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Abstract
Multiple myeloma (MM) is an aggressive plasma cell neoplasm characterized by genomic heterogeneity.
Superenhancers (SEs) are defined as large clusters of enhancers in close genomic proximity, which regulate genes for
maintaining cellular identity and promote oncogenic transcription to which cancer cells highly addicted. Here, we
analyzed cis-regulatory elements in MM samples with H3K27ac ChIP-seq, to identify novel SE-associated genes
involved in the myeloma pathogenesis. SEs and their associated genes in cancerous tissue were compared with the
control samples, and we found SE analysis alone uncovered cell-lineage-specific transcription factors and well-known
oncogenes ST3GAL6 and ADM. Using a transcriptional CDK7 inhibitor, THZ1, coupled with H3K27ac ChlP-seq, we
identified MAGI2 as a novel SE-associated gene of myeloma cells. Elevated MAGI2 was related to myelomagenesis with
gradual increased expression from MGUS, SMM to newly diagnosed and relapsed MM. High prevalence of MAGI2 was
also associated with poor survival of MM patients. Importantly, inhibition of the SE activity associated with MAGI2
decreased MAGI2 expression, inhibited cell growth and induced cell apoptosis. Mechanistically, we revealed that the
oncogenic transcription factor, MAF, directly bound to the SE region and activated gene transcription. In summary, the
discoveries of these acquired SEs-associated genes and the novel mechanism by which they are regulated provide
new insights into MM biology and MAGI2-MAF-SE regulatory circuit offer potential novel targets for disease treatment.

Introduction
Multiple myeloma (MM) is characterized by neoplastic

proliferation of plasma cells in the bone marrow, which
originate from the post-germinal lymphoid B-cell line-
age1. Due to the genetic and epigenetic heterogeneity,
MM remains an almost incurable disease2,3. Worldwide,
MM is the second most common blood cancer and results
in over 100,000 deaths per year4. The dissection of the
molecular landscape of MM would lead to a better

understanding of the disease biology and the development
of more effective therapeutic options.
Enhancers are distal DNA regulatory elements and

central regulators of precisely gene expression programs5.
Accumulating evidence has demonstrated that transcrip-
tions of key oncogenes and maintenance of cancer cell
identity are driven by large clusters of enhancers, called
superenhancers (SEs)6,7. In general, SE elements are
highly occupied by active enhancer marks (H3K27ac,
H3K4me1), mediator complex (MED), P300,
bromodomain-containing protein 4 (BRD4), cyclin-
dependent kinase 7 (CDK7), and master transcription
factors (TFs). Previous studies revealed that SEs facilitated
high-level transcription of key regulators in MM cell state,
such as IGLL5, MYC, IRF4, and PRDM1/BLIMP-18,9. A
recent combinatorial analysis of gene expression, open
chromatin, and enhancer landscape further revealed the
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Fig. 1 (See legend on next page.)
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aberrant TF regulatory network and the epigenetic
changes of MM10. However, because MM consists of
several molecular genetic subgroups, the identification of
specific SE gene and its regulatory elements in certain
subsets of patients has remained unexplored. Such
information will be useful for the development of preci-
sion therapeutics for a disease with heterogeneously
genetic background, like MM.
Considering the transcriptionally dependence of these

functionally relevant SE-driven genes, the expression of
these genes would be significantly repressed upon tran-
scriptional inhibition. JQ1 (a competitive inhibitor of
BRD4) and THZ1 (a selective CDK7 inhibitor) target
different critical components of SEs, which are effective
transcriptional inhibitors that have shown anti-tumoral
effects against various cancers7,11. Previously, using a
strategy of first identifying SE-associated genes by
H3K27ac ChlP-Seq followed by further filtering those SE-
associated genes whose expression are significantly
downregulated following THZ1 treatment, we have
identified functionally relevant SE-associated genes in T-
ALL12.
In the current study, we employed a similar strategy to

identify functionally relevant SE-associated genes of
myeloma cells. In particular, we search for MM-acquired
SE-genes that are especially associated with unique
genetic subtypes of myeloma and further examine their
role in disease pathogenesis.

Results
Characterization of SEs landscape of representative MM
samples and cell lines
To investigate the SE profiles in MM, H3K27ac chro-

matin immunoprecipitation followed by massively parallel
DNA sequencing (ChIP-seq) was performed on selected
untreated patient-derived MM samples (MM 1–10) and
HMCLs (H929, KMS11, KMS28BM, JJN3, RPMI8226,
KMS12, and U266) with different known translocations.
List of HMCLs and baseline clinicopathological char-
acteristics and genetic information of patient-derived MM
samples included in this study were presented in Sup-
plemental Table 1 and Table 2, respectively. As for the
controls, we selected one normal plasma cell (NPC), two
B-lymphoma cell lines (Daudi and RAJI), and three

memory B cells (MBC.D1, MBC.D2, and MBC.D3)10. We
also analyzed publicly-available H3K27ac ChIP-seq data-
sets containing additional MM patient cases (MM 11–20)
and HMCLs (MOLP-2, LP-1, MM1.S, and OPM2)10.
Using these datasets, SEs and SEs-associated genes were
identified in each of samples (Fig. 1A–C and Supple-
mentary Fig. 1A). Several SE-associated genes presented
in at least five MM samples were indicated beside the SE
curves. These commonly identified SE-genes included
BCL2, IRF4, MCL1, CD38, and IL10. These SE-genes are
frequently overexpressed in human MM and essential for
the survival of MM cells and maintenance of cancer cells
state13–15, thus consistent with findings by other groups.
The complete list of the SE-genes was presented in Sup-
plemental Table 3–5.
Next, we compared SE-associated transcripts from two

