
Regular Article

LYMPHOID NEOPLASIA

Venetoclax sensitivity in multiple myeloma is associated
with B-cell gene expression
Vikas A. Gupta,1 Benjamin G. Barwick,1 Shannon M. Matulis,1 Ryosuke Shirasaki,2 David L. Jaye,3 Jonathan J. Keats,4 Benjamin Oberlton,1

Nisha S. Joseph,1 Craig C. Hofmeister,1 Leonard T. Heffner,1 Madhav V. Dhodapkar,1 Ajay K. Nooka,1 Sagar Lonial,1

Constantine S. Mitsiades,2 Jonathan L. Kaufman,1 and Lawrence H. Boise1

1Department of Hematology andMedical Oncology, Winship Cancer Institute of Emory University, Atlanta, GA; 2Department of Medical Oncology, Dana-Farber
Cancer Institute, Boston, MA; 3Department of Pathology and Laboratory Medicine, Winship Cancer Institute of Emory University, Atlanta, GA; and 4Integrated
Cancer Genomics Division, Translational Genomics Research Institute, Phoenix, AZ

Venetoclax is a highly potent, selective BCL2 inhibitor capable of inducing apoptosis in cells
dependent on BCL2 for survival. Most myeloma is MCL1-dependent; however, a subset of
myeloma enriched for translocation t(11;14) is codependent on BCL2 and thus sensitive to
venetoclax. The biology underlying this heterogeneity remains poorly understood. We
show that knockdown of cyclin D1 does not induce resistance to venetoclax, arguing against
a direct role for cyclin D1 in venetoclax sensitivity. To identify other factors contributing to
venetoclax response, we studied a panel of 31 myeloma cell lines and 25 patient samples
tested for venetoclax sensitivity. In cell lines, we corroborated our previous observation
that BIM binding to BCL2 correlates with venetoclax response and further showed that
knockout of BIM results in decreased venetoclax sensitivity. RNA-sequencing analysis iden-
tified expression of B-cell genes as enriched in venetoclax-sensitive myeloma, although no
single gene consistently delineated sensitive and resistant cells. However, a panel of cell sur-

face makers correlated well with ex vivo prediction of venetoclax response in 21 patient samples and may serve as a bio-
marker independent of t(11;14). Assay for transposase-accessible chromatin sequencing of myeloma cell lines also
identified an epigenetic program in venetoclax-sensitive cells that was more similar to B cells than that of venetoclax-
resistant cells, as well as enrichment for basic leucine zipper domain–binding motifs such as BATF. Together, these
data indicate that remnants of B-cell biology are associated with BCL2 dependency and point to novel biomarkers of
venetoclax-sensitive myeloma independent of t(11;14).

Introduction
Although advances in multiple myeloma therapy have resulted in
significant improvements in patient survival, myeloma remains
incurable, and the majority of patients ultimately relapse and
require additional lines of therapy.1,2 Drugs targeting the BCL2
family represent an exciting new class of therapeutics with a novel
mechanism of action. Cell survival is regulated by a delicate bal-
ance of pro-apoptotic and anti-apoptotic BCL2 family proteins.3,4

The anti-apoptotic proteins BCL2, BCLXL, and MCL1 bind to and
sequester pro-apoptotic proteins, preventing them from activat-
ing the apoptotic pathway. Venetoclax (a BCL2 inhibitor), navito-
clax and ABT-737 (BCL2/BCLXL inhibitors), and the MCL1
inhibitors AMG176, AZD5991, and S63845 induce tumor apopto-
sis by disrupting the ability of their targets to inhibit pro-apoptotic
proteins.5–8 Of these drugs, venetoclax is the first and only one
approved to date for use in chronic lymphocytic leukemia and
for acute myeloid leukemia in combination with hypomethylating
agents.

Chronic lymphocytic leukemia, which originates from BCL2-
dependent B cells, is highly sensitive to venetoclax, whereas other
B-cell lymphomas such as follicular lymphoma and diffuse large
B-cell lymphoma are less sensitive.9–11 B cells differentiate into
plasma cells; they undergo numerous epigenetic and transcrip-
tional changes that allow them to secrete large quantities of
antibody.12 A number of studies have shown that as part of this
differentiation process, plasma cells convert to an MCL1-
dependent state.13–15 Myeloma would therefore not be
predicted to respond to venetoclax. However, a subset of mye-
loma with t(11;14), a translocation between the immunoglobulin
heavy chain and cyclin D1 (CCND1) present in 15% to 20% of
patients with myeloma, is more sensitive to these drugs and
must therefore be BCL2 dependent.16–19 A phase 1 trial of vene-
toclax in multiple myeloma has reported an objective response
rate of 40% among patients with t(11;14), compared with patients
without t(11;14), who have a less favorable response rate of
only 6%.20

KEY PO INT S

� Venetoclax-sensitive
myeloma retains a B
cell–like pattern of gene
expression and chroma-
tin accessibility.

