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Key Points

• IL-6–driven POU2AF1 
and ELL2 confer the 
robustness of MM-
distinct transcriptional 
program.

• POU2AF1 is also 
engaged in the 
organization of nuclear 
speckles and IL6– 
mediated alternative 
RNA splicing.

Multiple myeloma (MM) is a plasma cell neoplasm that depends on the bone marrow (BM) 
microenvironment; however, the underlying mechanisms of epigenetic contribution to the 
pathogenesis of MM are incompletely understood. Here, we delineate epigenetically driven 
transcriptional and splicing regulation crucial for MM. We recharacterized the 
transcriptional program induced by interleukin 6 (IL-6)/Janus kinase (JAK)/signal 
transducer and activator of transcription 3 (STAT3) pathway by integrating chromatin 
immunoprecipitation sequencing, transcriptomic analyses, and CRISPR knockout 
screening, identifying the B-cell lineage factors POU2AF1 and ELL2, as crucial IL-6/JAK/ 
STAT3 targets essential for MM cell growth and survival. Genetic depletion of these factors 
significantly suppressed MM cell growth in vitro and in the xenograft model of IL-6 
humanized mice. Mechanistically, POU2AF1 and ELL2 form an autoregulatory loop with 
IRF4 and establish an MM-distinct transcriptional program representing cellular 
immaturity. The IL-6/JAK/STAT3 pathway augments this program by upregulating and 
recruiting these factors to MM signature genes. Furthermore, POU2AF1 and ELL2 are 
essential in the regulation of IL-6–dependent alternative RNA splicing. 
Immunocytochemical and proteomic analyses revealed that POU2AF1 colocalizes and 
facilitates formation of nuclear speckles, where it interacts with trans-acting splicing 
factors required for MM cell growth. These findings suggest dual roles of POU2AF1 and 
ELL2 in coordinating transcription and RNA splicing to generate MM-associated mRNA 
isoforms. Finally, we showed that gapmer antisense oligonucleotides targeting POU2AF1 
reduced MM cell growth in the presence of soluble BM stromal cell factors, including IL-6.
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Our data demonstrate that IL-6–driven B-cell lineage factors are the vulnerability of MM 

cells and may represent novel therapeutic targets for this incurable tumor.

Introduction

Multiple myeloma (MM) is an incurable plasma cell neoplasm that 
depends on the bone marrow (BM) for its progression. 1 A key 
factor in the MM BM microenvironment is interleukin-6 (IL-6), 
which was first identified as a B-cell differentiation factor, 2 and 
soon recognized as a critical factor for MM cell growth. 3,4 IL-6 
transgenic mice develop spontaneous plasmacytoma, 5,6 and pri-
mary human MM cells can be engrafted in the BM of humanized 
mice that express the human IL-6 gene. 7 Furthermore, BM stromal 
cells (BMSCs) from patients with MM produce high amounts of IL-
6. 8,9 Importantly, the IL-6R gene, located on chromosome 1q21, is 
frequently amplified in MM cells. 10 IL-6 activates several signaling 
pathways through its receptor complex, including Janus kinase 
(JAK)/signal transducer and activator of transcription (STAT), 
mitogen-activated protein kinase, and phosphatidylinositol-3 
kinase/AKT signaling pathways, 11 with the JAK/STAT3 pathway 
being essential for MM cell growth and survival. 12 STAT3 upre-
gulates antiapoptotic genes such as MCL1, although its full role 
extends beyond this upregulation. 12

POU2AF1 (also known as BOB1/OBF1/OCAB) is a lymphoid 
cell-specific transcriptional coactivator that interacts with POU 
transcription factors POU2F1 (OCT1) and POU2F2 (OCT2) at 
octamer motifs (5 ′ -ATGCAAAT-3 ′ ), thereby facilitating octamer-
dependent transcription. 13-15 It is expressed throughout B-cell 
development, 16 with increased levels in germinal center (GC) B 
cells. 17,18 POU2AF1-deficient mice lack GC formation after 
immunization, resulting in reduced secondary immunoglobulin (Ig) 
isotypes and skewed Ig repertoires. 19-22 A recent genome-wide 
study revealed that POU2AF1 regulates genes involved in GC 
formation and is crucial for GC-derived lymphomas. 23-26 

POU2AF1 is also highly expressed in MM, which is nevertheless a 
post GC-derived tumor. 27-29 Copy number alternation represents
1 potential mechanism underlying elevated expression, although 
amplification of the POU2AF1 region is relatively infrequent in 
MM. 27 Importantly, recent research identifies POU2AF1 as an 
essential factor for MM survival through the IRF4 network. 30 

However, the mechanism of POU2AF1 induction beyond gene 
amplifications, as well as its precise molecular functions in MM, 
has not been fully deciphered.

ELL2, a member of the ELL family and part of the super elongation 
complex, promotes transcription elongation by releasing RNA 
polymerase II from transcriptional pausing. 31-33 In B cells, ELL2 is 
involved in the maturation of plasma cells and promotes Ig 
secretion by shifting Ig heavy chain mRNA from the membrane-
bound to the secretory form alongside other super elongation 
complex components. 34,35 It also regulates gene expression and 
RNA splicing related to plasma cell differentiation, including 
unfolded protein response genes. 36-38 B-cell–specific Ell2 
knockout (KO) mice exhibit reduced numbers of plasma cells and 
decreased Ig secretion. 37 Recent genome-wide association 
studies have identified several MM risk variants at the ELL2 locus

that are associated with lower ELL2 expression. 39-43 Nevertheless, 
ELL2 expression is higher in MM than that in other types of 
cancers. 44

Here, we recharacterize the IL-6/JAK/STAT3–driven transcrip-
tional program in MM and identify POU2AF1 and ELL2 as key 
STAT3 targets essential for MM cell survival. POU2AF1 and ELL2 
direct a unique MM transcriptional profile induced by IL-6. 
POU2AF1 is also associated with splicing factors essential for 
MM cells and involved in IL-6–mediated splicing regulation. These 
findings provide novel insights into the integrated transcriptional 
and splicing programs shaped by the BM environment in MM, and 
redefine the biological significance of IL-6 in MM.

Materials and methods
Primary patient samples and animal studies

BM samples were obtained from patients with MM after receiving 
informed consent and approval by the institutional review board of 
Kumamoto University.