independent datasets of primary MM samples, HMCLs
with the controls. A total of 4589 SE-genes (58.5%) were
commonly found in the public dataset for MM samples
and our samples. We also observed 44.9% of the SE-genes
were shared between primary MM samples and HMCLs
(Fig. 1D). These shared SE-genes among different MM
samples are valuable for further study. When compared
with the control cells, a total of 2602 MM-acquired SE-
associated genes (MM-SE genes) were identified after
excluding 247 SE-genes unique to NPC, 1155 SE-genes
unique to B-lymphoma cells, and 217 SE-genes unique to
MBC (Fig. 1E). Signaling pathway analysis revealed that
these MM-SE genes were highly enriched in key pathways
related to cancer development and progression, including
Ras, p38 MAPK, and EGFR signaling pathway (Fig. 1F).
These MM-SE genes were also highly enriched in essen-
tial biological processes during MM pathogenesis,
including B-cell differentiation, cellular response to
unfolded protein, and immune system development.
Moreover, genes involved in cancer-related functions
such as cell proliferation and apoptosis were also sig-
nificantly overrepresented in MM-SE-genes (Fig. 1G).

SEs were enriched in known oncogenes essential for MM
pathogenesis
Next, we analyzed the H3K27ac signals and found SEs

were associated with oncogenic drivers previously shown
to be essential for MM pathogenesis. When ranked

(see figure on previous page)
Fig. 1 SEs landscape of patients-derived MM samples and MM cell lines. A–C Enhancer regions of ten primary MM cases (MM#1–10) (A), MM
cell lines (B) and the control cells (including normal plasma cell (NPC), B-lymphoma cell lines (RAJI and Daudi), three memory B cells (MBC.D1, MBC.
D2, and MBC.D3) (C). Enhancers were ranked by increasing H3K27ac signal, and enhancers above the inflection point of the curve were defined as
SEs. The number of SEs was shown for each sample, and examples of SEs-associated genes found in at least five primary MM cases were also
presented. D SE-associated genes of in-house primary MM samples were compared with those collected from another independent MM-SE-genes
dataset10 (top) and MM cell lines (bottom). E Cell type specific SE-associated genes were presented in MM (2602), NPC (247), B-lymphoma cells (1155),
and MBC (217). F MM-specific SE-genes were enriched in multiple cancer-relating signaling pathways, such as Ras and EGFR pathway. G Gene
Ontology (GO) molecular functions of MM-specific SE-associated genes were associated with biological processes essential to the biology of MM.
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against H3K27ac signal across all enhancer regions, the
β-galactoside α-2,3-sialyltransferase (ST3GAL6) and
adrenomedullin (ADM) were among these top-ranked SE-
associated genes. Interestingly, MM samples with t(11;14),
t(4;14), and t(14;16) translocations displayed de novo SE
formation at translocated CCND1, FGFR3/MMSET, and
MAF loci, respectively, potentially formed as a con-
sequence of altered chromatin topology (Fig. 2A). Pre-
viously ST3GAL6 was implicated as an oncogenic driver
in MM, and ST3GAL6 silencing inhibited cell motility of
back to the bone marrow niche16. Similarly, aberrantly
expressed ADM was a critical driving force for the
angiogenic switch during MM progression17. Here, we
observed significant H3K27ac signals enriched near
ST3GAL6 and ADM genes loci across most MM patients’
samples and HMCLs. In contrast, only background level
signals were present in the control samples (Fig. 2B–C).
Indeed, SE formation observed at these two genes loci
were unique to MM cases, which may lead to aberrant
overexpression of ST3GAL6 and ADM, compared with
bone marrow plasma cells (BMPC) and non-MM hema-
tological malignancies (data collected from Amazonia,
http://amazonia.transcriptome.eu/, Supplementary
Fig. 2A–B). Furthermore, we confirmed that CRISPR-
dCas9-mediated inhibition of the SE region caused
decreased ST3GAL6 and ADM expression, respectively
(Fig. 2D–E). Consistently with previous studies, higher
expression of ST3GAL6 or ADM was correlated with
faster MM disease progression and unfavorable outcome
(Supplementary Fig. 2C–D). These observations sug-
gested that SEs were involved in driving expression of
clinically and biological relevant genes in MM
pathogenesis.
MM patients carrying t(14;16) was associated with poor

survival and did not benefit from the addition of borte-
zomib. Early studies revealed that high levels of MAF due
to the translocation t(14;16)(q32;q23) was seen in 25% of
HMCLs, and increased MAF expression was also detected
in several t(4;14)-positive myeloma cells with uncertain
mechanisms18. Here, we found the formation of a novel
SE at MAF gene loci in myeloma cells carrying t(14;16)
(MM6, JJN3, RPMI8226, and KMS11) and H929 cell, one
t(4;14)-positive cell with aberrant MAF protein activation
(Supplementary Fig. 2E). The strong activation of MAF
here could be the result of this newly MM-acquired SE.
Similarly, NUAK1, a molecular determinant of malignant
MM, is transcriptionally regulated by the Large-MAF
family19. We identified the formation of de novo SE at the
NUAK1 loci, which was unique to the t(14;16)-positive
cases, including MM6, JJN3, and MM1.S (Supplementary
Fig. 2F). Taken together, these results demonstrated that
the strong activation of general oncogenes, as well as
several genetic subgroup-specific oncogenic drivers, was
the results of active SEs formation in MM.

