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ABSTRACT Immunomodulatory drugs (IMiD) are a backbone therapy for multiple myeloma
(MM). Despite their efficacy, most patients develop resistance, and the mechanisms
are not fully defined. Here, we show that IMiD responses are directed by IMiD-dependent degradation
of IKZF1 and IKZF3 that bind to enhancers necessary to sustain the expression of MYC and other
myeloma oncogenes. IMD treatment universally depleted chromatin-bound IKZF1, but eviction of
P300 and BRD4 coactivators only occurred in IMiD-sensitive cells. IKZF1-bound enhancers overlapped
other transcription factor binding motifs, including ETV4. Chromatin immunoprecipitation sequencing
showed that ETV4 bound to the same enhancers as IKZF1, and ETV4 CRISPR/Cas9-mediated ablation
resulted in sensitization of IMiD-resistant MM. ETV4 expression is associated with IMiD resistance
in cell lines, poor prognosis in patients, and is upregulated at relapse. These data indicate that ETV4
alleviates IKZF1 and IKZF3 dependency in MM by maintaining oncogenic enhancer activity and identify
transcriptional plasticity as a previously unrecognized mechanism of IMiD resistance.

We show that IKZF1-bound enhancers are critical for IMiD efficacy and that the factor
ETV4 can bind the same enhancers and substitute for IKZF1 and mediate IMiD resistance by maintain-
ing MYC and other oncogenes. These data implicate transcription factor redundancy as a previously

unrecognized mode of IM{D resistance in MM.

See related article by Welsh, Barwick, et al., p. 34.
See related commentary by Yun and Cleveland, p. 5.

INTRODUCTION

Over the past two decades, the outcomes of patients with
plasma cell malignancy multiple myeloma (MM) have dra-
matically improved because of the development of novel
agents, such as immunomodulatory drugs (IMiD). IMiDs
include thalidomide and its analogues lenalidomide, poma-
lidomide, and others (1, 2). IMiDs are reported to modulate
the immune system, reduce angiogenesis, and cause cytostatic
inhibition of MM cells (3); the mechanism underlying these
activities was not discovered until after their clinical efficacy
was established (4, 5). The IMiD thalidomide was first shown
to bind the E3 ubiquitin ligase Cereblon (CRBN), which is
necessary for its infamous teratogenic effects in utero (6).
Subsequently, CRBN was shown to be necessary for the
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antimyeloma effects of lenalidomide (7), and this was due, at
least in part, to IMiD-directed CRBN binding and subsequent
ubiquitination and proteasomal degradation of the transcrip-
tion factors IKAROS (IKZF1) and AIOLOS (IKZF3; refs. 8, 9).
Before IKZF1 and IKZF3 were known to be targeted by IMiDs,
Ikzf1 was identified as essential for lymphocyte commitment
in the mouse (10). Later homology screens identified Ikzf3,
which was subsequently shown to be necessary for plasma
cell differentiation (11, 12). However, how IKZF1 and IKZF3,
and therefore IMiDs, regulate the gene-expression program in
MM cells remains poorly understood.

Gene regulation has been extensively studied in B cells, where
immunoglobulin heavy (IGH) enhancers were the first eukary-
otic enhancers discovered (13-15) and the gene regulatory pro-
gram of plasma cells has been well characterized (16). Recent
work has identified clustered enhancer elements that form
super-enhancers (SE), which are densely bound by transcrip-
tional coactivators such as the acetyltransferase P300, the RNA
polymerase II elongation factor BRD4, and mediator of RNA
polymerase II transcription subunit 1 (MED1,; ref. 17). SEs con-
trol cell identity in normal and cancerous tissues, including MM
cell lines (18) and the gene regulatory landscape of primary MM
is characterized by SEs that drive oncogene expression (19-21).
IKZF1 and IKZF3 have been shown to function at SEs in B-cell
leukemia (22), but there are little data on the genomic targets of
IKZF1 and IKZF3 in MM or on how IMiDs may regulate SEs.

Structural rearrangements in MM juxtapose SEs with onco-
genes. Primary events include translocation of the IGH enhanc-
ers (23) to one of the Cyclin D genes (CCNDI, CCND2, CCND3,;
ref. 24), the histone methyltransferase NSD2 (also known as
MMSET and WHSCI), which often involves reciprocal trans-
location of the IGH p enhancer to drive ectopic expression of
FGFR3 (25, 26), or a Maf proto-oncogene (MAF, MAFB; ref. 27).
Although almost always a secondary event, MYC is the most
common dysregulated oncogene in MM and occurs by focal
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amplification of MYC or its enhancers and complex structural
rearrangements, often involving IGH enhancers, immunoglob-
ulin light chain (IGL, IGK) enhancers, SEs at TXNDCS, FAM46C,
or other loci (28-33). MYC transcriptional amplification is
associated with disease progression (32, 34) and is observed in
most MM cell lines (35). IMiD sensitivity corresponds with the
downregulation of MYC and IRF4, suppressing proliferation
and cell survival, respectively (36, 37), but whether IKZF1 and
IKZF3 directly regulate MYC is still not known.

In the present study, we identified IKZF1 binding to the
majority of enhancers and almost all SEs throughout the MM
epigenome. Although IMiDs universally depleted chromatin-
bound IKZF1, the transcriptional coactivators BRD4 and
P300 were selectively depleted in IMiD-sensitive cells, but not
in IMiD-resistant cells. IMiD-resistant MM cells maintained
BRD4 and P300 occupancy and oncogenic enhancer function
through the expression of the E26 transformation-specific
(ETS) transcription factor ETV4, which cobinds enhancers
with IKZF1 and induces IMiD resistance. These results dem-
onstrate that transcriptional plasticity is a previously unap-
preciated mechanism of IMiD resistance in MM.

RESULTS

IMiDs Downregulate MYC in IMiD-Sensitive
MM Cells

IMiD activity was measured in 12 MM cell lines treated with
lenalidomide for up to six days (Fig. 1A). This analysis identified
IMiD-sensitive (e.g., MM1S, OPM2, and H929) and resistant
cells (e.g., RPMI8226, L363, KMS18, INAG6, and JJN3). Because
IMiD sensitivity is reported to correspond with IRF4 and MYC
downregulation (36, 37), mRNA expression was determined by
RT-qPCR and indicated that IRF4 and MYC were repressed in
lenalidomide-sensitive cells, but not in lenalidomide-resistant
cells, where compensatory transcriptional upregulation often
occurred (Supplementary Fig. S1A). MYC protein depletion
was also confirmed in sensitive MM cells but not in resistant
cells, despite IKZF1 and IKZF3 depletion (Fig. 1B; Supplemen-
tary Fig. S1B). As expected, lenalidomide-mediated depletion
of IKZF3 and MYC was dependent on CRBN, as demonstrated
in CRBN-deficient MM cells (Supplementary Fig. S1C), which
is consistent with previous results (7).