� B-cell genes may serve
as a better biomarker
for predicting
venetoclax response
than t(11;14) alone.
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Response to BCL2 inhibitors in myeloma is dictated by numerous
intrinsic and extrinsic factors.17,19,21–25 To further characterize the
factors contributing to venetoclax sensitivity in myeloma, we
examined the BCL2 family proteins, global RNA expression, and
chromatin accessibility in a panel of myeloma cell lines and patient
samples. Here we report increased expression of B-cell genes and
enrichment of basic leucine zipper domain transcription factor
motifs such as BATF in areas of increased chromatin accessibility
in venetoclax-sensitive myeloma. Together, these data identify
new biomarkers for selecting venetoclax-sensitive patients
beyond t(11;14) as well as the transcription factors that may be
driving this altered expression program and BCL2 dependence.

Methods
Cell lines
RPMI8226 and MM.1S cells were purchased from ATCC. KMS11,
KMS12BM, KMS12PE, KMS18, KMS20, KMS21BM, KMS27,
KMS28, and KMS34 were purchased from the Japanese

Collection of Research Bioresources Cell Bank. OPM2 was pro-
vided by Nizar Bahlis (University of Calgary). All other cell lines
were provided by Jonathan Keats. All cell lines were validated
by using sequencing and phenotypic characterization.

Reagents
Venetoclax was generously provided by AbbVie. Recombinant
human IL-6 was purchased from R&D Systems.

Small interfering RNAs
Small interfering RNAs (siRNAs) were purchased from Dharmacon
(GE Life Sciences). ON-TARGETplus SMART pool siRNA against
CCND1 and the siCONTROL nontargeting siRNA were used
per manufacturer’s protocol.

Cell cycle analysis
Twenty-four hours after siRNA transfection, cells were
washed and resuspended in 500 mL phosphate-buffered
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Figure 1. CCND1 knockdown does not induce resistance to venetoclax. (A) Protein lysates were prepared from cells 72 hours after nucleoporation with either control
siRNA or CCND1 siRNA. Protein was subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis and western blotting for CCND1, MCL1, BCLXL, BCL2, BIM,
and ACTIN. Densitometry quantification of CCND1 relative to control siRNA and normalized to actin is shown for each cell line. (B) The same cells were fixed, permeabilized,
and stained with propidium iodide to measure DNA content. Gates depict percentage of cells in G1, S, and G2/M. (C) Starting at 48 hours after siRNA nucleoporation, cells
were treated with indicated doses of venetoclax for 24 hours followed by staining with Annexin V–fluorescein isothiocyanate to measure apoptosis. Data are presented as
the mean 6 standard error of 3 independent experiments.
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saline, then added dropwise to 3.5 mL ice-cold 70% ethanol
and incubated overnight at 220�C. Cells were then washed
in phosphate-buffered saline, resuspended in 500 mL

propidium iodide/RNAse staining buffer (BD Biosciences)
for 30 minutes at room temperature, and analyzed by flow
cytometry.
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Figure 2. Characterization of venetoclax sensitivity and the BCL2 family in myeloma cell lines. (A) Cells were treated with indicated doses of venetoclax for 24 hours
followed by staining with Annexin V–fluorescein isothiocyanate to measure apoptosis. The table lists calculated IC50 and cytogenetics (CTG) of each cell line. (B) RNA expres-
sion of BCL2, BCL2L1, and MCL1 in sensitive (green) and resistant (orange) cell lines as measured by RNA-sequencing, as well as calculated BCL2/BCL2L1 and BCL2/MCL1
ratios. (C) Protein lysates from 4 sensitive (Karpas 620, OCI-My5, PCM6, and H1112) and 5 resistant (KMS20, KMS28, KMS34, KMS21BM, and PE1) cell lines were prepared
and then subjected to coimmunoprecipitation with anti-MCL1, anti-BCLXL, and anti-BCL2 antibodies. The resulting protein complexes were examined by western blot anal-
ysis using anti-BIM, anti-MCL1, anti-BCLXL, and anti-BCL2. (D) Protein expression of BIM, BAK, BAX, MCL1, BCLXL, BCL2, and actin from Cas9 parental cells or CRISPR
knockout of BIM, BAK, BAX, or BAK and BAX in KMS12PE or OCI-My5. (E) Cells from panel D were treated with indicated doses of venetoclax for 24 hours followed by
staining with Annexin V–fluorescein isothiocyanate to measure apoptosis. Data are presented in panels A and E as the mean 6 standard error of 3 independent experi-
ments. DKO, double knockout; FPKM, fragments per kilobase of transcript per million mapped reads; KO, knockout; WT, wild type.
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Apoptosis assays
Cell death wasmeasured by Annexin V–fluorescein isothiocyanate
and propidium iodide staining as previously described.26

