chromatin-wide
reduction in IKZF1 and MYC binding (Suppl Figure 6E).

We tested the transcriptional effects of CXXC1 depletion in LenS and LenR M1/M2 cells by
BETA-integrating the corresponding transcriptome changes with the CXXC1 ChIP-seq profile.
GSEA of BETA genes in LenS and LenR M1 and M2 cells confirmed higher enrichment of
E2F1- and MYC-targets, mTORC1 signalling and unfolded response amongst the
downregulated genes and interferon signatures among the upregulated (Figure 6F&I &
Suppl Table S7). Downregulation of several of these CXXC1-activated BETA genes in CXXC1-
depleted M1/M2 cells was also validated by reverse transcriptase-qPCR (Suppl Figure 6F).
Analysis of the IRF4 promoter and super-enhancer in LenS & LenR M1 and M2 cells showed
that, upon CXXC1 reduction, IRF4 binding was markedly diminished, whereas IKZF3 binding
was not or only mildly affected (Figure 6J). Accessibility peaks that were identified as
significant for IRF4 transcriptional regulation by P2G analysis of primary myeloma cells were
extensively co-bound by CXXC1, IRF4 and IKZF3 (Figure 6)).

These findings are consistent with a feed-forward transcriptional loop whereby IRF4 sustains
its own transcription through CXXC1-dependent co-binding.
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To confirm this, we performed bidirectional CXXC1-IRF4 ChIP-re-ChlP at three sites of the
IRF4 super-enhancer. This showed simultaneous binding of both factors at the IRF4 super-
enhancer, thus further supporting CXXC1-IRF4 interaction and co-binding (Suppl Figure 6G).

Amongst several other genes relevant to myeloma cell fitness that are predicted to be
regulated by CXXC1 marked by loss of IRF4 and/or IKZF3 upon CXXC1 depletion (Suppl Figure
6H&I) was APOBEC3B, a protein that underpins genomic instability and high-risk myeloma in
the context of MAF-translocated and other forms of MM#243,

Together, these findings demonstrate a CXXC1-dependent activity of IRF4 and IKZF3 and co-
regulation of transcriptional programs required for Len response and resistance.

To investigate the role of CXXC1 in Len resistance in a different genetic background, we
generated LenR CXXC1-degron-tagged H929 cells (clone H1-LenR; Len IC50 384 uM) (Suppl
Figure 7A&B) by growth in Len. Parental LenS H929 cells (IC50 0.57 uM) responded to Len
with reduction of MYC and IKZF3 but not IRF4 expression, while H1-LenR cells retained IRF4
and MYC but not IKZF3 expression (Suppl Figure 7C). CXXC1 depletion resulted in loss of H1-
LenR cells in co-culture with H929 cells (Suppl Figure 7D). Transcriptome analysis of H1-LenR
upon CXXC1-depletion confirmed that CXXC1 regulates myeloma fitness programs such cell
cycle and MYC targets (Suppl Figure 7E&F & Suppl Table S7). Consistently, cell cycle in
CXXC1-depleted cells was arrested with significant reduction of G2/M cells, coinciding with
increase of subG0/1 apoptotic cells (Suppl Figure 7G). Notably, H1-LenR cells preserved
CRBN expression despite exposure to Len and responded with reduced expression of MYC
but not of IRF4 upon CXXC1 depletion (Suppl Figure 7H). ChIP-seq in H1-LenR cells showed
extensive chromatin co-binding of CXXC1 and IRF4. Induction of CXXC1 depletion resulted in
significant loss of IRF4 chromatin binding parallel to the loss of CXXC1 binding (Suppl Figure
71). BETA integration of the CXXC1 cistrome of H1-LenR myeloma cells upon CXXC1 depletion
with the corresponding transcriptomes, confirmed that CXXC1 activates cell cycle, E2F, MYC
targets and mTORC1 signalling genes (Suppl Figure 7J).

Together, these findings corroborate in different genetic backgrounds the CXXC1-dependent
IRF4 chromatin binding and regulation of myelomagenic transcriptional programs in Len-
resistant cells, independent of cereblon expression status.