To more broadly characterize the transcriptional effects of
IMiDs in MM, RNA sequencing (RNA-seq) was performed
on IMiD-sensitive MM1S and OPM2 cells treated with lena-
lidomide. This analysis identified 320 and 1,239 differentially
expressed genes (DEG) in MMI1S and OPM2, respectively
(Fig. 1C; Supplementary Data 1). DEGs were consistent
between replicates in each cell type, as indicated by hierarchi-
cal clustering, which separated the lenalidomide-treated from
mock-treated controls (Fig. 1D). Annotation of gene-expression
changes by gene set enrichment analysis (GSEA) indicated that
lenalidomide increased interferon-o. gene expression in both
MMI1S and OPM2 (Fig. 1E, top), consistent with previous
reports (36, 38). Upregulated interferon-a genes included IFIT3
and MX2, as well as other type I interferon responsive genes
not included in the GSEA Hallmark Interferon-a gene set, such
as CD38 and CD274 (which encodes PD-L1; Fig. 1F, top; refs.
36, 39). Downregulated genes included MAF in MM1S, which
has an IGH;MAF t(14;16) translocation, and FGFR3 in OPM2,

which has an IGH;FGFR3 t(4;14) translocation (Fig. 1F, middle).
Together, these data suggest that IMiDs impair the function
of the IGH enhancer(s), which are translocated to these onco-
genes. This was further supported by the downregulation of
MYC in MM1S, which also has an IGH;MYC t(8;14) transloca-
tion (Fig. 1F, bottom). Furthermore, lenalidomide also resulted
in MYC downregulation in OPM2 (Fig. 1F, bottom), and MYC
targets were the most depleted gene set of all Hallmark gene sets
in both cell types (Fig. 1E, bottom; Supplementary Data S1).
The above results were corroborated by silencing IKZF3
using shRNAs. Two separate OPM2 shIKZF3 clones were
established, and doxycycline was used to induce IKZF3 knock-
down. RNA-seq analysis of doxycycline-treated cells identified
298 dysregulated genes, including IKZF3 (Supplementary
Fig. S2A; Supplementary Data S2). The results were similar
between both OPM2 clones, as demonstrated by the hierar-
chical clustering of DEGs (Supplementary Fig. S2B). Simi-
lar to the gene-expression analysis of lenalidomide-treated
cells, GSEA indicated upregulation of type I interferon genes
and downregulation of MYC signaling (Supplementary
Fig. S2C; Supplementary Data S2). Furthermore, GSEA of
lenalidomide-regulated genes in OPM2 (Fig. 1C) showed
that lenalidomide-upregulated genes were enriched in the
shRNA controls and that lenalidomide-downregulated genes
were enriched in the shIKZF3 OPM2 cells (Supplementary
Fig. S2D). Taken together, these results indicate that IMiDs
downregulate MYC by depleting IKZF1 and/or IKZF3 and
suggest that a “bottleneck” in IMiD resistance cells is MYC
downregulation rather than IKZF1 and IKZF3 degradation.

IKZF1 Binds MYC and MM Super-Enhancers

IKZF1 chromatin immunoprecipitation sequencing (ChIP-
seq) was performed on MM1S cells to identify direct targets
of IMiDs. This analysis identified 45,293 IKZF1 binding sites
relative to those in the input control (Fig. 2A; Supplementary
Data S3). Inspection of genomic regions near lenalidomide-
dysregulated genes identified IKZF1 binding at the MYC
locus, including both regions immediately proximal to MYC
(Supplementary Fig. S3A), as well as a cluster of regions ~600
kb distal to MYC on the telomeric side of 8q24, which coin-
cides with a cluster of translocations and focal copy-number
gains found in primary MM samples from the CoMMpass
study (Fig. 2B). Although other genes were more proximal to
this translocation hotspot, MYC was the only gene downregu-
lated by lenalidomide treatment in OPM2 and MM1S, con-
sistent with recent data that suggest that enhancers in this
region regulate MYC (BioRxiv 2023.05.19.541506). Notably,
MMI1S contains a t(8;14) MYC;IGH translocation telomeric of
the region shown here. IKZF1 was also directly bound to sev-
eral type I interferon-regulated genes, including IFIT3, CD274,
and CD38 (Supplementary Fig. S3A). These data indicate that
IKZF1-bound loci have both repressive and activating func-
tions, as previously reported in leukemia (22).

Given that downregulation of MYC and other essential
genes correlated with lenalidomide responses, we investi-
gated the IKZF1-bound loci associated with gene activation.
To do this, ChIP-seq was performed for the transcriptional
coactivators P300 and BRD4, as well as the enhancer histone
modification H3K27ac, in IMiD-sensitive MM 1S cells. A com-
parison of the aforementioned enhancer marks indicated that
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Figure 1. Lenalidomide (Len) downregulates MYC in Len-sensitive MM cells. A, MTT assay of MM cells treated with Len (10 umol/L) at the indicated
time points. The line shows the threshold separating sensitive (Len sen) from resistant (Len res) cell lines. B, Immunoblot analysis of IKZF3, MYC, CRBN,
and GAPDH in 7 MM cell lines treated with lenalidomide (10 umol/L) at the indicated time points grouped by lenalidomide response. C, Scatter plot

of RNA-seq gene-expression changes in MM1S (top) and OPM2 (bottom) treated with lenalidomide for 12 and 24 hours, respectively. Differentially
expressed genes (DEG; FDR <0.05) are shown in red (upregulated) and blue (downregulated). Ctrl, control; FPKM, Fragments Per Kilobase Per Million
reads. D, Heat map of lenalidomide DEGs in MM15S (top) and OPM2. Samples are represented in columns and genes by rows. E, Gene set enrichment
analysis (GSEA) enrichment scores for the gene sets: HALLMARK_INTERFERON_ALPHA RESPONSE (top) and MYC_TARGET V1 (bottom) in both MM1S
(blue) and OPM2 (green). Lenalidomide-induced gene-expression changes are sorted from most upregulated (left) to most downregulated (right) and the
overlap with gene set genes are shown in blue and green for MM1S and OPM2, respectively. F, Expression of selected DEGs measured by RNA-seq. Data

presented are the mean + SEM (A) or £ SD (F) with N> 3 (A) N=2 (F).

51% of IKZF1-bound regions overlapped with P300 binding
sites (Supplementary Fig. S3B, left), implying that approxi-
mately half of the IKZF1 sites were enhancers. Because IKZF1
is reported to regulate SEs in leukemia (22), we determined
whether IKZF1 was bound to such regions in MM using P300
to stitch together enhancers and define SEs. This analysis
identified 687 P300-defined SEs in MM1S, including those
previously reported in MM, such as DUSP22/IRF4, IGH, IGL,
CCND2, MCLI, PRDMI, BCL2L1 (which encodes BCL-X,);
structural variant MM hotspots (29, 30) including IGH, MYC,
IGL, and TXNDCS; and MM dependencies such as IRF4,
CCND2, MEF2C, IRF2, POU2AFI (Fig. 2C, top; Supplementary
Data S3; ref. 40). Overlaying of IKZF1 binding levels in these
regions suggested that IKZF1 was cobound at the P300 sites,

including the aforementioned SEs (Fig. 2C, see orange). This
was evident by comparing a pile-up of ranked P300 regions
with H3K27ac, BRD4, and IKZF1 binding, which indicated
that the majority of the regions were common (Fig. 2D, top).
Indeed, the quantification of P300 and IKZF1 overlap showed
that IKZF1 was found at ~80% of the P300 sites and virtually
at all P300-defined SEs (Fig. 2E, top). This included SEs at
CCND2 and BCL2L1, demonstrating that P300, BRD4, and
IKZF1 occupied the same genetic elements (Fig. 2F, top).