Statistical analysis

Two-tailed Student t test was performed to determine significance 
between 2 groups. Log-rank test was conducted to determine the 
significance of survival differences using GraphPad Prism 9 soft-
ware. A value of P < .05 was considered statistically significant.

Additional methods are described in detail in the supplemental 
Methods.

Animal studies were performed under a protocol approved by the 
Kumamoto University Animal Care and Use Committee. This study 
was conducted in accordance with the Declaration of Helsinki.

Results
Identification of crucial IL-6/JAK/STAT3 targets 
in MM

Although the IL-6/JAK/STAT3 pathway is crucial for MM cells, its 
epigenetic and transcriptional effects on MM cells have not been 
fully characterized. Therefore, we first examined the effect of IL-6 
on histone modifications using the IL-6–responsive MM cell line, 
MM.1S. Chromatin immunoprecipitation followed by sequencing 
(ChIP-seq), normalized to reference exogenous genome, demon-
strated that H3K4me3 and H3K27ac signals around transcrip-
tional start sites were increased 4 hours after IL-6 treatment, 
whereas H3K27me3 signal was modestly decreased at the same 
time point (Figure 1A), suggesting that IL-6 promotes global 
transcriptional activation through epigenetic modification. We next 
sought to identify novel IL-6/JAK/STAT3 targets in MM cells. We 
performed ChIP-seq for phosphorylated STAT3 at tyrosine 705 (p-
STAT3) after IL-6 treatment. Motif analysis of p-STAT3 ChIP-seq 
identified STAT3 motif as the most significantly enriched 
(Figure 1B), and we observed p-STAT3 binding at the SOCS3 
locus, a canonical STAT3 target gene (supplemental Figure 1A),
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Figure 1. Identification of crucial IL-6/JAK/STAT3 targets in MM. (A) ChIP-seq signals of H3K4me3, H3K27Ac, and H3K27me3 at transcription start sites after treatment 

with or without IL-6 (10 ng/mL) for 4 hours in MM.1S cells. ChIP-seq signals were normalized to reference exogenous spiked-in Drosophila chromatin. (B) Motif analysis of 

ChIP-seq for phosphorylated (p)-STAT3 at tyrosine 705 after treatment with IL-6 (10 ng/mL) for 4 hours in MM.1S cells. The top 4 enriched motifs are shown. (C) Scheme for 

identifying crucial IL-6/JAK/STAT3 targets in MM. (D) Integrative Genomics Viewer tracks showing H3K4me3, H3K27Ac, p-STAT3, and mRNA signals at the POU2AF1 and 

ELL2 gene loci after treatment with or without IL-6 (10 ng/mL) for 4 hours in MM.1S cells. (E) Violin plots representing expression levels of POU2AF1 and ELL2 in a series of 

cancer cell lines. (F) Violin plots representing relative dependence of MM cell lines on POU2AF1 and ELL2 compared with other types of cancer cell lines. Panels E-F: data were 

downloaded from DepMap portal (https://depmap.org/portal/). Center lines represent the median, and lower and upper lines represent the interquartile range. RRPM, reference-

normalized reads per million.

9 JUNE 2026 • VOLUME 10, NUMBER 11 KEY REGULATORS OF MM-DISTINCT PROGRAMS 4051

https://depmap.org/portal/


validating the specificity of the p-STAT3 ChIP-seq. We then per-
formed RNA sequencing (RNA-seq) analysis and combined this 
with p-STAT3 ChIP-seq results. Through RNA-seq analysis, we 
found that a total of 93 genes were upregulated, whereas 51 
genes were downregulated (fold change >2 0.5 and adjusted P < 
.05) after 4 hours of IL-6 treatment in both IL-6–responsive and IL-
6–dependent MM cell lines (MM.1S and INA-6) (Figure 1C; 
supplemental Tables 1-3). Among 93 upregulated genes, 52 
genes were bound by p-STAT3, whereas among 51 down-
regulated genes, only 1 gene was bound by p-STAT3, indicating 
that IL-6/JAK/STAT3 signaling predominantly activates target gene 
transcription in the context of MM cells, which was consistent with 
histone modification profiles (Figure 1C; supplemental Tables 4 
and 5). We further analyzed the 52 IL-6–upregulated and p-
STAT3–bound genes using DepMap, a comprehensive clustered 
regularly interspaced short palindromic repeat (CRISPR) KO 
screening database of a series of cancer cell lines (https:// 
depmap.org/portal/). 45 Importantly, MM cells were more depen-
dent on 4 genes than other cancers (effect size, less than -0.2 and 
P < 10 -7 ; myeloma cell lines vs others) (Figure 1C; supplemental 
Table 6). This gene list included a known STAT3 target in MM, 
MCL1, a member of the B-cell lymphoma 2 family exerting anti-
apoptotic effect (supplemental Figure 1B-D). 12 Among these 4 
genes, we focused on 2 genes, POU2AF1 and ELL2, that are B-
cell lineage–associated transcriptional cofactors (Figure 1D). 
POU2AF1 was exclusively expressed in MM and B-cell lymphoma 
cell lines among a series of cancer cell lines (Figure 1E). Although 
ELL2 was expressed in most of the cancer cell lines, it exhibited 
higher expression levels in MM cell lines relative to others 
(Figure 1E). Consistent with their expression levels, CRISPR KO 
screening data showed higher dependence of MM cell lines on 
POU2AF1 and ELL2 compared with other cancer cell lines 
(Figure 1F).

We next confirmed that the IL-6/JAK/STAT3 pathway mediates the 
induction of POU2AF1 and ELL2 in MM cells. STAT3 phosphor-
ylation was observed 30 minutes after IL-6 treatment and remained 
elevated. Accordingly, POU2AF1 and ELL2 mRNA levels began to

increase 2 hours after IL-6 stimulation, peaked at 4 hours, and 
were followed by increased protein expression (Figure 2A-B; 
supplemental Figure 2A-B). IL-6 at a concentration of 1 ng/mL 
sufficiently induced POU2AF1 and ELL2 expression (Figure 2A-
B). We therefore used IL-6 at this concentration for experiments 
thereafter. We further validated IL-6–mediated POU2AF1 and 
ELL2 induction in additional MM cell lines (NCI-H929, KMS-12-
BM, KMS-28-BM, and RPMI8226) and multiple primary cells 
from patients with MM (Figure 2C; supplemental Figure 2C-D). To 
test the requirement of STAT3 in the POU2AF1 and ELL2 
induction, we transduced MM.1S cells stably expressing Cas9 
with single-guide (sg) RNAs targeting STAT3 (sgSTAT3 #1 and 
#2) or a control sgRNA targeting enhanced green fluorescent 
protein (EGFP) (sgEGFP) by lentivirus. KO of STAT3 largely 
abrogated IL-6–mediated POU2AF1 and ELL2 induction in 
MM.1S cells (Figure 2D-E). Together, these results demonstrated 
that POU2AF1 and ELL2 are direct targets of the IL-6/JAK/STAT3 
pathway in MM cells.