Western blot analysis
Western blotting was performed by using standard techniques as
previously described.27

Coimmunoprecipitation studies
Immunoprecipitation experiments were performed by using the
Exacta-Cruz C Kit (Santa Cruz Biotechnology) as previously
described.27

Patient sample processing
All samples were collected following an Emory University Institu-
tional Review Board–approved protocol and treated with veneto-
clax to determine 50% inhibitory concentration (IC50) as previously
described.28 Research was conducted in accordance with the
Declaration of Helsinki. After processing, 1 to 5 million bone mar-
row aspirate cells were cryopreserved in 1 mL 10% dimethyl sulf-
oxide and transferred to2140�C liquid nitrogen freezers. Samples
were thawed and stained with cell surface antibodies and a live/
dead dye for flow cytometry and sorting. Details are given in
the supplemental Methods (available on the Blood Web site).

CRISPR knockout and activation
CRISPR knockout was performed by using pCW-Cas9 (Addgene
50661) and pLX-sgRNA (Addgene 50662) as previously
described.29 CRISPR activation was performed by using dCAS9-
VP64_blast (Addgene 61425) and pXPR-502 (Addgene 96923),
as described elsewhere.30 Additional details and sgRNA sequen-
ces are provided in the supplemental Methods.

RNA-sequencing
RNA-sequencing analysis was performed similarly to as described
elsewhere.12 Details are given in the supplemental Methods.

Assay for transposase-accessible chroma-
tin sequencing
Assay for transposase-accessible chromatin sequencing (ATAC-
sequencing) was performed similarly to as previously
described.31,32 Details are given in the supplemental Methods.

Results
Translocation t(11;14) and CCND1 do not
contribute directly to venetoclax response
Although t(11;14) has been associated with response to venetoclax
and results in CCND1 overexpression, the contribution of CCND1
to venetoclax sensitivity has never been tested. To directly probe
the role of t(11;14) and CCND1, we performed siRNA knockdown
of CCND1 in the t(11;14) venetoclax-sensitive cell lines Karpas 620,
KMS12PE, and KMS12BM. CCND1 knockdown resulted in
decreased protein levels by western blot and was sufficient to
induce G1 cell cycle arrest (Figure 1A-B). If CCND1 is directly
responsible for venetoclax sensitivity, wewould expect knockdown
to reduce venetoclax sensitivity. However, we observed no effect
on response to venetoclax in 2 of the cell lines and counterintui-
tively an approximately threefold increase (IC50 of 306 nM vs 79
nM) in the third, KMS12BM (Figure 1C). CCND1 knockdown also
had no effect on expression of MCL1, BCLXL, BCL2, or BIM. These
data, together with the observation that 60% of patients with
t(11;14)myelomaswho received venetoclax failed to achieve a par-
tial response or better while 6% of non-t(11;14) patients did, argue
against a direct role for CCND1 in venetoclax response.