To determine whether IKZF1 binding to enhancers and SEs
was specific to IMiD-sensitive MM cells, lenalidomide-resistant
RPMI8226 cells were also characterized by ChIP-seq for IKZF1,
P300, BRD4, and H3K27ac. The number of P300-defined
enhancers (N = 14,136) and SEs (N = 793) in RPMI8226 were
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similar to those found in MM1S, and the P300 sites tended
to be cobound with H3K27ac, BRD4, and IKZF1, similar
to MMI1S (Fig. 2C and D, bottom; Supplementary Fig. S3B,
right). RPMI8226 IKZF1 bound elements overlapped ~80% of
the P300 enhancers and nearly all P300-defined SEs, including
those at the CCND2 and BCL2L1 loci (Fig. 2E and F, bottom).
Because IMiD deplete both IKZF1 and IKZF3 (8, 9), we also
investigated IKZF3 binding using cleavage under targets and
tagmentation (CUT&Tag; ref. 41) for IKZF1, IKZF3, and the
histone modifications H3K27ac, H3K4me3, and H3K27me3.
Clustering of IKZF1- or IKZF3-bound regions in both cell lines
(MM1S and RPMI8226) corroborated the IKZF1 ChIP-seq
data showing that approximately half of these sites overlapped
H3K27ac regions (Supplementary Fig. S4A), including those
at the IRF4 and IGL SEs (Supplementary Fig. S4B). These data
indicate that IKZF1 and IKZF3 are bound to enhancers and
SEs in MM regardless of lenalidomide sensitivity.

Lenalidomide Displaces Transcriptional Cofactors
in IMiD-Sensitive MM Cells

Given that the majority of enhancers were bound by IKZF1
in both IMiD-sensitive and resistant MM cells, we next sought
to determine whether lenalidomide differentially affected
these enhancers. MM 1S and RPMI8226 cells were treated with
10 umol/L lenalidomide prior to performing IKZF1 ChIP-seq
analysis. As expected, in IMiD-sensitive MMI1S cells, lena-
lidomide reduced the amount of IKZF1-bound chromatin
(Fig. 3A). To further determine how lenalidomide treatment
affected coactivator function, P300 and BRD4 ChIP-seq were
also performed in MM1S cells treated with lenalidomide. As
shown in Fig. 3B, P300 was dysregulated compared with that
in the control and overall depleted. Notably, BRD4 was more
significantly reduced (Fig. 3C), suggesting that the loss of
IKZF1 resulted in reduced enhancer activity. In IMiD-resistant
RPMI8226 cells, lenalidomide also resulted in a significant
reduction in chromatin-bound IKZF1 (Fig. 3D), indicating
that lenalidomide resistance in RPMI8226 cells was not due to
failure to deplete IKZF1, consistent with western blot analysis
(Supplementary Fig. S1B). However, inspection of P300 and
BRD4 binding in lenalidomide-treated RPMI8226 showed that
P300 and BRD4 were very similar to control cells and not sig-
nificantly reduced (Fig. 3E and F), suggesting that the enhancer
function was intact despite IKZF1 depletion.

We next compared the IMiD-mediated IKZF1 and P300
changes at sites cobound by both factors in MM1S cells and
observed a strong correlation (Spearman p = 0.481; Fig. 3G,
left), indicating that the more IKZF1 was depleted, the more
chromatin-bound P300 was lost. This could also be observed
by binning the IMiD-induced changes in P300 binding accord-
ing to the fold change of IKZF1 (Fig. 3G, right), which showed
that the amount of IKZF1 loss correlated with the amount of
P300 loss at the cobound sites. A similar analysis performed

<

with the BRD4 and IKZF1 cobound sites revealed the same
phenomenon (Fig. 3H). In contrast, there was no correlation
with P300 or BRD4 changes in IMiD-resistant RPMI8226 cells
(Fig. 3I and J). This was also observed at the DUSP22/IRF4
SE, where IMiD-induced loss of IKZF1, P300, and BRD4 in
MM1S cells, as depicted by the negative values for the change
in binding upon lenalidomide treatment (Fig. 3K, left). Simi-
larly, in RPMI8226, lenalidomide resulted in reduced IKZF1
binding. However, P300 and BRD4 did not exhibit reduced
binding compared with MM1S (Fig. 3K, right). This was also
true for the IGH enhancer, which drives MAF and MYC expres-
sion in MM1S and showed lenalidomide-induced loss of P300
and BRD4 in MM1S but not in RPMI8226 (Supplementary
Fig. SS). Taken together, these data demonstrate that lena-
lidomide treatment is associated with release of transcrip-
tional coactivators from chromatin in lenalidomide-sensitive
MMI1S cells, but this fails to occur in lenalidomide-resistant
RPMI8226 cells.

ETV4 Binds IKZF1 Enhancers in
Lenalidomide-Resistant MM Cells

Because transcription factors can mediate the recruitment
of coactivators, including P300 and BRD4 (42), we investi-
gated whether other transcription factors could be compen-
sating for the loss of IKZF1 upon lenalidomide treatment
in RPMI8226 cells. First, we determined the binding motifs
enriched in the IKZF1-bound regions and identified 135
motifs (Supplementary Data S4; FDR <1071°, odds ratio 1.5,
RNA FPKM 21). These transcription factor binding motifs
were clustered based on the overlap with specific IKZF1-
bound regions, such that motifs cooccurring at the same
subsets of IKZF1 sites were highly correlated with each other.
This revealed families of transcription factor motifs present
in distinct sets of IKZF1-bound elements, including multiple
classes of zinc finger motifs, ETS, immunoglobulin enhancer-
binding factors E12 and E47 (E2A), basic helix-loop-helix
leucine zipper (bHLH-ZIP), interferon regulatory factor
(IRF), and activator protein-1 (AP-1) motifs (Fig. 4A, left).
The fraction of IKZF1 sites overlapped by each motif ranged
from 1.0% to 70.9%, with the highest averages observed in
the E2A (28.2%), ETS (27.1%), zinc finger (18.3%), bHLH-ZIP
(15.3%), activator protein-1 (AP-1; 11.6%), and IRF (4.0%)
families (Fig. 4A, right). Interestingly, the canonical IKZF1
motif clustered with ETS factors, away from other zinc finger
factors (Fig. 4A). Notably, we observed that IKZF1 and ETS
factors (e.g., ETV4) shared a common “AGGAA” motif, which
was not present in the other motif families (Fig. 4B). We
further prioritized transcription factors by correlating basal
RNA expression with response to lenalidomide in the 12 MM
cell lines characterized in Fig. 1A as well as with progression-
free survival (PFS) for patients treated with IMiD-containing
regimens on the Multiple Myeloma Research Foundation

Figure 2. IKZF1 binds MM enhancers and super-enhancers. A, Heat map of IKZF1 of ChIP-seq peaks (left) and the input control (right) in MM15 cells.
The scale is expressed in reads per million (RPM). B, IKZF1 binding at the MYC (red) locus compared with the input control. Translocation breakpoints
(Tr, black) and the frequency of copy-number variant gains (CNV; gray) from CoMMpass samples are shown (bottom). C, P300 (blue) super-enhancer
analysis in MM15S (top) and RPMI8226 (bottom). Binding of IKZF1 (orange), H3K27ac (gray), and BRD4 (green) to each P300-defined region is shown
using the normalized RPM. D, Heat maps of P300, H3K27ac, BRD4, and IKZF1 in P300-defined enhancers from MMLS (top) and RPMI8226 (bottom). All
heat maps were sorted by the size of the P300-defined super-enhancer (SE; annotated left). E, Overlap of H3K27ac, BRD4, and IKZF1 with P300 enhanc-
ers (blue) and super-enhancers (black). F, Genome plots of CCND2 (left) and BCL2L1 (right) loci showing P300 (blue), H3K27ac (gray), BRD4 (green), and