POU2AF1 and ELL2 promote MM cell growth and 
survival in the BM environment

We next investigated the effect of KO of POU2AF1 and ELL2 on 
MM cell growth in the BM environment. We introduced sgRNAs 
targeting POU2AF1 (sgPOU2AF1 #1 and #2), ELL2 (sgELL2 #1 
and #2), or EGFP (sgEGFP) into MM cell lines expressing Cas9, 
and validated depletion of each of the proteins (Figure 3A-B; 
supplemental Figures 3A-B and 4A-D). Consistent with the Dep-
Map database and recent CRISPR studies, 45,46 KO of POU2AF1 
and ELL2 inhibited the growth of 3 MM cell lines (MM.1S, INA-6, 
and MOLP-8) in the absence of IL-6 (Figure 3A-B). Importantly, IL-
6 stimulated the growth of these MM cell lines, and this effect was 
largely abolished by KO of POU2AF1 and ELL2 (Figure 3A-B). 
Conditioned medium from BMSCs derived from patients with MM 
also increased POU2AF1 and ELL2 expression and stimulated 
MM cell growth. KO of POU2AF1 and ELL2 mostly abrogated this 
growth induction (supplemental Figure 3A-B). These results sug-
gest that POU2AF1 and ELL2 contribute to MM cell growth within
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Figure 1 (continued)
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Figure 2. Validation of IL-6/JAK/STAT3 mediated POU2AF1 and ELL2 induction in MM. (A) Relative mRNA expression levels of POU2AF1 and ELL2 were assessed by 

quantitative real-time polymerase chain reaction after treatment with or without IL-6 (1 or 10 ng/mL) for 4 or 24 hours in MM cell lines (MM.1S, INA-6, and MOLP-8).
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Figure 2 (continued) (B) Immunoblot analysis for p-STAT3 (Tyr705), STAT3, POU2AF1, and ELL2 in MM cell lines (MM.1S, INA-6, and MOLP-8) treated with or without IL-6 (1 

or 10 ng/mL) for 4 or 24 hours. Actin served as a loading control. Shown are representative blots from 2 independent experiments. The signal intensity for each immunoblot was 

quantified using the ImageJ software. The pSTAT3:STAT3 ratio is shown as mean ± standard deviation (SD) (n = 2) in the top panel. POU2AF1 and ELL2 signals normalized to 

actin (relative to IL-6–untreated control) are shown as mean ± SD (n = 2) in the bottom panel. (C) Relative mRNA expression levels of POU2AF1 and ELL2 after treatment with or 

without IL-6 (1 ng/mL) for 4 hours in primary MM cells. (D) Relative mRNA expression levels of POU2AF1 and ELL2 after treatment with or without IL-6 (1 ng/mL) for 4 hours in 

Cas9-expressing MM.1S cells transduced with sgRNA against STAT3 (sgSTAT3) or control sgRNA against EGFP (sgEGFP). (E) Immunoblot analysis for p-STAT3 (Tyr705), 

STAT3, POU2AF1, and ELL2 after treatment with or without IL-6 (1 ng/ml) for 24 hours in Cas9-expressing MM.1S cells transduced with sgSTAT3 or sgEGFP. Actin served as a 

loading control. Shown are representative blots from 3 independent experiments. The signal intensity for each immunoblot was quantified using the ImageJ software. The 

pSTAT3:STAT3 ratio, along with STAT3, POU2AF1, and ELL2 signals normalized to actin (relative to IL-6–untreated sgEGFP) are shown as mean ± SD (n = 3) in the right panel. 

Panels A,C-D: data were normalized to expression of invariant control (PPIA), and the expression levels relative to IL-6–untreated control are shown as mean ± SD. Panels A-E: 

*P < .05; **P < .01; ***P < .001 (unpaired Student t test). Pt, patient.

4054 OHGUCHI et al 9 JUNE 2026 • VOLUME 10, NUMBER 11



MM.1S INA-6 MOLP-8

MM.1S INA-6 MOLP-8

IL-6 (–) IL-6 (+) IL-6 (–) IL-6 (+) IL-6 (–) IL-6 (+)

p-STAT3 (Tyr705)

STAT3

POU2AF1

Actin

sg
E

G
FP

sg
P

O
U

2A
F1

 #
1

sg
P

O
U

2A
F1

 #
2

sg
E

G
FP

sg
P

O
U

2A
F1

 #
1

sg
P

O
U

2A
F1

 #
2

p-STAT3 (Tyr705)

STAT3

POU2AF1

Actin

sg
E

G
FP

sg
P

O
U

2A
F1

 #
1

sg
P

O
U

2A
F1

 #
2

sg
E

G
FP

sg
P

O
U

2A
F1

 #
1

sg
P

O
U

2A
F1

 #
2

p-STAT3 (Tyr705)

STAT3

POU2AF1

Actin

sg
E

G
FP

sg
P

O
U

2A
F1

 #
1

sg
P

O
U

2A
F1

 #
2

sg
E

G
FP

sg
P

O
U

2A
F1

 #
1

sg
P

O
U

2A
F1

 #
2

kDa

75

75

37

37
50

kDa

75

75

37

37
50

kDa

75

75

37

37
50

p-STAT3 (Tyr705)

STAT3

ELL2

Actin

sg
E

G
FP

sg
E

LL
2 

#
1

sg
E

LL
2 

#
2

sg
E

G
FP

sg
E

LL
2 

#
1

sg
E

LL
2 

#
2

kDa

75

75

75

37
50

sg
E

G
FP

sg
E

LL
2 

#
1

sg
E

LL
2 

#
2

sg
E

G
FP

sg
E

LL
2 

#
1

sg
E

LL
2 

#
2

p-STAT3 (Tyr705)