Discussion

We identified CXXC1 as a key enabler of the IRF4-dependent oncogenic gene regulatory
networks that control myeloma cell proliferation and fitness. Importantly for myeloma
treatment, our data showed that targeting CXXC1 can overcome IMiD resistance by directly
dysregulating IRF4, providing a promising strategy for relapsed/refractory disease.

High CXXC1 expression marks high-risk genetic features, proliferative transcriptional
signatures and adversely impacts patient survival, thus supporting its importance in the
biology of high-risk myeloma. Mechanistically, these effects of CXXC1 are linked to its ability
to directly regulate expression of genes involved in essential cellular functions in myeloma
PC and to instruct chromatin binding of IRF4 and IKZF1/IKZF3.
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Changes in H3K4me3 upon CXXC1 depletion affect mostly H3K4me3 BDs at PC lineage-
defining genes and not in total H3K4me3 chromatin modification, consistent with previous
reports for COMPASS?3, Similarly, in GC B cells, CXXC1 deletion does not impact overall
H3K4me3 chromatin levels except for loss of BDs at genes related to B lineage and mitotic
cell cycle?®. These limited H3K4me3 changes in the absence of CXXC1 likely reflect
redundancy between the COMPASS and the KMT2A/B histone methyl-transferase
activities?.

Beyond the previously reported recruitment of the glucocorticoid receptor by SETD1A to
chromatin in response to dexamethasone**, little is known on the interaction of CXXC1 and
COMPASS with TFs. Our co-IP-MS approach revealed interaction of CXXC1 with the PC
lineage-defining TFs IKZF3 and IRF4. These interactions were corroborated at the chromatin
level by finding extensive co-binding of all three factors and by demonstrating that CXXC1
depletion disrupts co-binding of IRF4 and IKZF1/IKZF3 and dysregulates cell proliferation and
fitness transcriptional programs. These functions are not limited to CXXC1 binding to CpG
islands and the ensuing deposition of H3K4me3. Indeed, the combinatorial analysis of
CXXC1, IKZF3, IRF4 and histone marks allowed the delineation of two patterns of CXXC1-
dependent chromatin regulation. The majority of the CXXC1-bound regions are co-bound by
these DNA binding factors, whereas a second set, which includes only ~10% of CXXC1
binding sites, is characterised by high level of SETD1A co-occupancy and exclusion of IRF4
and IKZF3. This latter pattern is enriched in chromatin regions of unmethylated CpG islands
and is consistent with the role of CXXC1 and COMPASS in protecting CpG islands from
repressive DNA methylation'®20. Similar patterns of CXXC1 chromatin binding were
previously reported in early B cell progenitors showing a segregated pattern of CXXC1
chromatin binding whereby B lineage-defining transcription factors co-bind with CXXC1
outside the unmethylated CpG islands3°.

Given the extensive CXXC1-IKZF1/IKZF3-IRF4 interplay and the critical role of these TFs in the
regulation of IMiD response, we extended our investigation into the role of CXXC1 in the
context of Len resistance, a clinical outcome that eventually affects most IMiD-treated
patients 1314, CXXC1 depletion resulted in significant loss of IKZF3 binding to chromatin
despite preserved expression of the latter in LenR cells. Importantly, for IRF4, CXXC1
depletion provided evidence of two levels of CXXC1-IRF4 interaction. One that entails CXXC1-
dependent co-binding of IRF4 with CXXC1 on chromatin irrespective of changes in IRF4
expression; and another, in which CXXC1, by co-binding with IRF4 to the /RF4 super-
enhancer and promoter, directly regulates /IRF4 transcription and thus indirectly decreases
IRF4 binding to chromatin. This is consistent with a CXXC1-dependent, self-regulation of IRF4
expression in a feed-forward loop.

Despite the distinct CXXC1-IRF4-IKZF3 interplay in LenR vs LenR myeloma cells, CXXC1
depletion results in transcriptional downregulation of genes regulating myeloma cell fitness
and IMID resistance, including those for cell cycle, MYC-signaling, DNA repair and
proteostasis.