IKZF1 (orange) binding in MM1S (top) and RPMI8226 (bottom). Scale is RPM.
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Figure 4. IKZF1 shares similar motifs with ETS factors that correlate with IMiD resistance. A, Correlation matrix of motifs at IKZF1-bound regions in
RPMI8226 (left) with select transcription factor families annotated in color (key far left). The frequency of overlap with IKZF1-bound regions is shown
(right). Only motifs for expressed (=1 FPKM) transcription factors in RPMI8226 significantly (FDR <10-10, odds ratio >1.5) enriched at IKZF1-bound
regions are shown. B, Logo plots of select motifs enriched at IKZF1-bound regions in RPMI8226. The frequency of overlap with IKZF1-bound regions is
shown in parenthesis. C, Pearson correlation (R) of transcription factor expression as measured by RNA-seq with lenalidomide (Len; 10 umol/L)-induced

change in growth index on Day 6 as measured by MTT assay in 12 MM cell lines from Fig. 1A. D, Progression-free survival (PFS) and hazard ratio (HR)
for the expression of each transcription factor shown in C and observed in IMiD-treated patients from CoMMpass. E, Correlation of ETV4 expression as

determined by RNA-seq with Len-induced change in growth index in 12 MM cell lines as determined by MTT assay on Day 6 (from Fig. 1A).
with lenalidomide resistance in MM cell lines (Fig. 4E). To

experimentally determine whether ETV4 and IKZF1 bound
to the same elements, we performed ChIP-seq for ETV4 in
RPMI8226 and identified 15,678 ETV4-enriched regions rela-
tive to the input control (Fig. 5A; Supplementary Data SS).
By comparing IKZF1 and ETV4 genomic binding sites, we
observed that the occupancy of these two factors was highly
correlated (Fig. 5B) with 78.9% (N = 12,364) of ETV4 sites

(MMRF) CoMMpass trial. This analysis identified several
factors correlating with lenalidomide resistance in cell lines,
including the Kruppel-like factors KLF4 and KLFS, which
contain C,H, zinc finger domains; AP-1 factors JUNB and
FOS; as well as the ETS factor ETV4 (Fig. 4C; Supplemen-
tary Data S4). We chose to focus on ETV4, given its binding
motif similarity to IKZF1 (Fig. 4B), its association with poor
PFS in primary samples (Fig. 4D), and its high correlation

-

Figure 3. Lenalidomide-induced loss of enhancer coactivators in IMiD-sensitive cells. A-C, Scatter plots of IKZF1 (A), P300 (B), and BRD4 (C) ChIP-
seq signal in MM1S control (ctrl) and lenalidomide (Len)-treated cells (10 pmol/L, 24 hours). D=F, Scatter plots of IKZF1 (D), P300 (E), and BRD4

(F) in RPMI8226 ctrl and Len-treated cells. The signal at each region is shown to the right of the scatter plots for control and lenalidomide treatment.
G, Scatter plot of lenalidomide-induced fold changes at regions cobound with IKZF1 and P300 (left), as well as a binned analysis of fold changes
ranked by lenalidomide-induce IKZF1 fold change (right) in MM1S. Correlation is shown (Spearman p). H, Scatter plot and binned analysis of IKZF1
and BRD4 cobound regions for MML1S as in part G. I, Scatter plot and binned analysis of IKZF1 and P300 cobound regions for RPMI8226 as in part G.

J, Scatter plot and binned analysis of IKZF1 and BRD4 cobound regions for RPMI8226 as in G. K, Genome plot of DUSP22 and IRF4 showing IKZF1

(orange), P300 (blue), and BRD4 (green) ChIP-seq in MM15S (left) and RPMI8226 (right). The change in lenalidomide-treated samples is shown in darker

tones, and the scale is reads per million (RPM).
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Figure 5. ETV4 s cobound at IKZF1 enhancers. A, Heat map of ETV4 ChIP-seq in RPMI8226 cells. B, Scatter plot of genomic binding occupancy for
IKZF1 and ETV4 in RPMI8226 cells with color denoting if the region is bound by IKZF1 only, ETV4 only, or both (key right). C, Venn diagram of IKZF1
(orange) and ETV4 (red) bound regions in RPMI8226 cells. Note: the 11,847 ETV4-bound regions overlap 12,419 IKZF1-bound regions. D, Overlap of
ETV4 sites with IKZF1, H3K27ac, P300, and BRD4 enriched regions in RPMI8226. E, Genomic plot of P300, H3K27ac, BRD4, IKZF1, and ETV4 at the IGH

(left) and PIM1 (right) super-enhancers.

overlapping IKZF1-bound regions (Fig. 5C). Interestingly, the
IKZF1 sites that overlapped ETV4 regions had a higher preva-
lence of the cofactors P300 and BRD4 as well as the enhancer
modification H3K27ac compared with other IKZF1 sites
(Fig. 5D, compared with Supplementary Fig. S3B). Further-
more, an inspection of SE loci at IGH and PIM1 indicated that
ETV4 bound the same genomic elements as IKZF1, BRD4,
and P300 (Fig. SE). Taken together, these data suggest that
ETV4, when expressed in MM, functions at IKZF1-bound
elements as an extralineage transcription factor sustaining
oncogenic enhancers.

ETV4 Promotes IMiD Resistance

To further investigate the potential role of ETV4 in lena-
lidomide resistance, ETV4 ChIP-seq was conducted in lena-
lidomide-treated RPMI8226 cells. Similar to P300 and BRD4
in RPMI8226 cells, ETV4 genomic binding was largely unaf-
fected by lenalidomide treatment (Supplementary Fig. S6A).
Moreover, when we plotted the change in IKZF1 to the change
in ETV4 at sites bound by both factors, we observed no cor-
relation between IKZF1 and the loss of ETV4 (Supplementary
Fig. S6B, left). This was further confirmed by plotting the
change in ETV4 binned with the change in IKZF1 (Supplemen-
tary Fig. S6B, right). Notably, ETV4, P300, and BRD4 remained
bound to the IGL enhancer following lenalidomide treatment

despite IKZF1 depletion in lenalidomide-resistant RPMI8226
cells (Supplementary Fig. S6C, left), where the IGL enhancer is
translocated with MAF and MYC oncogenes. In contrast, lena-
lidomide-sensitive MM1S cells lost IKZF1, P300, and BRD4
binding at the IGL enhancer (Supplementary Fig. S6C, right).
To determine whether ETV4 contributes to lenalidomide
resistance in RPMI8226 cells, ETV4 was genetically disrupted
using CRISPR/Cas9 genome editing. ETV4 protein levels were
significantly reduced in RPMI8226 cells transduced with three
different sgRNAs (ETV4 1-3) as compared with cells trans-
duced with a nontargeting (NT) control (Fig. 6A). Reduced
ETV4 expression was also observed at the mRNA level using
RT-qPCR (Fig. 6B). Next, we treated RPMI8226 ETV4 CRISPR-
edited cells with lenalidomide and observed that whereas
IKZF3 was degraded in all lenalidomide-treated cells, MYC was
downregulated only in ETV4-deficient cells and not in cells
transduced with a nontargeted sgRNA (Fig. 6C). Consistent
with IMiD-induced MYC downregulation, ETV4 knockout
RPMI8226 cells were sensitized to lenalidomide whereas Cas9
control cells were not (Fig. 6D). We confirmed these data in two
other lenalidomide-resistant cell lines that express ETV4: L363
and ARD. L363 has an IGL to MAP3K14 (encodes NIK) trans-
location, and following lenalidomide treatment, a pronounced
downregulation of NIK was observed only in the ETV4KO
(Fig. 6E), suggesting that the IGL enhancer is inhibited by
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lenalidomide only upon ETV4 depletion, as was the case in
RPMI8226. As a result, the ETV4KO L363 became sensitive
to lenalidomide (Fig. 6F). Similarly, the ETV4KO of ARD cells
resulted in MYC downregulation upon lenalidomide treat-
ment and were more sensitive to lenalidomide when compared
with Cas9 control cells (Fig. 6G and H).