STAT3

ELL2

Actin

kDa

75

75

75

37
50

p-STAT3 (Tyr705)

STAT3

ELL2

Actin

sg
E

G
FP

sg
E

LL
2 

#
1

sg
E

LL
2 

#
2

sg
E

G
FP

sg
E

LL
2 

#
1

sg
E

LL
2 

#
2

kDa

75

75

75

37
50

sgEGFP
sgELL2 #1
sgELL2 #2

sgEGFP
sgELL2 #1
sgELL2 #2

sgEGFP
sgELL2 #1
sgELL2 #2

sgEGFP
sgPOU2AF1 #1
sgPOU2AF1 #2

sgEGFP
sgPOU2AF1 #1
sgPOU2AF1 #2

sgEGFP
sgPOU2AF1 #1
sgPOU2AF1 #2

***

***

***

***

IL-6 (–) IL-6 (+)

***

***

NA

IL-6 (–) IL-6 (+)

***

***

***

***

IL-6 (–) IL-6 (+)

IL-6 (–) IL-6 (+)

***

***

***

***

IL-6 (–) IL-6 (+)

IL-6 (–) IL-6 (+)

***

***

NA

IL-6 (–) IL-6 (+)

IL-6 (–) IL-6 (+)

***

***

***

**

IL-6 (–) IL-6 (+)

P < .0001

P < .0001

P < .0001

P < .0001

P < .0001

P < .0001

P < .0001

P < .0001

P = .0002

P = .0003

P < .0001

P < .0001
P = .0005

P = .0004
P = .0002

P < .0001

P = .0003

P = .0003

P = .0006

P = .0022

P = .0016 

P = .0064 

***
P < .0001

**

**

***
P < .0001

A

B

0

50

100

150

200

250

Ce
ll g

ro
wt

h 
(%

 o
f s

gE
GF

P
wi

th
ou

t I
L-6

: d
ay

4/
da

y0
)

0

50

100

150

Ce
ll g

ro
wt

h 
(%

 o
f s

gE
GF

P
wi

th
 IL

-6
: d

ay
4/

da
y0

)

0

50

100

150

200

250

Ce
ll g

ro
wt

h 
(%

 o
f s

gE
GF

P
wi

th
ou

t I
L-6

: d
ay

4/
da

y0
)

0

50

100

150

200

Ce
ll g

ro
wt

h 
(%

 o
f s

gE
GF

P
wi

th
ou

t I
L-6

: d
ay

4/
da

y0
)

0

50

100

150

Ce
ll g

ro
wt

h 
(%

 o
f s

gE
GF

P
wi

th
 IL

-6
: d

ay
4/

da
y0

)

0

50

100

150

200

250

Ce
ll g

ro
wt

h 
(%

 o
f s

gE
GF

P
wi

th
 IL

-6
: d

ay
4/

da
y0

)

Figure 3. POU2AF1 and ELL2 are required for IL-6–mediated MM cell growth. (A-B) MM cell lines stably expressing Cas9 (MM.1S, INA-6, MOLP-8) were transduced with 

sgRNA targeting POU2AF1 (sgPOU2AF1), ELL2 (sgELL2), or control sgRNA targeting EGFP (sgEGFP). Three days after infection (2 days after puromycin selection) was 

designated as day 0. On day 0, cells were treated with or without IL-6 (1 ng/mL). On day 1, whole-cell lysates were extracted and subjected to immunoblot analysis with the 

indicated antibodies (top). Shown are representative blots from 2 independent experiments. On days 0 and 4, cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrasodium bromide (MTT) T assay. The cell growth rate (day 4/day 0) relative to sgEGFP without IL-6 (MM.1S and MOLP-8) or sgEGFP with IL-6 (INA-6) is shown 

(bottom). Data represent mean ± SD (n = 3). **P < .01; ***P < .001 (unpaired Student t test). Cell growth rate could not be determined in the absence of IL-6 in INA-6 cells 

because almost all cells were dead within 4 days. (C) MM.1S cells stably expressing Cas9 and luciferase were transduced with sgPOU2AF1, sgELL2, or sgEGFP. One million 

viable cells were IV injected into NOG human IL-6 transgenic mice. The bioluminescent imaging of xenografted mice on day 43. (D) Tumor burden was serially measured by BLI. 

Data represent mean ± SEM. n = 3 to 4 mice per group. P = .0199 (sgEGFP vs sgPOU2AF1), P = .0203 (sgEGFP vs sgELL2) (unpaired Student t test). (E) Kaplan–Meier 

curves showing the survival of each group. P = .0101 (sgEGFP vs sgPOU2AF1); P = .0101 (sgEGFP vs sgELL2) by the log-rank test. NA, not applicable.
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the BM environment. To confirm this notion, we next used a 
disseminated xenograft model of MM. We IV injected POU2AF1 
and ELL2-depleted MM.1S cells expressing luciferase into human 
IL-6–expressing NOD/Shi-scid,IL-2RγKO (NOG) mice (NOG-hIL-
6 Tg), and then serially monitored the tumor burden by luciferase 
signal. Depletion of POU2AF1 and ELL2 significantly delayed 
tumor progression (Figure 3C-D) and prolonged overall survival of 
the mice compared with the control group injected with sgEGFP-
transduced cells (Figure 3E). These data suggest that POU2AF1 
and ELL2 promote MM cell growth in the presence of IL-6 in vivo. 
Even though each mouse received an equal number of viable cells, 
it is important to consider that the observed effect could have been 
exaggerated, as POU2AF1 and ELL2 expression had been 
reduced before injecting the tumor cells.

We next sought to identify the underlying mechanisms of 
POU2AF1 and ELL2-mediated MM cell growth. Depletion 
of POU2AF1 and ELL2 increased apoptotic cells, as evidenced by 
enhanced Annexin V binding (supplemental Figure 5A-B), as well 
as arrested cells in S phase (supplemental Figure 5C-D) in MM.1S 
and INA-6 cells, although the effect of ELL2 KO on apoptosis and 
cell cycle was modest in INA-6 cells (supplemental Figure 5B,D). 
These results indicate that POU2AF1 and ELL2 promote not only 
the survival of MM cells but also the proliferation of MM cells.