Identification of venetoclax-sensitive non-
t(11;14) lines
To investigate other molecular mechanisms beyond t(11;14), we
characterized the venetoclax sensitivity of 31 myeloma cell lines
(Figure 2A). The cell lines segregated into 2 distinct groups,
venetoclax-sensitive (IC50 ,200 nM) and venetoclax-resistant
(IC50 .500 nM), with only KMS28 being of somewhat
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Figure 2. (Continued).
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intermediate sensitivity. Consistent with clinical trial data, 54% (6
of 11) of the t(11;14) cell lines were venetoclax sensitive compared
with 10% (2 of 20) of the non-t(11;14) lines. For PCM6, an
IL-6–dependent line, venetoclax sensitivity was observed only in
the absence of IL-6. Coculture with IL-6 increased the venetoclax
IC50 by.20-fold (supplemental Figure 1), consistent with our pre-
vious data showing a role for IL-6 in venetoclax resistance.24

Using existing RNA-sequencing data, we analyzed the RNA
expression of BCL2, BCL2L1 (BCLXL), and MCL1 in sensitive vs
resistant cell lines. In sensitive lines, BCL2 expression was statisti-
cally higher, whereas BCL2L1 and MCL1 expression was statisti-
cally lower; there was a significant degree of overlap, however
(Figure 2B). The BCL2/BCL2L1 and BCL2/MCL1 ratios have also
previously been reported to correlate with venetoclax sensitiv-
ity.20,22,23,33 We observed a similar correlation for RNA expression
and protein expression in a subset of 13 of these lines (supplemen-
tal Figure 2). However, as with the RNA expression, these ratios
were only predictive in approximately one-half of the sensitive
lines tested. We have previously shown that the distribution of
BIM binding to anti-apoptotic proteins may also predict veneto-
clax response.17,21,24 We therefore performed immunoprecipita-
tion of MCL1, BCLXL, and BCL2 and measured the amount of
coprecipitating BIM in a subset of cell lines. As expected,
venetoclax-sensitive lines showed increased binding of BIM to
BCL2, whereas venetoclax-resistant lines typically exhibited
more BIM bound to MCL1 (Figure 2C). Although this finding is
in general consistent with our previous observations, the correla-
tion is not absolute, and there are exceptions such as PCM6
and KMS28.

Among the cell lines tested, KMS26 and LP1 have biallelic loss of
BIM, complete absence of BIM expression (supplemental Figure
3), and are highly resistant to venetoclax (Figure 2A). To further
characterize the contribution of BIM to venetoclax sensitivity, we
performed CRISPR knockout of BIM and the effector proteins
BAK and BAX in 2 venetoclax-sensitive cell lines (Figure 2D).
Loss of BIM, BAK, and/or BAX had no effect on expression of
BCL2, while BCLXL and MCL1 expression increased slightly in
some of the knockouts. In both KMS12PE and OCIMy5, BIM
knockout partially blocked the response to venetoclax (Figure
2E), suggesting both BIM-dependent and BIM-independent
mechanisms of action. In these BIM-deficient cells, other pro-
apoptotic proteins such as BID or PUMA may substitute for BIM,
or alternatively BCL2 may directly bind and inhibit activated
BAX.34 Coimmunoprecipitation in KMS27, which does not express
detectable levels of BIM (supplemental Figure 2) but is highly sen-
sitive to venetoclax, showed that PUMA is associated with BCL2
and could therefore contribute to venetoclax sensitivity in the
absence of BIM (supplemental Figure 4). The individual roles of
BAK and BAX in each cell lineweremore variable, whereas double
knockout of both BAK and BAX completely abolished cell death in
the presence of venetoclax.

Venetoclax-sensitive myeloma expresses B
cell–associated genes
We next analyzed RNA-sequencing data in these 31 cell lines to
search for differentially expressed genes that may be driving the
BCL2 dependence in venetoclax-sensitive myeloma. This search
identified 261 genes with a greater than twofold change in expres-
sion and a false discovery rate (FDR) ,0.05 (Figure 3A;

supplemental Table 1). We performed a similar analysis on
CD1381 plasma cells purified from 25 primary myeloma samples
to validate our findings in cell lines. These samples were treated ex
vivo with a range of venetoclax concentrations to determine sen-
sitivity (IC50 , 100 nM) or resistance (supplemental Table 2). We
have previously shown that ex vivo testing correlates well with clin-
ical response.28 Among the 10 patients treated with venetoclax
used for this analysis, 9 had samples immediately before treat-
ment, and ex vivo testing correctly predicted the response in 8.
Overall, 70% of t(11;14) and 33% of non-t(11;14) samples were
venetoclax sensitive.