Further supporting the notion that CXXC1 regulates transcriptional programs that overlap
with those activated by IMiDs, genes directly repressed by CXXC1 in both LenS and LenR
myeloma cells are enriched in IFN pathway response!>'6, We also note the ability of CXXC1
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to directly regulate expression of APOBEC3B, responsible for mutational signatures that
underpin genomic instability and high-risk myeloma*>43,

In conclusion, CXXC1 is required for IRF4 and IKZF3 activity and together regulate genes
critical for cell fitness in IMiD-resistant as well as -sensitive myeloma cells. Since direct or
indirect targeting of IRF4 remains one of the highest priorities in MM therapeutics, our
findings showing that IRF4 activity is CXXC1-dependent provides a strong rationale for
therapeutic targeting of CXXC1 itself and the COMPASS complex more broadly in the context
of IMiD-resistant as well as -sensitive myeloma. Supported by the observation that, while
CXXC1 promotes the proliferative GC B cell reaction, it is dispensable for normal PC
differentiation?®, such an approach could follow the principles of therapeutic targeting of the
oncogenic KMT2A methyltransferase complex in acute myeloid leukaemia by Menin
inhibitors* and would complement emerging epigenetic and transcriptional approaches of
IRF4 therapeutics that target CBP/p300 histone acetyl-transferases'®4® and the SWI/SNF
family of chromatin remodelling complexes*’.
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Figure Legends

Figure 1. CXXC1 regulates essential transcriptional programs in myeloma

A. Heatmaps of differentially expressed genes identified by RNA-seq (n=2, biological
replicates per condition) upon shRNA-mediated depletion of CXXC1 and SETD1A in MM1.S
cells for three days. Right heatmap shows DEG shared by CXXC1 and SETD1A-depleted cells
(Log2F change >|1|; padj <0.05)

B. GSEA of shared up and downregulated genes from A.

C. Immunofluorescence assay to assess DNA damage response after staining for DAPI and
with anti-H2AXS139ph Ab of MM1.S cells three days after their treatment with CXXC1- and
SETD1A- targeting shRNA or scramble control. Scale bar, 5um.

D. Cumulative data of C (n=3-4; mean = SEM is shown, t test against scrb control).

E. Flow-cytometric analysis of cell cycle of MM1.S cells (day 4) after propidium iodide
staining using the indicated shRNAs and scramble controls.

F. Cumulative data of E (n=3, mean £ SEM is shown, one way-Anova).

G. Flow-cytometric analysis of apoptosis of MM1.S cells after propidium iodide and Annexin
V staining (day 4) using the indicated shRNAs and scramble controls.

H. Cumulative data of G showing Annexin V+PI+ cells (n=3, mean = SEM is shown, t test

against scrb control).
*p<0.05, **p<0.01, ****p<0.0001

Figure 2. CXXC1 expression correlates with chromatin accessibility and high risk, adverse
prognosis proliferative myeloma
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A. Correlation of CXXC1 expression with other genes expressed in primary myeloma cells.
Data from the MMRF CoMMpass (n= 789 patients with myeloma plasma cell RNA-seq).

B. GSEA of positively correlated genes (r>0.3; red coloured in A).

C. Scatterplots showing correlation of CXXC1 expression with transcriptome-based
proliferation index (top) and the gene expression signature-based UAMS-70 Proliferation
Score (bottom), as retrieved from MMRF CoMMpass.

D. Correlation of CXXC1 expression with different myeloma genetic subgroups as retrieved
from MMRF CoMMpass.

E. Kaplan—Meier curves showing OS probability over a 10-year time scale across CXXC1
expression quantiles in univariate (top) and multivariate (middle) Cox proportional hazards
models. The multivariate model adjusts for sex, age, ISS stage, LDH, and high-risk cytogenetic
alterations (NSD2 and MAF translocations, 1921 gain, 17p13 and 1p22 deletions). Wald p-
values and hazard ratios (HRs) with 95% confidence intervals are shown. CXXC1 mRNA
expression range for each quantile is shown at the bottom.