POU2AF1 and ELL2 positively regulate MM-specific 
transcriptional signatures

To decipher the molecular mechanisms underlying POU2AF1 and 
ELL2-induced MM cell growth and survival, we next performed 
differential gene expression analysis using RNA-seq. We first 
analyzed gene expression profiles in MM.1S cells after KO of

POU2AF1 and ELL2 in the absence of IL-6 to understand basal 
functions of these factors. A total of 176 genes were down-
regulated, whereas 284 genes were upregulated in common 
between POU2AF1 and ELL2-depleted cells compared with 
sgEGFP-transduced cells (fold change >1.2 and false discovery 
rate [FDR] <0.05) (supplemental Figure 6A; supplemental 
Table 7). Functional enrichment analysis using the gene sets of 
the Molecular Signatures Database (MSigDB) hallmark showed 
that genes of early 2 factor (E2F) targets, G2/M checkpoint, and 
MYC targets were enriched in the genes downregulated by KO of 
POU2AF1 and ELL2, whereas apoptosis-related genes were 
enriched among the upregulated genes (supplemental Figure 6B). 
These findings were in agreement with the results of apoptosis 
and cell cycle assays (supplemental Figure 5A-D). Enrichment 
analysis using the gene sets of Gene Ontology (GO) biological 
process also demonstrated that the expression of genes related to 
chromatin conformation were downregulated by KO of POU2AF1 
and ELL2, suggesting that these factors are associated with the 
maintenance of chromatin structure (supplemental Figure 6C), in 
line with a recent report. 30

To further characterize the POU2AF1 and ELL2 functions, we 
conducted gene set enrichment analysis (GSEA). We found that 
the expression of signature genes related to mitochondrial func-
tions, plasmablasts, MYC targets, tumor invasiveness, TP53-
related metabolism, and translation were downregulated in 
POU2AF1 and ELL2-depleted MM.1S cells (Figure 4A; 
supplemental Table 8). Importantly, recent single-cell RNA-seq 
analysis using primary samples from patients with MM demon-
strated that these gene signatures represent MM cell immaturity 
that is distinct from normal plasma cells. 47 We next investigated 
whether POU2AF1 and ELL2 directly regulate these MM-specific
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Figure 3 (continued)
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Figure 4. POU2AF1 and ELL2 positively regulate MM-distinct transcriptional signatures. (A) Heat map showing the NES from GSEA for the gene sets associated with 

MM cell immaturity in sgPOU2AF1- and sgELL2-transduced MM.1S cells compared with sgEGFP-transduced cells (n = 2). Asterisks indicate FDR of q <0.25. (B) Heat map 

displaying the distribution of POU2AF1 and ELL2 at ELL2- and POU2AF1-bound regions in MM.1S cells, determined by ChIP-seq (± 3 kb from ELL2 and POU2AF1 peak 

center). (C) Venn diagram illustrating the overlap of genes occupied by POU2AF1 (left) or ELL2 (right) and genes of each of the indicated gene sets. Venn diagram does not 

reflect the overlap of genes between each of the gene sets. (D) Gene tracks demonstrating POU2AF1 and ELL2 enrichment at the ASNS and TUBA1B gene loci (examples of 

the genes representing MM cell immaturity) in MM.1S cells. (E) Gene tracks showing H3K27Ac, POU2AF1, ELL2, and IRF4 signals at the POU2AF1 and ELL2 gene loci in 

MM.1S cells. The IRF4 ChIP-seq data (GSM1195560) from the Gene Expression Omnibus database was used for the analysis. (F) Heat map showing the NES from GSEA for 

the indicated gene sets in POU2AF1- and ELL2-high expression groups compared with POU2AF1- and ELL2-low expression groups. Newly diagnosed patients with MM 

(GSE2658, n = 559; GSE6401, n = 102) were divided into 2 groups on the basis of median expression level of POU2AF1 and ELL2. Asterisks indicate FDR q <0.25. (G) Heat 

map displaying the distribution of POU2AF1 and ELL2 at IRF4-bound regions in MM.1S cells, determined by ChIP-seq (± 3 kb from IRF4 peak center). (H) GSEA plots for the 

IRF4 target genes (the genes downregulated by IRF4 knockdown in MM cells) in sgPOU2AF1- and sgELL2-transduced MM.1S cells compared with sgEGFP-transduced cells. 

NES, normalized enrichment score.
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transcriptional programs. Importantly, ChIP-seq analysis for 
POU2AF1 and ELL2 demonstrated that POU2AF1 and ELL2 
coexisted with each other across genome regions (Figure 4B), and 
occupied most of the genes composing MM-distinct signatures 
(Figure 4C-D). These results suggested direct involvement of 
POU2AF1 and ELL2 in the regulation of MM-distinct signature 
genes. Since POU2AF1 and ELL2 both regulate common MM-
distinct signature genes, we hypothesized that they may also 
control each other’s expression. As expected, ChIP-seq analysis 
revealed that POU2AF1 binds to ELL2 regulatory elements 
marked by H3K27ac, and vice versa, suggesting that these factors 
regulate each other, creating a positive autoregulatory loop 
(Figure 4E). However, knocking down of either factor had minimal 
impact on the expression of the other (supplemental Figure 6D). 
These results suggest that their expression is robustly maintained 
by multiple regulatory mechanisms. Supporting this, ChIP-seq data 
showed IRF4 occupancy at the regulatory elements of both 
POU2AF1 and ELL2, and also showed that each of these factors 
bind to its own regulatory elements, suggesting an autoinduction 
mechanism (Figure 4E). We next analyzed gene expression pro-
files of samples from newly diagnosed patients with MM 
(GSE2658, n = 559; GSE6401, n = 102). We divided the 
patients into 2 groups on the basis of median expression levels of 
POU2AF1 or ELL2. GSEA showed that most of the MM-distinct 
signature gene sets were upregulated in the groups of patients 
with higher expression of POU2AF1 or ELL2 compared with those 
with lower expression (Figure 4F; supplemental Table 8). These 
results support the notion that POU2AF1 and ELL2 orchestrate 
the MM-distinct transcriptional program characteristic of immature 
MM cells. We then investigated whether POU2AF1 or ELL2

expression correlates with clinical outcomes. No significant asso-
ciation was observed between these gene expressions and overall 
survival in patients with MM (supplemental Figure 6E).

