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ABSTRACT
◥

Multiple myeloma is an incurable malignancy with marked
clinical and genetic heterogeneity. The cytogenetic abnormality
t(4;14) (p16.3;q32.3) confers aggressive behavior in multiple mye-
loma. Recently, essential oncogenic drivers in a wide range of
cancers have been shown to be controlled by super-enhancers (SE).
We used chromatin immunoprecipitation sequencing of the active
enhancer marker histone H3 lysine 27 acetylation (H3K27ac) to
profile unique SEs in t(4;14)-translocated multiple myeloma. The
histone chaperone HJURP was aberrantly overexpressed in t(4;14)-
positive multiple myeloma due to transcriptional activation by a
distal SE induced by the histone lysine methyltransferase NSD2.
Silencing ofHJURPwith short hairpin RNAorCRISPR interference
of SE function impaired cell viability and led to apoptosis. Con-

versely, HJURP overexpression promoted cell proliferation and
abrogated apoptosis. Mechanistically, the NSD2/BRD4 complex
positively coregulated HJURP transcription by binding the pro-
moter and active elements of its SE. In summary, this study
introduces SE profiling as an efficient approach to identify new
targets and understand molecular pathogenesis in specific subtypes
of cancer. Moreover, HJURP could be a valuable therapeutic target
in patients with t(4;14)-positive myeloma.

Significance: A super-enhancer screen in t(4;14) multiple mye-
loma serves to identify genes that promote growth and survival of
myeloma cells, which may be evaluated in future studies as ther-
apeutic targets.

Introduction
Multiple myeloma is a malignancy of postgerminal center B-

lineage cells with marked chromosomal heterogeneity in biologic
and clinical presentation. Worldwide, multiple myeloma is the
second most common blood cancer and results in over 100,000

deaths per year (1). Multiple myeloma remains an incurable disease,
with most patients experiencing relapse and requiring new thera-
peutic approaches (2). Chromosomal translocations and enhancers
hijacking by variable genes (MYC, MAF, CCND1/2/3, NSD2) are
recognized oncogenic driver events during myeloma pathogene-
sis (3, 4). Four chromosomal partners were revealed to account for
a majority of immunoglobulin heavy-chain (IgH) translocations:
11q13 (cyclin D1), 6p21 (cyclin D3), 4p16 (FGFR3 and NSD2), and
16q23 (c-MAF; ref. 5). Among these, the t(4;14) (p16.3;q32.3)
translocation, occurring in 15% to 20% of presenting myeloma cases,
fuses the NSD2 and FGFR3 gene to the IgH promoter/enhancer,
leading to the overexpression of these two genes (6). Patients with
multiple myeloma with t(4;14) have an inferior outcome and do not
respond well to cytotoxic chemotherapy (7, 8).

Transcriptional dysregulation is among the most frequent events
in cancer pathogenesis. The altered transcriptional programs cause
cancer cells to become addicted to continuous and robust tran-
scription of certain oncogenes (9, 10). Recently, genome regions
consisting of active-enhancer clusters together to form super-
enhancers (SE), have been reported to be essential for controlling
key genes to specify cell identity (11, 12). Compared with typical
enhancers (TE), SEs cover a larger genomic span with extra-high
levels of histone H3 lysine 27 acetylation (H3K27ac) binding, and
are more densely occupied by master transcription factors, chro-
matin regulators, and mediator proteins (13, 14). Indeed, malfunc-
tion of SEs and SE-driven oncogene transcription during malig-
nant transformation and progression is a general mechanism in
nearly all human cancers (15–17). Cancer-specific SE profiling has
also been employed to search for novel oncogenes and potential
therapeutic targets.

THZ1 is a covalent inhibitor of cyclin-dependent kinase 7 (CDK7;
ref. 18). Recent studies have identified a subset of aggressive cancers
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with exceptional sensitivity to CDK7 inhibition, including triple-
negative breast cancer, (19) lung cancer, (20) MYCN-dependent
neuroblastoma (21), and esophageal squamous cell carcinoma (22).
The vulnerability of these malignancies to CDK7 inhibition was
reported to be mediated by SE-driven oncogenic transcriptional
dependencies. Previously, using an integrative analysis of identifying
SE landscape by high-throughput H3K27ac chromatin immunopre-
cipitation (ChIP) platform followed by further filtering those SE-
associated genes whose expression are significantly downregulated
following THZ1 treatment, we have identified several functionally
relevant SE-associated genes in T-cell acute lymphoblastic leukemia
andmyeloma cells (23, 24). Using a similar strategy, we seek to identify
SE-associated genes of functional relevance in t(4;14) myeloma and
understand how they are regulated.