To gain insight into how ETV4KO results in lenalidomide
sensitization, we analyzed RPMI8226 and L363 Cas9 control
and ETV4KO cells using the assay for transposase accessible
chromatin-sequencing (ATAC-seq; ref. 43) in the presence or

T T T T T
3 5
Day

o~
o -

absence of lenalidomide treatment. Both ETV4KO and lena-
lidomide treatment resulted in consistent chromatin changes
in both Cas9 and ETV4KO cells (Supplementary Fig. S7A and
S7B). Chromatin accessibility gains with ETV4KO were consist-
ently enriched for AP-1 motifs in both RPMI8226 and L363
(Supplementary Fig. S7C and S7D). Somewhat surprisingly,
lenalidomide treatment primarily resulted in chromatin acces-
sibility gains, which were consistent in both Cas9 control and
ETV4KO cells (Supplementary Fig. S7E and S7F). Comparison
of chromatin accessibility changes with IKZF1-bound regions
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in RPMI8226 indicated that 84.8% of chromatin accessibility
gains directly overlapped IKZF1-bound regions (Supplemen-
tary Fig. S7G and S7H), suggesting a direct effect. Chromatin
accessibility losses were primarily not at IKZF1-bound sites sug-
gesting these changes are the result of downstream reductions
in transcription factor activity. Nonetheless, the chromatin
accessibility at the IGL enhancer, which is translocated in both
cell types, was unaffected by lenalidomide, indicating that chro-
matin remains accessible (Supplementary Fig. S7I), despite the
reduced potential of this key enhancer.

Given the use of a newer generation of IMiDs (also known as
cereblon E3 ligase modulators or CELMoD) in MM patients,
we next sought to determine if these agents could overcome
the resistance associated with ETV4. Therefore, we treated
RPMI8226, L363, and ARD Cas9 control and ETV4KO cells
with lenalidomide, pomalidomide, and mezigdomide and
found that the ETV4KO cells showed increased sensitivity
to all agents when compared with Cas9 control cells (Sup-
plementary Fig. S8A and S8B). Taken together, these data
suggest that ETV4 helps overcome IKZF1 dependency in
MM cells, sustains oncogenic enhancers, including those that
drive MYC expression in MM, and thereby promotes resist-
ance to IMiDs and CELMoD.

ETV4 Expression Is Associated with Poor Outcome
in Primary MM Samples and Upregulated in
Patients with Acquired Resistance to IMiD

We next investigated ETV4 expression in primary MM
samples using RNA-seq data obtained from two myeloma
trials: the MMRF CoMMpass (NCT01454297; MedRxiv
2021.08.02.21261211) and POLLUX (ref. 44; NCT02076009)
studies. ETV4 expression was low to absent in most newly
diagnosed (NDMM) patients but was present (=1 FPKM) in
10.1% of the 764 NDMM samples included in the CoMMpass
study (Supplementary Fig. S9A). Notably, ETV4 expression
was higher in the t(11;14) Cyclin D (CD-1 and CD-2), t(4;14)
MMSET (MS), and proliferation (PR) gene-expression subtypes
(Supplementary Fig. S9B). Of interest, genomic copy-number
alterations indicated ETV4 copy-number gains occurred in
9.3% of NDMM samples, but this was not associated with
increased ETV4 expression (Supplementary Fig. SOC and S9D),
suggesting that ETV4 expression primarily results from tran-
scriptional dysregulation rather than genomic amplification.
Regardless, ETV4 expression was associated with significantly
reduced survival outcomes, as indicated by the PFS and over-
all survival (OS) Kaplan-Meier plots for CoMMpass patients
treated with IMiDs as part of their first-line regimen (Fig. 7A,
N = 567). Importantly, ETV4 expression remained a signifi-
cant prognostic factor with different expression threshold
cutoffs (Supplementary Fig. SOE) as well as when analyzed as
a quantitative variable in univariate and multivariate analyses
when considering other clinically relevant prognostic factors
including ISS, B-2-microglobulin, age, and high-risk genetic

alterations (Supplementary Table S1). Notably, when we
applied a similar analysis to the patients treated with lenalido-
mide, and dexamethasone in the control arm of the POLLUX
study, we found that ETV4 expression was also associated with
a significantly worse PFS at 1 and 0.5 FPKM cutoffs (Fig. 7B;
Supplementary Fig. S9F; Supplementary Data S6). In addi-
tion, we inspected ETV4 expression in the CC-4047-MM-010
(NCT01712789, hereafter MM-010) study where patients were
treated with pomalidomide and dexamethasone (45). Similar
to the CoMMpass and POLLUX studies, the MM-010 study
showed that higher ETV4 expression corresponded with worse
PFES as well as OS (Supplementary Fig. S10, Supplementary
Data S6).

Next, we investigated ETV4 expression in paired primary
samples collected at diagnosis and relapse. Analysis of 76
samples obtained from 35 CoMMpass patients with paired
samples revealed that ETV4 was significantly upregulated at
the time of relapse (Fig. 7C), whereas no change was observed
in IKZF1, IKZF3, IRF4, or MYC expression (Fig. 7C). CRBN
expression was slightly downregulated (P = 0.055), which is
consistent with previous reports (ref. 46; Fig. 7C). Similarly,
ETV4 was found to be upregulated when we performed the
same analysis on 14 patients enrolled in the POLLUX study
with available paired samples (Fig. 7D). Taken together, these
data suggest that ETV4 expression is associated with poor
survival and upregulated in patients with resistance to IMiDs.

Finally, we sought to better understand the gene-expression
program coupled with ETV4 expression in primary MM sam-
ples. We compared ETV4 expression to that of other genes in
a cross-sectional analysis of 764 NDMM CoMMpass patients
and identified 7,352 genes significantly associated with ETV4
expression, with roughly equal numbers of genes positively
and negatively correlated with ETV4, as shown in the volcano
plot (Supplementary Fig. S11A; Supplementary Data S7).
Interestingly, the GSEA annotation of genes correlated with
ETV4 expression indicated that the expression of cell-cycle
genes, including E2F and MYC targets, was positively associ-
ated with ETV4 expression (Fig. 7E; Supplementary Data S6).
Superimposing these gene sets on the volcano plot further
corroborated these findings (Supplementary Fig. S11B).

Next, we determined the genes associated with ETV4
upregulation in RRMM using RNA-seq obtained from paired
CoMMpass samples in conjunction with a model to control
for patient-specific effects and to identify genes co-regulated
with ETV4 upon relapse (see Methods). This analysis iden-
tified 28 genes that were inversely related to ETV4 expres-
sion changes and 62 genes that were positively associated
with ETV4 expression changes upon relapse (Supplementary
Fig. S11C and S11D). GSEA annotation of the gene-expres-
sion changes associated with ETV4 changes at relapse revealed
a striking overlap with those found in the cross-sectional
analysis of ETV4 expression at diagnosis, including down-
regulation of IL6/JAK/STAT3 signaling and inflammatory

>

Figure 7. ETV4 expression is associated with poor outcome and a proliferation gene-expression program. A, Kaplan-Meier PFS (left) and OS (right) of
CoMMpass patients treated with IMiD as part of their first-line therapy (N=567) stratified by ETV4 expression of 1 FPKM. B, PFS (left) and OS (right)
analysis as in A applied to POLLUX patients treated with daratumumab, lenalidomide, and dexamethasone. C, Expression of ETV4, IKZF1, IKZF3, CRBN,
IRF4, and MYC in paired samples collected at diagnosis (ND) and relapse (RR; N =103) from CoMMpass patients (N=47). D, Expression analysis of paired
samples (N =28) from POLLUX patients (N=14) as in C. E, GSEA of gene sets associated with ETV4 expression in NDMM and RRMM samples from
CoMMpass. Only gene sets with an FDR <0.05 in both analyses are shown. P values were determined using a Cox proportional hazards model Wald test

(A and B) or a linear regression with a covariate for patients (C and D).
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response genes and upregulation of cell cycle-related genes,
including MYC and E2F targets (Fig. 7E; Supplementary
Data S6). Taken together, these data implicate ETV4 expres-
sion in MM biology and demonstrate that its expression is
associated with resistance to IMiDs.