A recent report has demonstrated that POU2AF1 interacts with 
IRF4 and the mammalian switch/sucrose nonfermentable chro-
matin remodeling (mSWI/SNF) complex, and that the formation of 
the POU2AF1–IRF4–mSWI/SNF complex is required for IRF4 
target gene expression. 30 Consistent with this, our ChIP-seq data 
showed the enrichment of POU2AF1 and ELL2 signals at IRF4-
bound regions (Figure 4G). Furthermore, GSEA showed that 
IRF4 targets in MM were significantly downregulated in both 
POU2AF1 and ELL2-depleted MM.1S cells (Figure 4H), further 
supporting the involvement of these factors in IRF4-mediated 
transcriptional output. Importantly, IRF4 targets in activated B 
lymphocytes were more profoundly downregulated than those in 
plasma cells in both POU2AF1 and ELL2-depleted MM.1S cells 
(supplemental Figure 6F), supporting the notion that POU2AF1 
and ELL2 regulate transcriptional programs associated with an 
immature state rather than a differentiated plasma cell phenotype.

IL-6 augments MM-distinct transcriptional signatures 
via POU2AF1 and ELL2

Since POU2AF1 and ELL2 occupied the genes composing MM-
distinct transcriptional signatures and IL-6 induced POU2AF1 
and ELL2 expression in MM cells, we next ascertained whether IL-
6 enhances the binding of POU2AF1 and ELL2 to the MM-distinct 
signature gene sets. As expected, spike-in normalized ChIP-seq 
for POU2AF1 and ELL2 revealed an increased binding of 
POU2AF1 and ELL2 to the MM-distinct signature gene sets after

–1.5

–1.0

–0.5

0

0.5

1.0

1.5

2.0

2.5
GOBP_OXIDATIVE_PHOSPHORYLATION

TARTE_PLASMA_CELL_VS_PLASMABLAST_DN

DANG_MYC_TARGETS_UP

WANG_TUMOR_INVASIVENESS_UP

GOBP_RESPIRATORY_ELECTRON_TRANSPORT_CHAIN

REACTOME_TP53_REGULATES_METABOLIC_GENES

REACTOME_TRANSLATION

* FDR q < 0.25

NES

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

–2

–1

0

1

2

3

4
NES

POU2AF1/ELL2 high vs. low
GSEA

P
O

U
2A

F1
 h

ig
h 

E
LL

2 
hi

gh

P
O

U
2A

F1
 h

ig
h

E
LL

2 
hi

gh

GSE2658 GSE6401

F

–3.0 3.0 –3.0 3.00 0

IR
F4

-b
ou

nd
 re

gio
ns

IR
F4

-b
ou

dn
 re

gio
ns

0

2

4

6

8

10

12

14

0

2

4

6

8

10

12

14

16

POU2AF1 ELL2

MM.1S ChIP-seq 

Distance from IRF4 peak center (kb)

G

–0.4

0.0

–0.3

0.1

–0.2

0.2

–0.1

–0.5
–0.4

0.0

–0.3

0.1

–0.2

0.2

–0.1

En
ric

hm
en

t s
co

re

sgPOU2AF1 sgEGFP sgEGFPsgELL2

NES = –1.28 NES = –1.38
FDR q = 0.087FDR q = 0.100

IRF4 target genes (Shaffer et al. Nature 2008)
H

Figure 4 (continued)

4058 OHGUCHI et al 9 JUNE 2026 • VOLUME 10, NUMBER 11



IL-6 treatment for 24 hours, especially an increase in POU2AF1 
binding was noted (Figure 5A). Consistent with the ChIP-seq 
results, GSEA showed that the genes of MM-distinct transcrip-
tional signatures were upregulated after IL-6 treatment for 24 
hours not only in MM cell lines (MM.1S and INA-6) but also in 
primary cells from patients with MM (Figure 5B; supplemental 
Table 8). Furthermore, the genes of MM-distinct transcriptional 
signatures were downregulated by depletion of POU2AF1 and 
ELL2 in the presence of IL-6 in MM.1S and INA-6 cells (Figure 5C; 
supplemental Table 8). Taken together, these results indicate that 
IL-6 augments MM-distinct transcriptional programs through 
POU2AF1 and ELL2 induction.

POU2AF1 mediates IL-6–induced alternative RNA 
splicing and facilitates nuclear speckle formation in 
MM cells

Transcription or epigenetic factors influence alternative RNA 
splicing. 48 Since past reports pointed out that MM cells exhibit 
distinct RNA splicing profiles, 49,50 we next examined whether 
POU2AF1 and ELL2 contribute to the regulation of RNA splicing.

We evaluated RNA splicing profiles in MM.1S and INA-6 cells, 
associated with IL-6 stimulation, with or without KO of POU2AF1 
or ELL2. Principal component analysis of cellular RNA splicing 
profiles (percent spliced-in) indicated that IL-6 induced a pro-
nounced shift in splicing status, whereas this shift was attenuated 
when POU2AF1 or ELL2 was depleted (Figure 6A). A comparison 
of individual percent spliced-in changes revealed that IL-6–driven 
differential splicing was partially reversed by KO of POU2AF1 or 
ELL2 (Figure 6B), and linear regression analysis confirmed inverse 
correlations between IL-6–induced and KO-associated RNA 
splicing changes in both MM cell lines, with a more significant 
correlation of POU2AF1 KO- to IL-6–mediated events 
(Figure 6C). GO analysis of differentially spliced genes indicated 
that IL6-mediated splicing events were associated with cellular 
processes, including cell cycle and chromatin remodeling 
(Figure 6D).