THZ1 inhibited RNA polymerase II-mediated transcription
of myeloma cells
Transcriptional dependencies that are sustained by SEs

tend to be selectively targeted by CDK7 inhibition in
various cancer types8,20. THZ1 is a novel covalent inhi-
bitor of CDK7, which has been shown to be highly
effective in killing tumor cells8,20–23. Here we tested the
sensitivity of various HMCLs to THZ1. Generally,
HMCLs were sensitive to CDK7 inhibition, with IC50
values ranging from 10 to 450 nM. KMS11 cell presented
intrinsic resistant to THZ1, while JJN3 and H929 were
two relatively THZ1-sensitive cells (Supplementary
Fig. 3A, B). Consistent with THZ1’s known effect on
transcription by inhibiting CDK7, THZ1 treatment
diminished the phosphorylation of Serine 2 and 5 on Pol
II CTD in the two sensitive cell lines (JJN3 and H929) in a
dose-and time-dependent manner, but not in the resistant
cell (KMS11) (Fig. 3A, B). To further understand the
transcriptional vulnerability to THZ1 in HMCLs, we
performed genome-wide expression profiling before and
after THZ1 treatment in JJN3 and H929 cells (50 nM,
24 h), followed by gene ontology (GO) enrichment ana-
lysis and pathway analysis. Notably, transcription process
and regulation of transcription were among the most
significant gene ontology categories suppressed by THZ1
in myeloma cells, further indicating THZ1’s inhibitory
effect on CDK7-dependent production of transcriptional
regulators (Fig. 3C–D).
In general, SE-associated genes were more sensitive to

THZ1 as compared with those genes regulated by typical
enhancers (TEs). We found that mRNA expression levels
of previously-reported oncogenic TFs, such as MAF,
MYC, IRF4, and MM-specific SE-associated oncogenes
ST3GAL6 and ADM were significantly downregulated
upon THZ1 treatment (10 nM, 24 h) (Fig. 3E–F). Notably,
THZ1 has no or limited effect on the expression of
housekeeping genes such as GAPDH and TUBA1A,
which are regulated by TEs (Supplementary Fig. 3C).
These results indicated the selective effects of CDK7
inhibition on SE-associated genes in myeloma, which was
consistent with previous studies in other cancer types. We
further proposed that THZ1-sensitive transcripts amongst
the SE-associated genes are likely to be the more func-
tionally relevant genes.

Identification SEs-associated oncogenes of clinical
relevance
Considering functionally relevant SE-associated onco-

genes would be strongly expressed in MM tumors and
highly dependent on continuously active transcription, we
searched for candidate SE-associated oncogenes using the
following criteria: (1) MM-SE genes presented in at least
five primary MM cases, but not shared in control samples,
and (2) MM-SE genes sensitive to THZ1 treatment (adj.p
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Fig. 2 SEs were enriched at various well-known oncogenes in MM. A Enhancers in MM cell lines (KMS12, KMS28BM, and JJN3) and patient-
derived myeloma tissue (MM3, MM6, and MM10) were ranked by average H3K27ac signal. SEs were determined by the inflection point of the plot
and SEs-associated genes were annotated along the vertical axis and. B, C Gene tracks of H3K27ac ChIP-seq signal across patient-derived myeloma
tissue (MM1-MM10) and the control samples at the ST3GAL6 (B) and ADM (C) locus. The amplicon and SEs were shown (red line). D, E mRNA
expression of ST3GAL6 and ADM genes in H929 cell upon CRISPR-mediated repression of the indicated SE. H929 cell coexpressing dCas9 was infected
with target-specific sgRNAs at various positions within the indicated ADM-SE region (sgADM-1, sgADM-2, sgADM-3) (D), ST3GAL6-SE region
(sgST3GAL6-1, sgST3GAL6-2, sgST3GAL6-3) (E) or control sgRNAs (sgCtrl). mRNA expression relative to nontransduced cells is shown as mean ± SEM.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-sample, two-tailed t-test compared with the control. Experiments were performed in
triplicate.
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value < 0.05, Log2 (FC) > 0.5). Correspondingly, 24 can-
didate MM-SE genes were finally selected from this ana-
lysis (Fig. 4A). We validated that expression levels of these
selected SE-genes were highly sensitive to transcription
inhibition in JJN3 cell upon THZ1 treatment (50 nM,
24 h) (Supplementary Fig. 4A). In contrast, in the THZ1-
resistant MM cell, KMS11, the selected SE-genes were
either only modestly decreased or remained unaltered
upon exposure to THZ1 (Supplementary Fig. 4B). Addi-
tionally, another SE blocker, BET inhibitor JQ1 (50 nM)
significantly reduced most of the SE-genes transcription

in JJN3 cell as demonstrated by qRT-PCR analysis (Sup-
plementary Fig. 4C). Indeed, JQ1 causes preferential loss
of BRD4, Mediator, and P-TEFb binding to SE region and
decreased transcription of SE-associated genes5.
Integrated bioinformatics analysis with expression pro-

file revealed several MM-SE genes were potential bio-
markers in predicting clinical outcome and myeloma
disease progression. From the Mayo Clinic and Italian
Group MM datasets, six MM-SE genes (SLC35A5,
MAGI2, HOMER1, TSC22D2, ADM, and SMC4) may
contribute to MM disease progression (Supplementary