Differential expression analysis revealed 147 genes with a twofold
change in expression and FDR ,0.05 (Figure 3B; supplemental
Table 3). To evaluate the similarity in differentially expressed
genes from cell lines and patient samples, we tested patient sam-
ple data using gene set enrichment analysis (GSEA) and gene sets
consisting of the upregulated and downregulated genes in the
cell lines. The genes upregulated in venetoclax-sensitive cell lines
were also highly enriched in the venetoclax-sensitive patient sam-
ples (FDR 5 0.00038) (Figure 3C), suggesting a shared molecular
program. When we examined the fold changes in gene expres-
sion between venetoclax-sensitive and venetoclax-resistant sam-
ples, the correlation between cell lines and patient samples was
highly statistically significant (P 5 8.7 3 10236) (Figure 3D). Six
protein-encoding genes were statistically significant in both data
sets. VPREB3, CCR7, SORL1, and TRABD2A were upregulated,
whereas EFEMP1 and TDO2 were downregulated. Unlike the
cell lines, expression of BCL2, BCL2L1, and MCL1 did not differ
between sensitive and resistant patient samples, nor did the
BCL2/BCL2L1 and BCL2/MCL1 ratios (Figure 3E).

To further characterize the expression differences between sensi-
tive and resistant myeloma, GSEA was performed by using
curated gene sets. Strikingly, 3 independent gene sets defined
by B-cell genes downregulated as normal B cells differentiated
to plasma cells were enriched in both venetoclax-sensitive cell
lines and patient samples, indicating that these myelomas have
retained at least part of the B-cell expression program normally
deactivated in plasma cells (Figure 3F).35–37 Two of the 5 top dif-
ferentially expressed genes in the cell lines were B cell–related
(MS4A1 and CD79A), as was the top differentially expressed
gene in the patient samples (VPREB3). Gene ontology analysis
revealed B-cell receptor signaling components to be enriched
as well (supplemental Figure 5). Interestingly, GSEA also exhibited
enrichment of the CD2 gene expression profile previously defined
by Zhan et al.38 The CD2 subset includes t(11;14) myeloma as well
as some t(14;16) but is also characterized by coexpression of B-cell
genes such as MS4A1, CD79A, PIK3AP1, and VPREB3.

Notably, the plasma cell lineage transcription factors PRDM1
(BLIMP1), IRF4, and XBP1 were constitutively expressed at similar
levels among all of the sensitive and resistant lines (supplemental
Figure 6A). Aggregate CCND1 expression in the sensitive and
resistant groups did not differ significantly, suggesting that
t(11;14) alone cannot account for differences in venetoclax
response (supplemental Figure 6B). Among the genesmost highly
overexpressed in venetoclax-resistant lines were FAM171A1 and
WWC2 (supplemental Figure 6C). These genes are part of the
MS gene expression profile of Zhan et al,38 which is dominated
by t(4;14) myeloma, suggesting that some of the genes
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Figure 3. Increased expression of B-cell markers in venetoclax-sensitive myeloma. RNA-sequencing heat map of genes with more than twofold differential expression
and FDR <0.05 from cell lines (A) and patient samples (B). Sensitive (green) and resistant (orange) cell lines are denoted by colored boxes above the heat map. Presence of
t(11;14) or t(4;14) is indicated by black boxes. To the left of the heat map, genes overexpressed in sensitive cell lines are labeled in green, and genes overexpressed in
resistant lines are labeled in orange. (C) Enrichment of upregulated genes from venetoclax-sensitive myeloma cell lines in venetoclax-sensitive patient samples by
GSEA. (D) Scatter plot of all genes and corresponding log twofold change in sensitive vs resistant patient samples (x-axis) and cell lines (y-axis). Genes statistically significant
in both data sets or one data set are highlighted in red or black, respectively. (E) RNA expression of BCL2, BCL2L1, and MCL1 as well as calculated BCL2/BCL2L1 and BCL2/
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upregulated in resistant cell lines may be a reflection of the over-
representation of t(4;14) in this group.

We focused our attention on some of the B-cell genes in these
gene sets, includingMS4A1, PIK3AP1, VPREB3, CD79A, STAT5A,
and RASGRP2 (Figure 4A-B). These genes were not consistently
expressed in all of the sensitive cell lines, suggesting that no single
marker can discriminate sensitive from resistant cells. In patient
samples, genes from the CD2 subset, including VPREB3,
SORT1, and BEND5, were more consistently expressed in sensi-
tive samples, though again not universally (Figure 4C-D). Addi-
tional upregulated B-cell genes included CXCR5, IL4R, and REL.
We confirmed the expression of RASGPR2 and STAT5A, as well