Recent reports suggested that chromatin regulators can have a 
major impact on RNA splicing by maintaining homeostasis of 
nuclear speckles, 51,52 a membraneless nuclear compartment that 
controls storage and trafficking of trans-acting splicing factors. 53,54
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Figure 5. IL-6 induces MM-distinct transcriptional signatures via POU2AF1 and ELL2. (A) Metagene plots of POU2AF1 and ELL2 ChIP-seq signals within ± 2 kb from 

the center of the POU2AF1 and ELL2 binding sites of the indicated gene sets (determined in Figure 4C) in the presence or absence of IL-6 (1 ng/mL) in MM.1S cells. ChIP-seq 
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Since POU2AF1 has been implicated in chromatin structure 30 and 
is essential for IL-6–driven RNA splicing (Figure 6A-C), we then 
asked whether it is associated with nuclear speckles formation. 
Immunocytostaining of POU2AF1 in MM.1S cells indicated that 
POU2AF1 localized as speckles in nucleoplasm when cells are 
cultured in the presence of IL-6, largely overlapping with or residing 
adjacent to nuclear speckles labeled by the SC35 marker 
(Figure 6E, white arrows in the inset), whereas POU2AF1 puncta 
were not visible and nuclear speckles appeared less prominent 
without IL-6 treatment. Quantification of nuclear speckles showed 
that IL-6–dependent facilitation of nuclear speckles formation was 
canceled when POU2AF1 was knocked out (IL-6 (+), sgEGFP vs 
IL-6 (+), sgPOU2AF1 in Figure 6F), indicating that POU2AF1 is 
required for IL-6–dependent nuclear speckle assembly in MM cells. 
In addition, IL-6 treatment or POU2AF1 KO had a minimal effect on 
the expression of nuclear speckle core proteins, SON and SRRM2 
(supplemental Figure 7A), suggesting that the observed phenotype 
on nuclear speckles is not attributable to changes in core speckle 
protein expressions.

POU2AF1 orchestrates trans-acting splicing factors 
to mediate IL-6–driven RNA splicing regulation

To understand the mechanisms underlying POU2AF1-mediated 
splicing regulation, we examined profiling of POU2AF1-interacting

proteins using proximity labeling with TurboID, which can bio-
tinylate proximal proteins with much greater efficiency than BioID. 55 

We exogenously expressed POU2AF1 fused with TurboID in 
MM.1S cells. After cells were lysed, biotinylated proteins were 
enriched using streptavidin beads and subjected to mass spectro-
metric analysis. We detected 559 POU2AF1-neighboring proteins 
(log 2 fold change > 0.8 and log 2 mean expression > 15) which 
included POU2F1, a known POU2AF1-interacting partner 
(Figure 6G; supplemental Table 9). 13-15 Intriguingly, we found that 
many of identified POU2AF1-interacting proteins were found to be 
trans-acting splicing factors (Figure 6G-H). Using DepMap CRISPR 
screening database that includes 19 MM cell lines, we found that 
MM cells were dependent on POU2AF1-neighboring splicing fac-
tors, including SRSF1 and HNRNPL (Figure 6I). SRSF1 is a crucial 
splicing factor that governs MM-specific alternative splicing 
events. 50 HNRNPL is a splicing factor indispensable for B-cell 
activation and survival. 56 We further confirmed that depletion of 
SRSF1 or HNRNPL impaired MM cell growth even in the presence 
of IL-6 (supplemental Figure 7B). To further validate physical inter-
action between POU2AF1 and SRSF1/HNRNPL, we performed a 
proximity ligation assay (PLA) that enables the in situ detection of 
protein–protein interactions within cells. Because of the limited 
availability of specific antibodies for these proteins, we decided to 
ectopically express FLAG-tagged SRSF1 or HNRNPL in MM.1S 
cells and conducted a PLA using a rabbit POU2AF1 antibody and a
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quartile: Q1) to 75% (3rd quartile: Q3) percentile; bars, median; upper whisker, highest data point below Q3+1.5*(Q3-Q1); lower whisker, lowest data point above Q1-1.5*(Q3-

Q1); ***P < .001; **P < .01 for robust multiple comparison test. (G) MA plot showing differentially biotinylated proteins (log 2 fold change > 0.8 and log 2 mean expression > 15, 

TurboID-POU2AF1 vs empty [TurboID only]) in MM.1S cells (n = 2). (H) GO analysis of POU2AF1-neighboring proteins in MM.1S cells. (I) Waterfall plot showing mean CRISPR 

dependency score of 19 MM cell lines. Data were downloaded from DepMap portal (https://depmap.org/portal/). (J) PLA between POU2AF1 and SRSF1, or POU2AF1 and 

HNRNPL in MM.1S cells treated with IL-6 (1 ng/mL) for 24 hours. FLAG-tagged SRSF1 or HNRNPL were expressed in MM.1S cells, and PLA were performed using rabbit 

POU2AF1 antibody and mouse FLAG antibody. DAPI, blue; PLA, red. Scale bars, 10 μm. (K) Donut chart representing overlap of IL-6/POU2AF1-related and SRSF1/HNRNPL-
related splicing events in MM.1S cells (left). sgSRSF1-induced alternative splicing events (AS) (n = 102), sgHNRNPL-induced AS (n = 44), and sgSRSF1/sgHNRNPL-common 

AS (n = 18) were observed in IL-6/POU2AF1-related AS (n = 3877). Scatterplot showing differentially spliced events analyzed in left (right panel). n.s., not significant.
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Figure 7. Gapmer ASOs targeting POU2AF1 inhibit MM cell growth. (A-E) ASOs were introduced into MM.1S and INA-6 cells by electroporation at 2 μM (A-B,D-E) or at 

the indicated concentrations (C). One day after electroporation was designated as day 0. (A) On day 0, total RNA was extracted and relative mRNA expression level of POU2AF1 

were assessed by quantitative real-time polymerase chain reaction. Data were normalized to expression of invariant control (PPIA), and the expression level relative to EGFP 

ASO-treated control are shown as mean ± SD (n = 3). **P < .01; ***P < .001 (unpaired Student t test). (B) On day 0, whole-cell lysates were extracted and subjected to 

immunoblot analysis with anti-POU2AF1 antibody. Actin served as a loading control. (C-E) On day 0, cells were seeded in 96-well plates and treated with either no additives 

(MM.1S in panel C), IL-6 (1 ng/mL) (INA-6 in panel C; MM.1S and INA-6 in panel D), or conditioned medium from BMSCs derived from patients with MM (E). Cell viability was 

determined on days 0 and 3 by MTT assay, and the growth inhibitory effect (day 3/day 0) relative to EGFP ASO is shown. Data represent mean ± SD (n = 3). *P < .05; **P < .01; 

***P < .001 (unpaired Student t test).
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mouse FLAG antibody. Robust PLA signals were detected in the 
nucleus of cells expressing FLAG-tagged SRSF1 or HNRNPL, 
whereas a limited signal was observed in control cells (Figure 6J). 
We subsequently evaluated RNA splicing targets in MM cells with 
SRSF1 KO or HNRNPL KO, and found that they accounted for 
4.2% of IL-6–dependent and POU2AF1–dependent splicing 
events (Figure 6K; supplemental Figure 7C), suggesting that addi-
tional splicing factors are involved in POU2AF1-related RNA 
splicing regulation, consistent with the TurboID-based proteomics 
outcome.