Fig. 3 SEs-associated genes were sensitive to CDK7 inhibition. A Immunoblotting analysis of RNA polymerase II (RNAPII) C-terminal domain
(CTD) phosphorylation in two THZ1-sensitive (JJN3 and H929) and one THZ1-resistant (KMS11) cell line, which were treated with either THZ1 (10 nM,
50 nM) or DMSO for 24 h. B Treatment of THZ1 (50 nM) diminished the phosphorylation of serine 2 and 5 on Pol II CTD of JJN3 in time-dependent
manner. C, D Gene ontology enrichment analysis and pathway analysis showed that THZ1-sensitive genes were related to transcription regulation,
DNA repair and apoptosis regulation. E, F JJN3 and H929 cells treated with THZ1 or vehicle were analyzed by qRT-PCR for SE-genes MYC, IRF4, MAF,
ST3GAL6, and ADM expression, normalized against GAPDH. Each bar represents the mean ± SEM of three independent experiments. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001 by two-sample, two-tailed t-test compared with the DMSO-treated control.
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Table 6). As an example, we presented that elevated
MAGI2 was related to faster MM disease progression
(Fig. 4B). Among these selected MM-SE genes,
Kaplan–Meier analysis was applied to compare overall
survival (OS) and progression-free survival (PFS) based on

gene expression levels. We identified that overexpression
of MAGI2 was significantly associated with unfavorable
outcome in MM patients (Fig. 4C). MAGI2 is a
membrane-associated guanylate kinase family protein
with multiple PDZ domains24. This gene has a very large

Fig. 4 Selection of SE-associated oncogenes with clinical significance. A Schematic of the selection strategy, and 24 candidate MM-SE genes
were selected from this analysis. B Based on Mayo and Italy myeloma datasets, MM-SE gene MAGI2 contributed to myelomagenesis with gradual
increasing expression from MGUS, SMM to newly diagnosed and relapsed MM or plasma cell leukemia. C Kaplan–Meier survival curves showed
higher MAGI2 expression level was associated with poor survival of MM patients. Significance was evaluated by Log-rank test. D The ChIP-seq gene
tracks represented strong H3K27ac signals within MAGI2 gene loci in patient-derived MM samples and MM cell lines (JJN3 and MM1.S), but not
presented in the control cases (NPC, MBC, RAJI, and Daudi). The amplicon and SEs were shown (red line).
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intronic region, which function as scaffold proteins to
assemble multiprotein signaling complexes25. In this
analysis, significant H3K27ac signal atMAGI2 introns and
the coding region was found of in-house patient-derived
MM tissues (MM 1–10), also in another independent MM
dataset (MM 11–13), and HMCLs (JJN3 and MM1.S), but
not in the control samples (Fig. 4D). Taken together, SEs
and SEs-associated genes with clinical relevance in MM
may be required for sustaining cancer development and
act as promising therapeutic targets.

MAGI2 was a novel SE-associated oncogenic driver in MM
Generally, oncogenic SEs promote tumorigenesis via

activating oncogene transcription or mediating the dys-
regulation of signaling pathways. Here, we chose MAGI2
gene for further study. As expected, MAGI2 was expres-
sed much higher in MM specimens than normal bone
marrow tissues (BM) and other non-MM hematological
malignancies (data collected from Amazonia, Fig. 5A).
qRT-PCR assay also confirmed the elevated expression of
MAGI2 in a range of HMCLs compared with the normal

Fig. 5 MAGI2 was required for MM cell growth and proliferation. A MAGI2 expression was significantly upregulated in MM samples when
compared to non-MM hematological malignancies (CML, AML, B-ALL, T-ALL, DLBCL, and CLL). (Data collected from Amazonia, http://amazonia.
transcriptome.eu/). B mRNA expression levels of MAGI2 gene in various MM cell lines, NPC, RAJI, and Daudi were measured by qRT-PCR. C Upper
panel: A schematic diagram of the sgRNA directed dCas9-KRAB transcription repression system; Lower panel: sgRNAs designed to target multiple
sites of MAGI2-SE region. D Expression of MAGI2 upon CRISPR/dCas9-mediated targeting repression of the indicated SE in JJN3 and MM1.S cells. The
quantified MAGI2 mRNA expression is shown. E Blockade of MAGI2-SE abrogated MM growth in vitro. Relative absorbance by cell viability assays (y-
axis) at different days of culture (x-axis) is shown. F Cell deaths were determined on 72 h after MAGI2-SE inhibition in MM1.S cells, which were stained
with annexin V and propidium iodide (PI) and analyzed by flow cytometer. G Deletion of MAGI2-SE in MM1.S caused an increased proportion of sub-
G1 cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-sample, two-tailed t-test compared with the controls. Error bars indicate the mean ±
SEM. Experiments were performed in triplicate.
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plasma cells (PC1 and PC2), Daudi and RAJI (Fig. 5B).
Notable, we observed MM1.S and JJN3 cells with identi-
fied new SE formation displayed the highest expression
levels of MAGI2.
MAGI2-SE is located in the DNA region of chr7:

78103091–78128238, which is around 500 kb downstream
from the TSS site. To assess the causal link between the
SE and MAGI2 dysregulation in MM, we used the
CRISPR/dCas9 genome editing with guide RNA designed
to target the SE sites (Fig. 5C). Repression of the SE within
the MAGI2 region significantly decreased MAGI2
expression in both JJN3 and MM1.S cells (Fig. 5D). As
expected, we observed H3K27ac, indicative of active
enhancers, was dramatically lost at the SE region of
MAGI2 locus upon CRISPR/dCas9-KRAB mediated sup-
pression compared to other tested conditions (Supple-
mentary Fig. 5A). Cellular function assay revealed that
suppression of the MAGI2-SE function caused the
impairment of cell viability, and enhancement of cell
apoptosis, consistent with an oncogenic function
(Fig. 5E–G, Supplementary Fig. 5B–C). Overall, our
results demonstrated that activation of SEs represent a
common mechanism to activate novel cancer driver
genes, and suggested a potential oncogenic role of MAGI2
in myeloma progression.