F. Cross-validated performance of OS prediction models including CXXC1. Time-dependent
area under the curve (AUC; top graph) and the concordance index (C-index; bottom graph)
with 95% confidence intervals across folds are shown for both univariate with multivariate
models.

G. mRNA expression of CXXC1 in CXXC1 low and high primary myeloma cells (n=5 each) and
normal PC (n=3).

H. Stepwise identification of myeloma-specific (i.e. not present in normal plasma cells)
chromatin accessible sites in CXXC1-high and -low myeloma plasma cells and fraction of
myeloma-specific ATAC-seq peaks bound by CXXC1 in CXXC1 high and low cells (Fisher’s
exact test). In addition, promoter vs enhancer distribution of CXXC1-bound, myeloma-
specific accessible sites is shown. MM and NPC data derived from reference 7.

I. Motif analysis and enrichment of CXXC1-bound ATAC-seq peaks in CXXC-high and -low
myeloma cells.

Figure 3. Chromatin protein interactome reveals novel interactions of CXXC1 with IRF4 and
IKZF3

A. Volcano plot of proteins differentially and significantly enriched after
immunoprecipitation with CXXC1 and in relation to IgG control upon MS analysis (FDR<0.05).
Proteins of interest are highlighted.

B. Ontology enrichment over-representation analysis of proteins that are significantly
enriched upon CXXC1 immunoprecipitation.

C. CXXC1 interaction with indicated proteins. Cell lysates were first immunoprecipitated
with anti-CXXC1, -SETD1A, -IRF4 or 1gG control Abs and detected by western blot with anti-
CXXC1 Ab.

D. IRF4, IKZF3 and IKZF1 interaction with CXXC1. Cell lysates were first immunoprecipitated
with anti-CXXC1 or IgG control Abs and detected by western blot with anti-IRF4, -IKZF3 or -
IKZF1 Abs.

E. Heatmap of normalised values of proteins (see Methods) identified by MS as enriched
after immunoprecipitation with anti-CXXC1, -SETD1A or IgG control Abs. Protein members of
the Mediator, INO8O, Sin3, Nu4A, mRNA cleavage and COMPASS complexes are shown. For
normalisation of protein abundance values, the coefficient of variation (SD/mean) of
proteins present in all four replicates samples was calculated. Among these proteins,
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proteins with coefficient of variation <60% were classified as background, the sum of their
intensity was calculated, and all protein spectra were divided by this value and then Log2
transformed.

Figure 4. Chromatin co-binding of CXXC1 with lineage-affiliated TF and oncogenic MAF

A. Heatmap of chromatin binding of CXXC1 and SETD1A and other indicated chromatin
factors and histone modifications as assessed by ChIP-seq in MM1.S myeloma cell line. Top
metagene graphs illustrate binding of chromatin factors and histone enrichment in regions
bound solely by CXXC1 or SETD1A or by both.

B. Heatmap of indicated epigenomic states of chromatin regions bound solely by CXXC1 or
SETD1A or by both.

C. Heatmap of CXXC1 chromatin binding to promoter and enhancer regions that are de novo
activated in myeloma cells and predominantly inactive across different B-cell development
states (Blueprint chromHMM states, as per reference 6).

D. Schematic of the principle of BETA analysis and number of genes predicted to be directly
regulated, activated or repressed by CXXC1 by BETA analysis.

E. GSEA of genes predicted to be activated or repressed by CXXC1 by BETA.

F. Heatmap of the indicated transcription and chromatin factors co-binding with CXXC1
centred on CXXC1. Heatmaps of ATAC-seq from patient myeloma plasma cells with high and
low expression of CXXC1 are shown.

G. Top: Fraction of CXXC1 ChlP-seq peaks showing co-binding with indicated TF (dark blue).
Bottom: Fraction of each transcription and chromatin factor binding peaks co-bound by
CXXC1 (dark blue). Overall number of peaks for each factor is also shown.

H. Venn diagrams showing binding of CXXC1 in patient myeloma PC at chromatin regions
bound by CXXC1in MM1.S cells (left) and are predicted to directly regulate genes (right) in
MM1.S cells. The primary genetic event for patient PT0511 is t(11;14) and for patient
UPN108 is hyperdiploidy.