DISCUSSION

In MM cells, IMiDs induce IKZF1 and IKZF3 ubiquitylation
and proteasomal degradation, resulting in the transcriptional
repression of MYC and IRF4 (7, 36, 37). Here, we showed that
MYC transcriptional downregulation, rather than IKZF1 and
IKZF3 degradation, is a better molecular correlate of IMiD
efficacy. This is consistent with previous reports; however, our
IKZF1 ChIP-seq data demonstrated that IMiDs via IKZF1
degradation, directly target both canonical MYC enhancers
and immunoglobulin enhancers and other SEs that are jux-
taposed to MYC by translocations. This is broadly relevant to
MM, because MYC genetic alterations are a progression risk
factor for smoldering MM (32, 34), are present in more than
35% of NDMM (29), and IMiDs are used to treat both stages
of the disease (47, 48). Interestingly, we observed lenalidomide-
induced downregulation of MYC only in IMiD-sensitive cells,
whereas MYC expression was maintained in IMiD-resistant
cells. A differentiating factor of IMiD sensitivity was the loss
of chromatin-bound P300 and BRD4 coactivators from critical
enhancers. Therefore, we examined other transcription factors
that may maintain enhancer function and MYC expression
in the absence of IKZF1 and IKZF3. This analysis implicated
the ETS factor ETV4 to play a role in IMiD resistance. This
was based on the similarity of the transcription factor binding
motif and its expression, which correlated with IMiD resistance
in both MM cell lines and primary patient samples. Using ChIP-
seq, we showed that ETV4 binds to a significant portion of
IKZF1-bound enhancers and that ETV4 enhancer occupancy is
independent of lenalidomide-mediated IKZF1 depletion. Nota-
bly, Cas9-mediated knockout of ETV4 in three IMiD-resistant
MM cell lines sensitized them to lenalidomide, pomalidomide,
and mezigdomide. Together, these data demonstrate that tran-
scriptional plasticity with the expression of extralineage TFs
such as the ETS family member ETV4 sustains oncogenic
enhancers in MM, overcoming IKZF1 and IKZF3 dependency,
and promoting resistance to IMiD as well as CELMoD.

IMiDs have become an integral part of MM treatment (1)
and have been widely used (4, 5) well before the discovery of
their molecular targets (8, 9). Prior to the identification of
IKZF1 and IKZF3, being major molecular targets of IMiDs,
Tkzf1 and Tkzf3 were discovered to be essential for B-cell and
plasma cell commitment, respectively (10, 11). However, it is
still not clear how IKZF1 and/or IKZF3 regulate MYC tran-
scription in MM cells. Our work provides new insights into the
molecular basis of IKZF1 and IKZF3 functions in MM, which
will help delineate the mechanisms of IMiD resistance. None-
theless, several critical questions remain. For instance, we previ-
ously observed that MM IGL;MYC translocations are associated
with reduced therapeutic benefit from IMiDs, and speculated
that this may be due to the high levels of IKZF1 binding at the
IGL enhancer (29). Our data suggest that it is more complex,
and we cannot rule out a model whereby transcription fac-
tor combinations such as IKZF1 and ETV4 are required to

maintain a threshold level of enhancer activity to maintain
oncogene expression and MM survival. Additionally, previous
studies (36) and those in the companion paper from Welsh
and colleagues (49) found that ectopic MYC expression failed
to rescue MM cells from IMiD treatment, suggesting that MYC
is not the only determinant of IMiD responses. Similarly, it is
possible that MYC regulates IKZF1 and IKZF3 expression, and
as such MYC downregulation would further potentiate IMiD
responses. Finally, we observed that IMiD treatment activated
interferon response genes and downregulated MYC and cell-
cycle proliferation genes and that IKZF1 and IKZF3 bound
several genes in both categories. A better understanding of the
cis-regulatory architecture of IKZF1 and IKZF3 may help delin-
eate what controls the activating or repressive roles of these
factors. In our analysis, we found that over half of IKZF1 sites
had characteristic chromatin modifications of enhancers, con-
sistent with the results reported in B-cell acute lymphoblastic
leukemia (10). Although this alone does not provide evidence
that IKZF1 functions as an activator of transcription at these
sites, IMiD-mediated depletion of IKZF1 and IKZF3 resulted
in the loss of P300 and BRD4 coactivators in IMiD-sensitive
cells, indicating that IKZF1 is necessary for enhancer function.
A striking finding of these data was IKZF1 binding to more
than 75% of P300-occupied enhancers and virtually all P300-
defined SEs, which are often translocated to drive oncogene
expression in MM. This finding, combined with the indication
that chromatin-bound P300 was lost in IMiD-responsive MM
cells, provides a therapeutic rationale for the combined target-
ing of IKZF1/ IKZF3, and P300. This is supported by recent
reports that P300 disruption effectively targets MM and other
hematologic malignancies (50, 51). Indeed, in a study by Welsh
and colleagues (49) IMiDs are shown to synergize with P300
inhibitors, and such rational combinations may be critical for
overcoming IMiD resistance in MM.

Although IMiDs have transformed outcomes in MM,
almost all patients eventually develop resistance; however,
their mechanisms of resistance are not fully defined. The
most common mechanisms described thus far include CRBN
mutations, transcriptional downregulation, or CRBN exon
10 splicing (46, 52-54). Consistent with this, we observed a
subtle reduction in CRBN expression at the time of relapse
in the CoMMpass samples. These observations are further
supported by CRISPR loss-of-function screens, which have
identified CRBN and other cullin-RING ligase components
that mediate ubiquitination as necessary for IMiD responses
(55). More recently, RUNX transcription factors were shown
to protect IKZF1 and IKZF3 from CRBN-mediated ubiqui-
tination (56). However, there are few reports on how MM
cells acquire resistance to IMiDs, “beyond CRBN.” As such
one recent study identified upregulation of CDK6 as a tar-
getable resistance mechanism for lenalidomide in MM (57).
Here, we demonstrate that IMiD resistance is also depend-
ent upon expression of the extralineage transcription factor
ETS family member ETV4. Our genetic disruption studies
indicated that ETV4 promotes IMiD resistance by sustaining
some IKZF1- and IKZF3-occupied MM oncogenic enhanc-
ers, despite lenalidomide-mediated depletion of chromatin-
bound IKZF1 at these loci. Of note, overexpression of ETV4 in
some IMiD-sensitive MM cell lines failed to induce resistance
indicating that ETV4 expression as well as a dependency on
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ETV4-regulated enhancers is required to induce IMiD resist-
ance. It is also plausible that in the cell lines tested, ETV4 may
not displace other chromatin-bound ETS factors or that post-
translational modifications or different binding partners may
direct ETV4 away from the enhancers critical to maintaining
MM cell proliferation independently of IKZF1 and IKZF3.