MAF bound to the SE region of MAGI2 and transactivated
gene transcription
When assessing the association of MAGI2 expression

with the genetic subtypes of MM, we noted that its
appearance was the highest in the MAF-positive subgroup
of several independent MM datasets (Fig. 6A–B, Supple-
mentary Fig. 6A, B). Based on the expression profile, there
was a modest positive correlation between MAGI2 and
MAF mRNA expression levels (Fig. 6C, Supplementary
Fig. 6C). Western blot results also showed that increased
protein level of MAGI2 was detected in the HMCLs
harboring overexpressed MAF protein (OCI-MY5, MM1.
S, JJN3, and KMS11) (Fig. 6D). MAF is a key oncogenic
transcription factor that overexpressed in more than 50%
of MM and contributes to myelomagenesis. MM patients
bearing MAF elevation are of poor prognosis and target-
ing MAF could be a therapeutic strategy18,26,27.
We further investigated if this positive correlation is due

to MAF binding to the SE of MAGI2 gene. Analyzing
ChIP-seq data for motif discovery via HOCOMOCO,
several binding sites of MAF were located within the
MAGI2-SE region (Fig. 6E–F). MAF binding to the
MAGI2-SE was also predicted with another online SE
analysis tool28 (Supplementary Table 7). Next, we found
that silencing of MAF in JJN3 and KMS11 cells caused a
subsequently decreased MAGI2 expression (Fig. 6G).
Moreover, we performed ChIP-qPCR with anti-MAF,
confirming that the ChIP enrichment signal of MAF was

specific within SE region of MAGI2 (Fig. 6H). Collusively,
we presented the schematic diagram showing SE-driven
MAGI2 activation is dependent, at least partially, on
oncogenic transcription factor MAF in MM (Fig. 6I).
Taken together, the SE region of MAGI2 is bound by

MAF, further providing a mechanism by which over-
expressed transcription factor in driving expression of
important downstream oncogenic genes by interacting
with the SE.

Materials and methods
Cell culture and reagents
All human myeloma cell lines (HMCLs) used in this

study were grown in RPMI-1640 medium (BioWest)
containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin and kept at 37 °C with 5% CO2.
The identity of HMCLs was recently authenticated by
short tandem repeat analysis. Plasma cells were isolated
by CD138 immunomagnetic bead selection from bone
marrow aspirates of newly diagnosed patients with MM,
which were obtained from the National University Hos-
pital after approval by the institutional ethical committee.
Reagents and kits included: DMSO was purchased from
Sigma. THZ1 (1604810-83-4) was obtained from Cayman
Chemical. JQ1 (SML0974) was purchased from
Sigma–Aldrich. Antibodies used are shown in Supple-
mental information.

Cell viability assay
The Cell Titer-Glo Luminescent Cell Viability Assay Kit

(Promega) was used and readings were recorded using the
Tecan Infinite 200 PRO plate reader (Tecan). The IC50

values were calculated by nonlinear regression analysis
using GraphPad Prism6.

Identification and analysis of superenhancers
ChIP-seq was performed in patients-derived myeloma

samples and HMCLs using polyclonal anti-H3K27ac
(Abcam, ab4729). ChIP-seq datasets were aligned to the
hg19 human genome by Bowtie 22.3.4.1. Regions of
H3K27ac ChIP-seq peaks were identified by MACS2 1.4.2.
Constituent enhancers that occurred within 12.5 kb were
further stitched together and excluded those were fully
contained within ±2kb from TSS for SE identification by
ROSE2 with the parameter –s 12,500 and –t 2000.
Enhancer regions were plotted in an increasing order
based on their H3K27ac ChIP-Seq signal. Enhancers
above the inflexion point of the curve were defined as SEs.
SEs were assigned to genes with TSS flanking a 50 kb
window of the SEs. Library construction and sequencing
on the Illumina HiSeq 4000 platform were performed by
BGI Tech Solutions Co., Limited (Hong Kong). All
H3K27ac ChIP-Seq data were deposited in the GEO
database (Accession number: GSE 145938)
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RNA-seq and data analysis
Total RNA was extracted using the RNeasy mini kit

(Qiagen). RNA-Seq was performed in JJN3 and H929 cells

treated with THZ1 (50 nM, 24 h) or with the vehicle
control (DMSO). The RNA library construction and
RNA-sequencing services were provided by BGI Tech

Fig. 6 (See legend on next page.)
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Solutions Co., Limited (Hong Kong). RNA-seq reads were
aligned to the hg19 human reference genome using STAR
2.5.2a with outFilterMultimapNmax set to 1. Total map-
ped reads were quantified using feature Counts version
1.6.1, and count tables were generated based on Ensembl
hg19 gene annotation gtf files. Differential expression
analysis was conducted using the Bioconductor package
DESeq2 version 1.12.4. All RNA-Seq data were deposited
in the GEO database (Accession number: GSE 145938).

CRISPR/dCas9-KRAB interference
For CRISPR interference, individual guide RNAs tar-

geting the SE region of MAGI2, ST3GAL6 and ADM were
cloned into the lent guide-blasticidin plasmid and infected
into dCas9-KRAB stable-expressing HMCLs. The suc-
cessful transcriptional interference was confirmed by
qRT-PCR and western blotting. The CRISPR (Addgene,
Plasmid #71236) and inducible expression of guide RNA
with fluorescent GFP reporter (Addgene, Plasmid #70183)
vectors were gifts from Dr Takaomi Sanda. The sgRNA
target sequences were listed in Supplemental Table 8.

RT-PCR
Total RNA was extracted using RNeasy mini kit (Qiagen),

and 1 μg aliquots were used for cDNA synthesis using
the qScript™ cDNA Synthesis Kit (Quanta Biosciences).
The cDNA templates were subjected to PCR amplifica-
tion on CFX96 qPCR System (Biorad). Expression of
each gene was normalized to GAPDH, and quantified
using 2−delta(ct) method. Primers are listed in Sup-
plementary Table 9.