as BTK, another B-cell gene that did not reach statistical signifi-
cance, by western blot in a subset of cell lines (Figure 5A). These
proteins were expressed almost exclusively in sensitive cell lines
regardless of t(11;14) status, although not uniformly. To determine
how these B cell–related proteins correlate with response com-
pared with t(11;14), we performed the same western blots on all
11 of our t(11;14) lines. All 6 sensitive lines expressed detectable
levels of either STAT5A, RASGRP2, or BTK, whereas only 1 of the 5
resistant lines expressed BTK (supplemental Figure 7). We also
confirmed expression of CD20 and CD79A by flow cytometry
and simultaneously examined a number of other B-cell (CD45)
and plasma cell (CD138, CD38, CD28, SLAMF7, and IL6R)
markers, as well as CD86 (which can be expressed on both
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Figure 4. Expression of B-cell genes in venetoclax-sensitive myeloma cell lines and patient samples. (A) Volcano plot of all genes from differential expression analysis in
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cell types) (Figure 5B). Nonsupervised clustering correctly
grouped the cell lines into sensitive and resistant based solely
on the cell surface expression of these markers, suggesting
that a panel of flow cytometry markers such as this may serve
as an alternative biomarker for venetoclax response.

Given the challenges with routinely applying ex vivo testing or
RNA-sequencing data clinically, we sought to evaluate this panel
of flow markers in patient samples. To further simplify the predic-
tion of sensitive vs resistant samples, we developed a scoring sys-
tem based on the 5 most variably expressed markers in the cell
lines: CD20, CD28, CD45, CD79a, and CD86. CD20 and CD79a
were expressed only on sensitive cell lines and were therefore
assigned 2 points, CD45 and CD86 were expressed on more sen-
sitive than resistant cell lines and therefore assigned 1 point, and
CD28was expressed onmore resistant than sensitive cell lines and
therefore assigned 21 point (Figure 5C). After taking the sum of
these scores, any total $1 was considered sensitive, whereas
any score of 0 or 21 was considered resistant. When we apply
this scoring system to the cell lines, it correctly predicted the

response in 12 of 13 lines (Figure 5D). We then applied this pro-
cess to 21 banked myeloma samples that we had previously
tested for venetoclax sensitivity ex vivo (supplemental Table 4).
A marker was considered positive only if its expression was
increased 10-fold over unstained cells (supplemental Figure 8).
We then calculated a score for each sample based on positive
or negative staining of all 5 markers (Figure 5E; supplemental
Table 5). The flow prediction score correlated with ex vivo testing
in 17 of 21 samples, with a sensitivity of 82%, a specificity of 80%,
and P 5 .0089 by Fisher’s exact test, suggesting this flow panel
may be a clinically applicable approach to predicting venetoclax
response. Of the patients in this group, 7 received venetoclax
therapy. The flow prediction score matched the ex vivo testing
in all 7 and correctly predicted the clinical response in 6 of 7.

Chromatin accessibility in venetoclax-sensitive
myeloma shares similarities with B cells
The prevalence of B cell–related genes expressed in venetoclax-
sensitive cells suggested that sensitivity may be determined in
part by a failure to downregulate B cell–associated pathways or
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Figure 5. Expression of B-cell genes in venetoclax-sensitive myeloma patient samples. (A) Western blot of STAT5A, RASGRP2, BTK, and ACTIN in a subset of cell lines.
(B) Heat map representing mean fluorescent intensity (MFI) of cell surface markers averaged from 3 independent experiments. Sensitive (green) and resistant (orange) cell
lines are denoted by colored boxes above the heat map. (C) Scoring system for flow-based markers. (D) Application of scores to myeloma cell lines from panel B. The
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differentiation state. As a measure of differentiation state, ATAC-
sequencing was performed on 7 sensitive and 14 resistant cell
lines. Differentially accessible peaks were determined revealing
1587 and 557 regions more accessible in venetoclax-sensitive
and venetoclax-resistant cells, respectively (Figure 6A; supple-
mental Table 6). To directly compare gene expression vs the epi-
genetic state of venetoclax-sensitive vs venetoclax-resistant cells,
we analyzed chromatin-accessible regions within 1 MB of each of
the 261 venetoclax differentially expressed genes. This yielded
33140 comparisons, with 928 regions being significantly (FDR
,0.05; fold change $2) correlated with gene expression (supple-
mental Figure 9A). Chromatin accessibility at 151 of these regions
was also associatedwith venetoclax resistance (orange) or sensitivity
(green). Examples of the correlation between accessibility and gene
expression are shown for the upregulated B-cell gene MS4A1
and the downregulated gene SULF1 (supplemental Figure 9B).