Of clinical relevance, we demonstrated that ETV4 expres-
sion is associated with poor survival in MM patients treated
with IMiD-containing regimens from three independent tri-
als. Whether ETV4 expression is also indicative of aggressive
disease in patients treated with other regimens remains to be
determined but is plausible given ETV4 binds and likely regu-
lates immunoglobulin enhancers translocated to oncogenes in
alarge fraction of MM cases. Additionally, whether ETV4 regu-
lates both intrinsic and acquired IMiD resistance is not fully
understood. Given the cell lines used in this study were derived
from IMiD-naive patients as well as the observed upregulation
of ETV4 in relapse samples from IMiD-treated CoMMpass and
POLLUX patients, it is possible that ETV4 has a role in both
forms of IMiD resistance. It will be important to better under-
stand how often ETV4, and if other ETS, E2A, bHLH, IRF, or
AP-1 factors mediate IMiD resistance. Dissecting the milieu of
transcription factor occupancy and circuitry that can substi-
tute for IKZF1 and IKZF3 will undoubtedly be a daunting task
but may identify other noncanonical MM transcription factors
linked to therapeutic resistance.

METHODS

Cell Lines

The human MM cell lines NCI-H929, RPMI-8226, and U266
were purchased from ATCC; KMS11, MM1s, and OPM2 cells were
kindly provided by Dr. Lawrence Boise (Emory University, Atlanta,
GA, USA); and KMS18, JJN3, L363, XG7, XG6, and INA-6 were
provided by Dr. Jonathan Keats (Translational Genomics Research
Institute, Phoenix, AZ). All MM cell lines were cultured in RPMI-1640
medium (Life Technologies) containing 10% fetal bovine serum (Life
Technologies), 100 U/mL penicillin, and 100 mg/mL streptomycin
(Life Technologies) at 37°C under 5% CO,. INA-6, XG-7, and XG-6
were maintained in culture media supplemented with 2.5 ng/mL of
human rIL6 (Sigma-Aldrich). All cell lines were authenticated by STR
profiling analysis (Labcorp) and routinely tested for mycoplasma
(Mycoplasma PCR Detection Kit, Sigma).

MTT Assay

Cell growth was assessed using [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] according
to the manufacturer’s instructions (Promega).

Cell Viability Estimation by Flow Cytometry

MM cells were plated in 96-well plates at a concentration of 5 x 10°
cells/mL and treated with lenalidomide (10 umol/L), pomalidomide
(I pmol/L), and mezigdomide (0.1 pmol/L) at the indicated time
points. Cells were collected, resuspended in 1X Annexin V staining
buffer (BioLegend) and incubated for 10 minutes at room tempera-
ture with Annexin V-FITC antibody (BD Pharmgen) and Propidium
iodide (BioVision), as per manufacturer’s protocols. 300 puL PBS (Life
Technologies) was added to the stained cells. Cell viability estima-
tions were conducted using a CytoFLEX cytometer (Beckman Coul-
ter). Based on forward and side scatter plots, 10,000 live events were
recorded. The cells were displayed on in two parameter dot (density)
plot (B610 on the vertical axis for PE and B525 on the horizontal

axis for Annexin V-FITC) to determine the proportion of PI and
Annexin V-positive cells. A cluster of cells staining strongly positive
for PI and Annexin V was considered dead, and their gated percent-
age was used to compare target cell death among different treatment
conditions. Results were shown as density plots. All flow experiment
analyses were repeated three times and analyzed using Kaluza Analy-
sis Software 2.1 (Beckman Coulter). Pairwise ¢ tests were performed
using the R function pairwise ¢ test. A Benjamini-Hochberg (BH)
adjusted P inferior to 0.05 was considered to indicate statistically
significant results.

Western Blot Analysis

Equal amounts of total cellular protein from each sample were elec-
trophoresed on sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) gels and transferred to nitrocellulose membranes.
The membranes were blocked with 5% nonfat milk in Tris-buffered
saline solution containing 0.1% Tween 20 for 30 minutes, probed
overnight with relevant antibodies, washed, and probed with species-
specific secondary antibodies coupled to horseradish peroxidase. The
immunoreactive material was detected using enhanced chemilumines-
cence (PerkinElmer). Details of the antibodies used for the immunob-
lotting experiments are presented in Supplementary Table S2.

Lentiviral CRBN and ETV4 Gene Knockout

Lentiviral transduction particles (Dharmacon) were used to deliver
siRNAs expressed from shRNAs to knockdown CRBN in OPM2 and
KMS-11 MM cells. Lentiviral CRBN shRNA and nontarget control
shRNA were produced in HEK293T packaging cells, concentrated at
different MOIs, and then individually added to MM cell suspensions
in the presence of 6 ng/mL polybrene and transduced for 24 hours,
followed by selection with puromycin (2 pg/mL, Invitrogen) to
obtain stable clones. RPMI8226, L363, and ARD cells stably express-
ing Cas9 (pLentiCas9-Blast, Addgene #52962) were infected with
a nontargeting control sgRNAs or ETV4-targeting sgRNAs. The
infected cells were then selected using 1 ug puromycin for three days.
Single-cell clones were expanded and screened by immunoblotting to
identify successful knockouts.

ATAC-seq

ATAC-seq was performed similar to that previously described (21,
58). Briefly, 50,000 viable cells were isolated by FACS. Nuclei were
isolated by spinning at 500 g for 10 minutes, all supernatant was
pipet decanted, and pelleted cells were resuspended in 25 pL Tag-
mentation Reaction Mix composed of 12.5 pL Tagment DNA Buffer
(Mlumina), 0.02% Digitonin, 0.1% Tween-20, 2.5 pL TNS enzyme
(lumina). Tagmentation was performed for 1 hour at 37°C. Tag-
mented DNA was isolated by adding Tagmentation Clean-up Buffer
(326 mmol/L NaCl, 109 mmol/L EDTA, 0.63% SDS, 20 ug Proteinase
K) and incubating at 40°C for 1 hour and both a negative (0.7x) and
positive (1.2x) SPRI bead (Kapa) selection. Libraries were amplified
12 times with Hifi polymerase (Kapa) and Nextera barcoded prim-
ers (Illumina) prior to 1x SPRI bead clean-up and sequencing on a
Novaseq (Illumina).

ATAC-seq Analysis

ATAC-seq FASTQ files were quality and adapter trimmed using
Trim Galore! (v0.6.4) and CutAdapt (v2.5) and mapped to the
GRCh38 reference genome using bowtie2 (v2.3.5.1; ref. 59). Aligned
SAM files were converted to BAM files and putative PCR dupli-
cates were marked with Samtools (v1.10; ref. 60). Regions of chro-
matin accessibility were identified in each sample using MACS2
(v2.1.1.20160309; ref. 61). The union of all accessible regions was
determined and reads mapping to these regions for each sam-
ple was assessed using the “summarizeOverlaps” function of the
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GenomicAlignments package (v1.30.0) in R (v4.1.2). Regions that
overlapped ENCODE blacklisted regions were removed (62). As a
quality control metric, the number of reads in peaks was determined
and used to calculate a normalized accessibility score as reads per
peak million (RPPM) as previously described (63) and according to
the following formula:

10°
total reads in autosomal peaks

RPPM =readsx

Differential chromatin accessible regions were determined using
edgeR (v3.36.0; ref. 64) and imposing an FDR <0.01 and a fold
change >2. Overlap of differential chromatin accessible regions with
transcription factor binding motifs curated in the JASPAR database
(65). Here, motifs were determined genome-wide as described in the
“Transcription Factor Analysis” below, and the overlap of motifs
with differentially accessible regions was determined using the Fisher
exact test and FDR correction.