Figure 5. Probing the role of CXXC1 on chromatin activity upon its degron-dependent
depletion in myeloma cells

A. Schematic of the degron system for CXXC1 protein depletion.

B. Western blot using anti-CXXC1 Ab of parental MM1.S cells and of M1 and M2 degron-
tagged myeloma cells with dTag-V1-induced CXXC1 depletion at different time points.
Vinculin is shown as loading control.

C&D. Flow-cytometric analysis (left) and cumulative data (right) of cell viability over 12 days
of a 1:1 co-culture of parental MM1.S cells and mNeon-Green-expressing M1 and M2 cells
upon treatment with DMSO control or dTag-V1 (n=3 independent experiments).

E&F. Volcano plot and shared differentially expressed genes in M1&M2 cells before and at
24 and 60hrs post-degron induction (E). GSEA at 60hrs (F).

G. Heatmap showing CXXC1, chromatin binding in parental MML1.S cells and M1 degron-
tagged cells 60hrs after DMSO or dTag-V1 treatment. Bar on the right shows promoters and
enhancers as assessed by chromHMM. Corresponding metagene profiles are shown on top
of heatmaps.

H. Heatmap of H3K4me3 broad domains (BDs) (>4kb) with and without degron induction
and CXXC1 depletion at 60hrs.

I. Comparison of normalised ChIP-seq signal of H3K4me3 broad domains with and without
degron induction as shown in J.
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J. IGV browser snapshots of examples of H3K4me3 broad domains at regulatory areas of
plasma cell lineage affiliated transcription factors. H3K27ac and CXXC1 binding are also
shown.

Figure 6. CXXC1-dependent IRF4 transcription and binding to chromatin and regulation of
lenalidomide resistance

A. IC50 estimation of LenS and LenR M1 and M2 myeloma cells. Cells were exposed to
varying concentrations of Lenalidomide for 5 days and viability was assessed by CellGlo
assay.

B&C. Viability of LenS and LenR M1 and M2 myeloma cells over time as assessed by flow
cytometry upon treatment with DMSO or dTAGV1.

D. Expression of MYC, IRF4, IKZF3, CRBN and CXXC1 in M1 LenS and LenR myeloma cells
upon treatment with DMSO or dTag-V1 for 60 hrs as assessed by Western blot. Duplicate
assays are shown.

E. Heatmaps of IRF4 and IKZF3 chromatin binding upon treatment with DMSO or dTAGV1 for
60hrs of M1 LenS and R cells. Heatmap of CXXC1 is from Fig 4F.

Metagene profiles are also shown on top of heatmaps. Significant differences in factor
binding are shown at the bottom of heatmaps. ***, p<0.0001

F. GSEA of genes identified by BETA as bound by CXXC1 (ChIP-seq) and differentially
expressed (RNA-seq) upon CXXC1 depletion in M1 cells.

G. Expression of MYC, IRF4, IKZF3, CRBN and CXXC1 in M2 LenS and LenR myeloma cells
upon treatment with DMSO or dTAGV1for 60hrs as assessed by Western blot. Duplicate
assays are shown.

H. Heatmaps of IRF4 and IKZF3 chromatin binding upon treatment with DMSO or dTAGV1for
60hrs of M2 cells. Heatmap of CXXC1 is from Fig 4F. Metagene profiles are also shown on top
of heatmaps. Significant differences in factor binding are shown at the bottom of heatmaps.
*¥* p<0.0001

I. GSEA of genes identified by BETA as bound by CXXC1 (ChIP-seq) and differentially
expressed (RNA-seq) upon CXXC1 depletion in M2 cells.

J. IGV browser snapshot of IRF4 and its enhancer showing CXXC1, IRF4 and IKZF3 binding
and corresponding changes upon CXXC1 depletion for 60hrs. H3K4me3 and H3K27ac
enrichment and ChromHMM states of chromatin are also shown. Significant peak-to-gene
(P2G) linkage associations (p < 0.05, rho > 0.5) identified in primary MM ATAC-RNA-seq
samples are shown at the bottom.
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