To test whether chromatin accessibility of venetoclax-sensitive
myeloma cells more closely resembled that of B cells, we com-
pared our ATAC data vs data generated from ex vivo
differentiated memory B cells and plasma cells by Jin et al.39 Prin-
ciple component analysis showed that memory B cells (blue)
clustered distinctly from plasma cells (red) (Figure 6B). Similarly,
venetoclax-sensitive cells (green) tended to separate from
venetoclax-resistant cells (orange). Interestingly, the centroid vec-
tor of venetoclax-sensitive cells relative to venetoclax-resistant
cells mirrored that seen betweenmemory B cells and plasma cells.
To more directly compare the differentially accessible regions
between venetoclax-sensitive and venetoclax-resistant myeloma
cells vs those found between memory B cells and plasma cells,
we computed the overlap and found that regions more accessible

in venetoclax-sensitive cells had a significant overlap with regions
more accessible in memory B cells as depicted by a positive odds
ratio (Figure 6C, top). These same regions that were more acces-
sible in venetoclax-sensitive cells were also depleted in regions
more accessible in plasma cells compared with memory B cells
(Figure 6C, bottom). Finally, when we compared the venetoclax-
resistant differentially accessible regions, there was no difference
in accessibility between memory B and plasma cells (Figure 6D,
left); however, those regions more accessible in venetoclax-
sensitive cells had significantly higher accessibility in the memory
B cells compared with plasma cells (Figure 6D, right).

Venetoclax-sensitive myeloma displays increased
chromatin accessibility at binding sites for the
B-cell transcription factor BATF
To better understand the transcription factors that may be driving
differences in chromatin accessibility between venetoclax-
sensitive and venetoclax-resistant cells, we analyzed transcription
factormotifs enriched in differentially accessible regions relative to
all regions found to be accessible. This identified E2A and IRF4
motifs among others as enriched in regions more accessible in
venetoclax-resistant lines (Figure 7A). However, examining E2A
motifs genome-wide, the transcription factor footprint appears
similar between venetoclax-sensitive and venetoclax-resistant
lines (Figure 7B). This indicates that although there was a signifi-
cant enrichment of E2Amotifs in venetoclax-resistant differentially
accessible sites (347 of 557), there is no global change at genomic
regions containing E2A motifs (60526 of 139899 total accessible
sites). In contrast, the motif-binding sites enriched in regions more
accessible in venetoclax-sensitive cells were all basic leucine
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Figure 6. Differential chromatin accessibility in sensi-
tive and resistant cell lines. (A) Heat map of all differen-
tially accessible peaks. (B) Principle component analysis
of ex vivo differentiated memory B (MB; blue) and
plasma cells (PC; red) compared with myeloma cells
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PC. Error bars denote the 95% confidence interval calcu-
lated by using a two-sided Fisher’s exact test. (D) Aver-
age chromatin accessibility of MB and PC at regions
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zipper domain–containing factors, which notably include the AP-1
family of transcription factors such as BATF (Figure 7C). Transcrip-
tion factor footprinting at all BATF-binding motifs (29969 of
139899 total accessible sites) showed an increase in accessibility
in venetoclax-sensitive cells (Figure 7D). Although the AP-1 tran-
scription factor–binding motif is shared among multiple family
members, BATF specifically is expressed in activated B cells,
prompting us to examine its ability to regulate BCL2 dependence
more closely.40 We therefore used CRISPR activation to overex-
press BATF in the venetoclax-resistant cell line KMS11 (Figure
7E). Remarkably, increased BATF expression from 2 independent
guides increased sensitivity to venetoclax comparedwith 2 control
guides (Figure 7F). This increased sensitivity occurred without
changes in expression of BIM, BCL2, BCLXL, or MCL1. These
results suggest that a BATF-mediated transcriptional program
may contribute to venetoclax response in multiple myeloma and
is consistent with venetoclax-sensitive plasma cells having a
more B cell–like phenotype. Cumulatively, these data indicate
that in addition to BCL2 dependence, venetoclax-sensitive mye-
loma retains other aspects of B-cell gene expression and chroma-
tin accessibility and that these patterns may serve as a biomarker
for venetoclax response in myeloma.