Gene ontology (GO) and signaling pathway analysis
Genes downregulated upon THZ1 inhibition were iden-

tified for further analysis. Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were conducted using DAVID soft-
ware (https://david.ncifcrf.gov/chartReport.jsp).

Statistical analyses
Nonparametric statistics were used with Prism 6.0 soft-

ware (GraphPad Software, San Diego, CA, USA). Survival

data were analyzed using the Kaplan–Meier method. Chi-
square test was performed to analyze the categorical
correlation. Student’s t-test and Mann–Whitney test were
used to analyze parametric and nonparametric variables,
respectively. Pearson correlation analysis was used to
evaluate microarray data from a set of myeloma datasets.
A p-value less than 0.05 was considered statistically
significant.

Discussion
SEs have been reported to be frequently associated with

genes that define cell identity during normal develop-
ment, and also be enriched at cancer gene loci in a range
of malignancies6,7. In this study, we found SEs driving
known oncogenes (ST3GAL6 and ADM) as w critical
subtype-specific drivers (MAF and NUAK1) in myeloma
pathogenesis. Importantly, through profiling aberrantly
epigenetic landscape and transcriptional program in
myeloma cells, MAGI2 was identified as a novel SE-
oncogene related to MM disease progression and poor
survival. Blockage of the SE region in MAGI2 gene
inhibited gene expression and impaired MM cell growth.
Moreover, MAF bound SE locus and transactivated
MAGI2 expression. In summary, our research may pro-
vide a framework for the identification of novel SE-
associated oncogenes, which are clinically and biologically
relevant in MM.
The acquisition of SEs around oncogene drivers is

widely observed in malignancies29,30. Here, we identified
myeloma specific SEs that were absent in normal plasma
cells and non-MM blood cancer cells, suggesting that they
are acquired during the process of carcinogenesis. From
our research and previous studies8, various critical
oncogenes such as MYC and IRF4 were all driven by its
own SE, which may explain the aberrant high expression
and dysfunction of these genes during carcinogenesis.
Besides, we first reported that NUAK1 was a SE-driven
gene in t(14;16)-positive myeloma cell. Several potential
MAF binding sites within the NUAK1-SE were found via
online SE analysis tool28 and motif discovery with
HOCOMOCO (data not shown here). The formation of
SE with MAF-mediated transactivation at the NUAK1

(see figure on previous page)
Fig. 6 MAF directly bound to the super enhancer and activated MAGI2 transcription. A, B MAGI2 expression in different genetic subtypes of
MM, in which its expression is the highest in the MAF-positive MM subgroup (data based on CoMMpass, UAMS, Mayo myeloma datasets, GSE4581
and GSE9782). C Correlation analyses were utilized to quantify the association between MAGI2 and MAF expression levels. A potential positive
correlation of MAGI2 and MAF gene was found in clinical specimens of MM (GSE4581). D Global protein expression levels of MAGI2 and MAF in a
range of MM cell lines. Elevated MAGI2 protein in MM cells was accompanied by high levels of MAF. E, F The ChIP-seq gene tracks represent H3K27ac,
H3K4me3, MED1, BRD4, and RNA pol II signals at the MAGI2 gene loci, and MAF binding site locates within the MAGI2-SE loci. G The protein levels of
MAGI2 were detected in JJN3 and KMS11 cells transfected with MAF shRNA or Ctrl by western blotting. The expression of β-actin was detected as a
protein loading control. H ChIP-qPCR assays against MAF at the predicted genomic binding sites within MAGI2-SE region were presented in JJN3 and
MM1.S cells. I Schematic diagram showing SE-driven MAGI2 activation is dependent, at least partially, on oncogenic transcription factor MAF in MM.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-sample, two-tailed t-test compared with the control. Error bars indicate the mean ± SEM.
Experiments were performed in triplicate.
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gene loci here could explain the overexpressed NUAK1 in
MAF- and MAFB-positive MM subgroups. Overall, the
generation of abnormal SEs around key oncogenes could
be a common tumorigenic mechanism in myeloma cells.
Bound by a very high density of TFs and cofactors

(MED1, CDK7, and BRD4), SEs are susceptible to tran-
scriptional inhibition5,8. Here, combining analysis of
THZ1-responsive transcripts, MM-SE genes and clinical-
relevant markers, we identified one novel SE-controlled
oncogene, MAGI2. Previously, MAGI2 was reported to
interact with core proteins of multiple pathways, such as
transforming growth factor-β signalling and Wnt/
β-catenin signaling24. The critical role of MAGI2 gene has
been implicated in prostate cancer and hepatocellular
cancers31–33. However, little was known about the rele-
vance of MAGI2 in MM pathogenesis prior to this study.
Here, MAGI2 gene was identified as a functionally rele-
vant oncogene in myeloma, and depression of the
MAGI2-SE region markedly attenuated cell proliferation
and induced cell apoptosis. We further demonstrated a
novel mechanism of oncogene upregulation through
oncogenic TF, in this case the transcription factor MAF,
which MAF itself is upregulated as a result of its juxta-
position to IgH enhancer (MAF-translocated t(14;16)) or
de novo SE formation, binding to SE formed in the
oncogenic process. Our findings suggested MAGI2 is a
functionally SE-controlled oncogene in development of
MM, and the downstream targets and its related pathways
are still under further investigation.
Normally, SEs function through cooperative and