ChiP

For ChIP experiments, cells were harvested under the indicated
conditions. ChIP experiments were performed according to standard
protocols (Millipore), with minor modifications. Briefly, cells were
cross-linked for 10 minutes with 1% formaldehyde at 37°C. This reac-
tion was subsequently quenched with 125 mmol/L glycine for 5 min-
utes, and 5-10 million fixed cells were used for the ChIP experiments.
Chromatin from fixed cells was fragmented by sonication with a
Covaris E220, and the solubilized chromatin was incubated with the
indicated antibody (listed in Supplementary Table S2) overnight at
4°C. Antibody-chromatin complexes were pulled down by incuba-
tion with Protein G-Dynabeads (Thermo Fisher Scientific) for 3
hours at 4°C, washed, and eluted. The samples then underwent cross-
link reversal, RNase A (Roche) treatment, and proteinase K (Thermo
Scientific) treatment before the captured DNA was extracted using
AMP Pure beads (Beckman Coulter).

qRT-PCR Analysis

qRT-PCR was performed using TagMan (Applied Biosystems).
Expression levels were normalized to GAPDH (for gene), and the
relative expression level of specific mRNA was presented as 2AACt or
2ACt. RNA was extracted using an RNeasy Mini Kit (Qiagen).

Molecular Data Selection

Molecular and sequencing data were obtained from the patients
treated with lenalidomide at our institution. Written informed con-
sent was obtained according to the Declaration of Helsinki and the
local medical center Institutional Review Board (IRB). Samples and
anonymous clinical data were obtained and analyzed using protocols
approved by the local IRB.

RNA and ChIP Library Preparation and Sequencing

Sample library preparations for ChIP-seq and RNA-seq samples
were performed in our laboratory using the Ion Plus Fragment
Library Kit (Thermo Fisher) or Ion RNA-seq Kit (Thermo Fisher),
respectively. Sequencing was performed on an Ion Proton system
with a 75-bp single end for ChIP-seq and RNA-seq.

Statistical Analysis

The statistical significance of differences was determined using the
Student ¢ test. The level of significance was set at P < 0.05.

RNA-seq Analysis

RNA-seq FASTQ reads were quality and adapter trimmed using
Trim Galore (v0.6.4; https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) and CutAdapt (v2.8; hteps://github.com/

marcelm/cutadapt/), and mapped to the GRCh38 reference genome
using the STAR aligner (v2.5.3a; ref. 66) using the gencode (v22)
transcript database. Putative PCR duplicates were marked using
Samtools (v1.13; ref. 60). Gene read counts were summarized in R
(v4.1.2; ref. 67) using the “summarizeOverlaps” function in “Intersec-
tionNotEmpty” mode of the GenomicAlignments (v1.3.0) package
relative to all exons from gencode (v22) retrieved using the makeTxD-
bFromGFF and exonsBy functions of the GenomicFeatures package
(v1.46.5; ref. 68). The reads were FPKM normalized based on the total
number of autosomal and nonimmunoglobulin reads.

DEGs were determined using edgeR (v3.36.0; ref. 64) and were
applied to all genes with an FPKM 21 in at least two samples. P values
were FDR corrected using the p.adjust function, and an FDR <0.05
was considered significant. GSEA (v4.3.2; ref. 69) was performed using
the preranked list, where rank was determined by —log;o(P) X sign(fold
change), and results were compared with the Hallmark gene sets
(v7.5.1). Heat maps, scatter plots, and bar plots were made with
bespoke code in R, available upon request.

ChIP-seq Analysis

ChIP-seq FASTQ reads were quality and adapter trimmed as
described above for RNA-seq reads. ChIP-seq FASTQ files were then
mapped to the GRCh38 reference genome using Bowtie2 (v2.3.5.1;
ref. 59) with default parameters. Bowtie2 SAM files were converted to
BAM files using Samtools (v1.13; ref. 60). ChIP-seq reads per million
(RPM) normalization used total autosomal reads. ChIP-seq enrich-
ment was determined using MACS (v2.2.7.1; ref. 70) with “-g hs -q
0.01” parameters relative to the input control for the same cell lines.
ChIP-seq genome plots and heat maps were generated using the rtrack-
layer package (v1.54.0; ref. 71) and the bespoke R code available upon
request. P300 SE analysis was performed as previously described (17),
where MACS2 peaks within 15 kb were stitched together, except for
those within 2.5 kb of a TSS, and the cumulative reads in these stitched
regions were determined using the “countOverlaps” function of the
GenomicRanges (v1.46.1) package. SEs were identified as regions with
a signal above the inflection point of their enhancer rank. Differences
between control and lenalidomide-treated cells were used to calculate
the coverage of lenalidomide-treated samples in the regions enriched
in the control. Comparison of lenalidomide-induced changes in IKZF1
binding to P300 or BRD4 restricted the analysis to regions bound by
IKZF1 and P300 or BRD4 in control samples.

Transcription Factor Analysis

Transcription factor binding motif position weight matrices were
obtained from the JASPAR 2020 database (65) and matched to the
GRCh38 genome using the matchPWM function of the Biostrings
(v2.62.0) R package with a minimum score of 0.9. Motifs enriched in
RPMI8226 IKZF1 binding sites were determined relative to the same
regions randomly shuffled throughout the genome 100 times. Fisher
exact test was used to compute the significance P-value of motifs
enriched in IKZF1-bound regions relative to shuffled regions. Only
binding motifs for transcription factors expressed at 21 FPKM in
RPMI8226 with an FDR <107!% and an odds ratio 21.5 were consid-
ered significant. Motif logo plots were created in R, using the seqLogo
(v1.60.0) package.

CoMMpass Analysis

CoMMpass structural variants, including translocations, were deter-
mined using DELLY (v0.8.7; ref. 72) as previously described (29).
CoMMpass copy-number alterations were provided by TGEN, as pre-
viously described (ref. 29; MedRxiv 2021.08.02.21261211). CoMMpass
RNA-seq FPKM reads were downloaded from the Genomic Data Com-
mons. Gene-expression subtype was determined using the subtypes
described by Zhan and colleagues (73). Here, a gene-expression subtype
classifier for CoMMpass used RNA levels that were log,(FPKM + 1)
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transformed and z-score normalized prior to being multiplied by the
significance analysis of the microarray score for the S0 most upregu-
lated and 50 most downregulated genes for each subtype published by
Zhan and colleagues (73). This analysis resulted in a cumulative score
for each subtype for each sample, where each sample was assigned to
the gene-expression subtype with the highest score.

Gene expression correlated with ETV4 expression in a cross-sec-
tional analysis of CoMMpass NDMM samples was determined using
the generalized linear model glmQLFit and glmQLFTest functions in
edgeR (v3.36.0; ref. 64) according to the following formula:

GX, ~ ETV4

where GX; is the RNA-seq read count for a given gene, and ETV4 is
ETV4 log,(FPKM + 1) expression value. Only genes with FPKM >1
in 5% of the NDMM samples were considered in the analysis. Gene
expression correlated with changes in ETV4 expression in RRMM was
determined using the above approach restricted to 47 patients with
matched NDMM and RRMM samples and by adding a covariate for
patient and a covariate for relapse as follows:

GX; ~ ETV4 + patient + relapse

Here, patient is a unique deidentified patient number, and relapse
indicates whether the sample is newly diagnosed or relapsed. P values
were FDR corrected, and genes with an FDR <0.01 were considered
significant. GSEA against Hallmark gene sets was performed, as
described above.

Outcome analysis of CoMMpass used interim analysis 21 (IA21)
outcome data. ETV4 expression was compared with PFS and OS
based on a given threshold (e.g., <1 or 21 FPKM) or as a quantitative
variable using a Cox proportional hazards model implemented in R
with the “coxph” function of the survival package (v3.4-0). Signifi-
cance was determined by Wald’s test with a P < 0.05, which was con-
sidered significant. Multivariate analysis also considered age, stage
(ISS), and high-risk genetic alterations, t(4;14), t(14;16), and del(17p),
determined from whole-genome sequencing.
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