ASO-mediated POU2AF1 inhibition suppresses MM 

cell growth

To extend our findings beyond genetic KO approaches, we finally 
examined targeting POU2AF1 using antisense oligonucleotides 
(ASOs). Considering therapeutic index, we selected POU2AF1 as 
the primary target because of its predominant expression in 
lymphoid cells, whereas ELL2 is ubiquitously expressed. We 
designed gapmer ASOs consisting of a central DNA-based 
internal gap and 2 ′ -O-methoxy-ethyl–modified flanking regions 
that enhance the binding affinity to target mRNAs and facilitate 
RNase H–mediated degradation. 57 To validate ASO-mediated 
degradation of POU2AF1 transcripts, each ASO was cotrans-
fected with a MYC-tagged POU2AF1 expression plasmid into 
HEK293T cells. We observed significant reduction of mRNA and 
protein levels of POU2AF1, confirming the functionality of the 
gapmer ASOs (supplemental Figure 8A). We next sought to 
deliver ASOs into MM cells. To do so, we tested and optimized 
electroporation method by using EGFP expression plasmid and 
obtained the conditions that achieved 70% to 85% transfection 
efficacy (supplemental Figure 8B). We then transduced ASOs into 
MM.1S and INA-6 cells and confirmed that expression levels of 
POU2AF1 were significantly inhibited, especially by POU2AF1 
ASO #2 (Figure 7A-B). Consistent with this, ASOs suppressed 
the growth of MM.1S and INA-6 cells in a dose-dependent manner 
(Figure 7C). This growth inhibition was observed even in the 
presence of IL-6 or conditioned medium from BMSCs derived from 
patients (Figure 7D-E).

Discussion
Cancer cells rely on proliferation and survival mechanisms similar 
to those used by their lineage precursor cells. This notion called 
lineage dependency, has been recognized in various cancers, and 
lineage-survival oncogenes, with expression typically restricted to 
certain cell types, and are promising therapeutic targets. 58 In MM, 
IRF4 is a key lineage-survival oncogene required for both B-cell 
differentiation into plasma cells and MM cell survival. 59-61 In this 
study, we identify POU2AF1 and ELL2 as additional lineage-
survival oncogenes in MM. POU2AF1 and ELL2 are transcription 
cofactors essential for B-cell development. 16,37 Although 
POU2AF1 expression is reduced after GC exit, we show that 
expression of POU2AF1 and ELL2 are epigenetically sustained 
through the IL-6/JAK/STAT3 pathway, which is indispensable for 
MM cell survival. Further, we identified POU2AF1 as a crucial 
factor to regulate nuclear speckles formation, ensuring the struc-
tural environment required for MM-specific RNA splicing. These 
findings highlight POU2AF1’s key role as a lineage-survival

oncogene in MM, supporting the results of previous screening 
studies. 30,45,46

Single-cell RNA-seq of primary MM samples have revealed a MM-
distinct transcriptional program. 47,62 This program features 
molecular signatures linked to mitochondrial functions, plasma-
blasts, MYC targets, tumor invasiveness, TP53-related meta-
bolism, and translation, conferring a more immature profile to MM 
cells than normal plasma cells. 47 However, the mechanism behind 
this program remained unknown. Here, we show that POU2AF1 
and ELL2 directly bind to MM signature loci and regulate their 
transcription, explaining this distinct MM state.

Our current findings indicate that POU2AF1 regulates nuclear 
speckles formation in an IL-6 stimulation-dependent manner, and 
its proximal interaction with trans-acting splicing factors are visible 
at specific chromatin loci in the PLA analysis. These results sug-
gest that chromatin-bound POU2AF1 may facilitate the redistri-
bution of splicing factors to target genes by bridging chromatin to 
nuclear speckles, which serve as reservoirs for splicing regula-
tors. 53,54 Given the minimal overlap observed between IL-6/ 
POU2AF1–regulated splicing events and those associated with 
SRSF1/HNRNPL, it is likely that additional splicing factors play 
roles in POU2AF1-mediated splicing regulation. Notably, our 
TurboID-based proteomic analysis identified several POU2AF1-
associated splicing factors essential for MM cell survival, 
including SRSF7 and SRSF11. In addition, ELL2 may also 
contribute to RNA splicing regulation as a MM cell splicing regu-
lator; however, the specific role of ELL2 remains to be investi-
gated. 36,38 These observations together suggest that POU1AF1 
and ELL2 may contribute to establish the characteristic RNA 
splicing profiles of MM. 50,63

Targeting lineage-survival transcription factors is an effective 
cancer therapy, as exemplified by hormone receptor-targeted 
treatments for prostate and breast cancers. 58 These approaches 
block nuclear receptors like AR and ESR1 by inhibiting ligand-
receptor complex formation. However, most transcription factors 
and cofactors are difficult to target with drugs. 64 Recent studies 
suggest that ASOs could address this challenge. 57 In this study, 
we demonstrate the potential of 2 ′ -O-methoxy-ethyl–modified 
gapmer-type ASOs. Importantly, ASOs against POU2AF1 suc-
cessfully reduce the growth of MM cells. This finding provides the 
rationale for seeking antisense therapies targeting lineage-survival 
factors, although further in vivo preclinical validation and compre-
hensive evaluation of therapeutic index will be required.

In conclusion, we revealed the associations of lineage-survival 
oncogenes with MM-distinct transcriptional program. IL-6 epige-
netically induces B-cell lineage factors POU2AF1 and ELL2, which 
control MM-specific regulons, driving MM cell growth and survival. 
Our findings suggest that targeting B-cell lineage factors may 
represent novel therapeutic opportunities for this incurable tumor.
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