synergistic interactions with multiple TFs and coacti-
vators. In the case of MAGI2, we identified the tran-
scription factor—MAF—that bound the MAGI2-SE
element and activated expression of the SE-related
oncogene. The oncogenic transcription factor MAF is
translocated in ~5–10% of MM patients, which is asso-
ciated with the malignant process and MAF over-
expression confers a poor prognosis26,27. The frequent
overexpression of MAF in MM makes it an attractive
therapeutic target. Here, despite the observed positive
correlation of MAF and MAGI2 expression in HMCL
and MM datasets, we also confirmed significant down-
regulation of MAGI2 upon shRNA-mediated knock-
down of MAF in two MAF-translocated HMCL, MM1.S,
and JJN3. Active histone modifications H3K27ac as well
as transcriptional coactivators (BRD4 and MED1) asso-
ciated with SEs element enriched at MAF binding
sequences were characterized in MAF overexpressed
MMCL. Together, SE-driven MAGI2 gene is an essential
driver of oncogenic phenotype in MM and are further
accentuated by oncogenic MAF interactions. This MAF/
SE/MAGI2 regulatory pathway may be a unique onco-
genic mechanism that is amenable to MM therapeutic
intervention.

In conclusion, we demonstrated that SE-associated
genes, especially those that are transcriptionally depen-
dent, are often of clinical and biological relevance to
myeloma, and some of these dependencies could be
exploited for potential therapeutic targets. In addition,
transcription activation of SE-associated genes by onco-
genic TF activated by specific genetic abnormalities could
be a novel mechanism for genetic subtype-specific onco-
genic activation.

Conclusion
Functional genes marked by SE are related to cell fate‐

determined and pathological processes of MM, and these
data suggests a strategy for further human MM clinical
investigation. Importantly, the MAF/SE/MAGI2 reg-
ulatory circuit could potentially represent an attractive
therapeutic target for future regenerative and cell-based
myeloma therapies.

Acknowledgements
This research is supported by the National Research Foundation Singapore and
the Singapore Ministry of Education under its Research Centres of Excellence
initiative. W.J.C. is also supported by NMRC Clinician Scientist Investigator
award. This study is also partially supported by the RNA Biology Center at CSI
Singapore, NUS, from funding by the Singapore Ministry of Education’s Tier 3
grants, grant number MOE2014-T3-1-006. This study is also supported by
National Natural Science Foundation of China (No. 82000212, 81874173),
Natural Science Foundation of Zhejiang Province (LQ21H160022), Medical
Health Science and Technology Project of Zhejiang Provincial Health
Commission (2021RC003). D.J. also thanks the China Scholarship Council (No.
201706320167) for financial support to visit National University of Singapore.

Author details
1Cancer Science Institute of Singapore, National University of Singapore, 14
Medical Drive, Centre for Translational Medicine, Singapore 117599, Republic of
Singapore. 2Department of Medical oncology, the First Affiliated Hospital,
Zhejiang University School of Medicine, Hangzhou, China. 3Department of
Medicine, Yong Loo Lin School of Medicine, National University of Singapore,
Singapore 117597, Republic of Singapore. 4Department of Hematology-
Oncology, National University Cancer Institute of Singapore (NCIS), The
National University Health System (NUHS), 1E, Kent Ridge Road, Singapore
119228, Republic of Singapore. 5Department of Surgical Oncology, Sir Run Run
Shaw Hospital, College of Medicine, Zhejiang University, Hangzhou, China.
6Bone Marrow Transplantation Center, the First Affiliated Hospital, Zhejiang
University School of Medicine, Hangzhou 310003, China

Author contributions
Y.J., J.Y.C., Y.C., and J.L.Z. performed experimental work; T.T.K., T.H.C., J.Y.C., E.Z.,
and R.W.J.W. analyzed data; Y.J., J.Z., and T.S. wrote manuscript; Z.C., P.S., and J.R.
revised the manuscript; Y.J., J.Z., and T.T.K. contributed equally to this work;
W.J.C. designed and supervised the study.

Conflict of interest
The authors declare no competing interests.

Ethical approval and consent to participate
The experimental protocol was established, according to the ethical guidelines
of the Helsinki Declaration and was approved by the Human Ethics Committee
of National University of Singapore. Written informed consent was obtained
from individual or guardian participants.

Jia et al. Blood Cancer Journal           (2021) 11:32 Page 12 of 13

Blood Cancer Journal



Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41408-021-00421-7.

Received: 22 August 2020 Revised: 14 December 2020 Accepted: 20
January 2021

References
1. Barwick, B. G., Gupta, V. A., Vertino, P. M. & Boise, L. H. Cell of origin and genetic

alterations in the pathogenesis of multiple myeloma. Front. Immunol. 10, 1121
(2019).

2. Chesi, M. et al. Frequent translocation t(4;14)(p16.3;q32.3) in multiple myeloma
is associated with increased expression and activating mutations of fibroblast
growth factor receptor 3. Nat. Genet. 16, 260–264 (1997).

3. Sonneveld, P. et al. Treatment of multiple myeloma with high-risk cytoge-
netics: a consensus of the International Myeloma Working Group. Blood 127,
2955–2962 (2016).

4. Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2019[J]. CA Cancer J Clin.
69, 7–34 (2019).

5. Schoenfelder, S. & Fraser, P. Long-range enhancer-promoter contacts in gene
expression control. Nat. Rev. Genet. 20(8), 437–55 (2019).

6. Hnisz, D. et al. Super-enhancers in the control of cell identity and disease. Cell
155, 934–947 (2013).

7. Chapuy, B. et al. Discovery and characterization of super-enhancer-associated
dependencies in diffuse large B cell lymphoma[J]. Cancer Cell 24, 777–790
(2013).

8. Lovén, J. et al. Selective inhibition of tumor oncogenes by disruption of super-
enhancers. Cell 153, 320–334 (2013).

9. Walker, B. A. et al. Translocations at 8q24 juxtapose MYC with genes that
harbor superenhancers resulting in overexpression and poor prognosis in
myeloma patients. Blood Cancer J. 4, e191 (2014).