Discussion
Multiple myeloma is a highly heterogeneous disease character-
ized by numerous recurrent translocations and mutations. This
heterogeneity has made identifying biomarkers predictive of

response challenging, and effective myeloma therapy such as
immunomodulatory agents, proteasome inhibitors, and monoclo-
nal antibodies do not target patient-specific genetics but rather
the underlying biology of plasma cells.41 One notable exception
has been venetoclax, which in numerous preclinical and clinical
studies is consistently more effective in myeloma harboring the
t(11;14) translocation.18,20,28 However, even among t(11;14) mye-
loma patients, the response rate is only 40% to 60%.20,42 More-
over, our observation that knockdown of CCND1 failed to
induce resistance to venetoclax also suggests that t(11;14) and
CCND1 do not have direct roles in venetoclax response.

To further explore the biology responsible for venetoclax sensitiv-
ity in myeloma and to potentially identify additional biomarkers,
we analyzed RNA-sequencing and ATAC-sequencing data from
cell lines and patient samples. Expression of plasma cell transcrip-
tion factors and cell surface markers show that all of the myeloma
cell lines and patient samples we studied are phenotypically con-
sistent with differentiated plasma cells. However, venetoclax-
sensitive myeloma is enriched for B cell–associated genes that
are typically not expressed in plasma cells. The expression of these
genes could not be completely explained by t(11;14) because
they were observed almost exclusively in venetoclax-sensitive
t(11;14) and were mostly absent in venetoclax-resistant t(11;14).
No single gene was consistently expressed in all of the sensitive
cell lines or patient samples, suggesting it may take a panel of
genes or cell surface markers to distinguish sensitive and resistant
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myeloma. It also suggests that these cells have only a portion of
the B-cell program active and are not functionally B cells.

Our ATAC-sequencing analysis also identified a B cell–like chro-
matin accessibility pattern in venetoclax-sensitive cell lines, and
moreover suggests increased binding of transcription factors at
some of those accessible sites. Overexpression of one of these
transcription factors, BATF, in KMS11 resulted in increased sensi-
tivity to venetoclax. BATF is an essential transcription factor in B-
and T-cell development that is activated upon B-cell receptor sig-
naling, resulting in activation-induced deaminase expression and
class switch recombination, although its expression and function
in plasma cells is unclear.40 BATF both represses and promotes
transcription depending on the presence of other transcription
factors, including the plasma cell transcription factor IRF4, and
could contribute to the venetoclax-sensitive transcription program
in plasma cells through alterations in chromatin accessibility and
without being differentially expressed itself. Thus, despite pos-
sessing the hallmarks of terminally differentiated plasma cells,
venetoclax-sensitive myeloma retains or aberrantly reactivates
aspects of the B-cell program, including BCL2 dependence that
is normally downregulated during differentiation. Whether this
B-cell program is present in a subset of normal plasma cells or is
acquired during myelomagenesis remains an open question.

Venetoclax-sensitive myeloma also showed enrichment of the
CD2 expression signature defined by Zhan et al38 in myeloma.
The CD1 and CD2 subsets include most of the CCND1 and
CCND3 translocated myeloma. However, the CD2 subset also
includes a small proportion of t(14;16) myeloma and expression
of B-cell genes such as MS4A1 (CD20), CD79A, VPREB3, and
PIK3AP1. Given that the 2 non-t(11;14) venetoclax-sensitive cell
lines, OCI-My5 and PCM6, are both t(14;16) and express B-cell
markers, we hypothesize that the CD2 expression signature
may be a better predictor of venetoclax sensitivity than t(11;14)
alone. Most venetoclax trials are focused on t(11;14) patients,
and therefore a subset of patients with high-risk t(14;16) who
could respond to venetoclax is potentially being overlooked. By
including CD20 and CD79A, our flow panel may better identify
the CD2 subset without the need for gene expression analysis,
which would also be required for measuring expression of BCL2
and other anti-apoptotic proteins, including MCL1 and BCL2L1
(BCLXL) that have been previously studied as biomarkers.18,22,33

Although both BCL2 expression and the BCL2/BC2L1 ratio are
higher in venetoclax-sensitive cell lines and patients, they display
a significant degree of overlap when comparing sensitive vs resis-
tant samples, thus making it challenging to select a specific cutoff
that would be useful for clinical decision-making.20,43 Once fur-
ther validated, our flow prediction score may serve as a simpler
and more easily accessible assay that could be used to identify
venetoclax-sensitive myeloma independent of t(11;14).
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