10. Jin, Y. et al. Active enhancer and chromatin accessibility landscapes chart the
regulatory network of primary multiple myeloma. Blood 131, 2138–2150 (2018).

11. Chipumuro, E. et al. CDK7 inhibition suppresses super-enhancer-linked
oncogenic transcription in MYCN-driven cancer. Cell 159, 1126–1139 (2014).

12. Wong, R. W. J. et al. Enhancer profiling identifies critical cancer genes and
characterizes cell identity in adult T-cell leukemia. Blood 130, 2326–2338
(2017).

13. Gong, J. N. et al. Hierarchy for targeting prosurvival BCL2 family proteins in
multiple myeloma: pivotal role of MCL1. Blood 128, 1834–1844 (2016).

14. Otsumi, T. et al. IL-10 in myeloma cells. Leuk. Lymphoma 43, 969–974 (2002).

15. Nijhof, I. S. et al. CD38 expression and complement inhibitors affect response
and resistance to daratumumab therapy in myeloma. Blood 128, 959–970
(2016).

16. Glavey, S. V. et al. The sialyltransferase ST3GAL6 influences homing and survival
in multiple myeloma. Blood 124, 1765–1776 (2014).

17. Kocemba, K. A. et al. The hypoxia target adrenomedullin is aberrantly
expressed in multiple myeloma and promotes angiogenesis. Leukemia 27,
1729 (2013).

18. Hurt, E. M. et al. Overexpression of c-maf is a frequent oncogenic event in
multiple myeloma that promotes proliferation and pathological interactions
with bone marrow stroma. Cancer Cell 5, 191–199 (2004).

19. Suzuki, A. et al. ARK5 is transcriptionally regulated by the Large-MAF family
and mediates IGF-1-induced cell invasion in multiple myeloma: ARK5 as a new
molecular determinant of malignant multiple myeloma. Oncogene 24,
6936–6944 (2005).

20. Cao, X. et al. Targeting super-enhancer-driven oncogenic transcription by
CDK7 inhibition in anaplastic thyroid carcinoma. Thyroid 29, 809–823 (2019).

21. Wang, Y. et al. CDK7-dependent transcriptional addiction in triple-negative
breast cancer. Cell 163, 174–186 (2015).

22. Kwiatkowski, N. et al. Targeting transcription regulation in cancer with a
covalent CDK7 inhibitor. Nature 511, 616–620 (2014).

23. Christensen, C. L. et al. Targeting transcriptional addictions in small cell lung
cancer with a covalent CDK7 inhibitor. Cancer Cell 27, 149 (2015).

24. Empitu, M. A., Kadariswantiningsih, I. N., Aizawa, M. & Asanuma, K. MAGI-2 and
scaffold proteins in glomerulopathy. Am. J. Physiol. Renal Physiol. 315,
F1336–f1344 (2018).

25. Lehtonen, S. et al. Cell junction-associated proteins IQGAP1, MAGI-2, CASK,
spectrins, and α-actinin are components of the nephrin multiprotein complex
[J]. Proc. Natl Acad. Sci. USA 102, 9814–9819 (2005).

26. Rasmussen, T. et al. C-MAF oncogene dysregulation in multiple myeloma:
frequency and biological relevance. Leuk. Lymphoma 44, 1761–1766 (2003).

27. Chesi, M. et al. Frequent dysregulation of the c-maf proto-oncogene at 16q23
by translocation to an Ig locus in multiple myeloma. Blood 91, 4457–4463
(1998).

28. Qian, FC. et al. SEanalysis: a web tool for super-enhancer associated regulatory
analysis. Nucleic Acids Res 47(W1), W248–55 (2019).

29. Whyte, W. A. et al. Master transcription factors and mediator establish super-
enhancers at key cell identity genes. Cell 153, 307–319 (2013).

30. Vähärautio, A. & Taipale, J. Cancer by super-enhancer. Science 346, 1291–1292
(2014).

31. Hu, Y. et al. MAGI-2 Inhibits cell migration and proliferation via PTEN in human
hepatocarcinoma cells. Arch. Biochem. Biophys. 467, 1–9 (2007).

32. Wu, X. et al. Evidence for regulation of the PTEN tumor suppressor by a
membrane-localized multi-PDZ domain containing scaffold protein MAGI-2.
Proc. Natl Acad. Sci. USA 97, 4233–4238 (2000).

33. Brenner, J. C. & Chinnaiyan, A. M. Disruptive events in the life of prostate
cancer. Cancer Cell 19, 301–303 (2011).

Jia et al. Blood Cancer Journal           (2021) 11:32 Page 13 of 13

Blood Cancer Journal

https://doi.org/10.1038/s41408-021-00421-7

	Myeloma-specific superenhancers affect genes of�biological and clinical relevance in myeloma
	Introduction
	Results
	Characterization of SEs landscape of representative MM samples and cell lines
	SEs were enriched in known oncogenes essential for MM pathogenesis
	THZ1 inhibited RNA polymerase II-mediated transcription of myeloma cells
	Identification SEs-associated oncogenes of clinical relevance
	MAGI2 was a novel SE-associated oncogenic driver in MM
	MAF bound to the SE region of MAGI2 and transactivated gene transcription

	Materials and methods
	Cell culture and reagents
	Cell viability assay
	Identification and analysis of superenhancers
	RNA-seq and data analysis
	CRISPR/dCas9-KRAB interference
	RT-PCR
	Gene ontology (GO) and signaling pathway analysis
	Statistical analyses

	Discussion
	Conclusion
	Acknowledgements