Materials and Methods
Cell culture and reagents

The human multiple myeloma cell lines LP-1, OPM2, H929,
KMS28BM, KMS11, RPMI8226, U266, KMS12 and Burkitt
lymphoma cell lines Daudi and Raji were obtained from the
ATCC. All of the cell lines were grown in RPMI-1640 medium
(BioWest) supplemented with 10% FBS and 1% penicillin–
streptomycin, and kept at 37�C with 5% CO2. The identity of all
cell lines 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 multiple myeloma, obtained from the National
University Hospital. 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. DMSO was purchased
from Sigma. THZ1 (HY-80013) and JQ1 (HY-13030) were
obtained from Cayman Chemical and Medchemexpress, respec-
tively. All antibodies used are shown in Supplementary materials
and methods.

SE peak calling and identification
SE regions were determined by calling peaks in H3K27ac

(Abcam, ab4729) ChIP sequencing (ChIP-seq) data set as describ-
ed previously, (24) then combining enhancers occurring within
12.5 kb of each other into a single larger domain based on the
strategy used by Whyte and colleagues (12). Normalized reads for
each region were ranked against the total number of peaks. Cut-off
for SE designation was set at peaks with a tangent slope of more
than 1. Library construction and sequencing on the Illumina
HiSeq 4000 platform were performed by BGI Tech Solutions Co.,
Limited.

CRISPR construct design
CRISPR guide RNAs were designed using the CRISPR direct design

tool (https://crispr.dbcls.jp/). Oligonucleotides corresponding to these
identified target sequences were obtained from Integrated DNA
Technologies Pte Ltd., Singapore and subcloned into the lent guide-
blasticidin plasmid and infected into dCas9-KRAB stable-expressing
cells. The CRISPR (Addgene, plasmid #71236) and inducible expres-
sion of guide RNA with fluorescent GFP reporter (Addgene, plasmid
#70183) vectors were gifts from Takaomi Sanda. The sequences of the
guide RNA (gRNA) target sites are as follows, with the protospacer
adjacent motif (PAM) target sequence: holiday junction recognition

protein (HJURP) gRNA-1, GGGGGTATTTGTACGCTACTGTT;
HJURP gRNA-2, AGCTTTATCGCATTATGGACGTT; gRNA-3,
CCCTTCTGTCCCAACG-TCAAGTT.

Circular chromosome conformation capture
Circular chromosome conformation capture sequencing (4C-seq)

assays were performed as previously described in Werken and
colleagues, (25) with slight modifications. Briefly, 4 � 107 cells
were cross-linked with 1% formaldehyde (Sigma). The nuclei
pellets were then isolated by cell lysis with cold lysis buffer
(10 mmol/L Tris-HCl, 10 mmol/L NaCl, 5 mmol/L EDTA,
0.5% NP 40) supplemented with protease inhibitors (Roche).
First-step digestion was performed overnight at 37�C with the
EcoRI enzyme (NEB). After confirmation of good digestion
efficiency by gel electrophoresis, DNA was ligated in dilution
conditions by T4 DNA ligase (Thermo Fisher Scientific) and then
subsequently de–cross-linked. After reversal of the cross-links, the
DNA was extracted by phenol-chloroform to obtain a 3C library.
This 3C library was then subjected to a second round of digestion
with DpnII enzyme (NEB) and ligation, generating a 4C library.
The 4C library DNA concentration was determined using Qubit
assays (Thermo Fisher Scientific). The 4C library was then
amplified using specific primers with Illumina Nextera adapters
and sent for sequencing on the MiSeq platform. We used the
Capture HiC Plotter (CHiCP), a web-based tool for the integrative
and interactive visualization of promoter captures Hi-C (PCHi-C)
datasets, to identify long-range interactions in the high-resolution
capture Hi-C dataset of Mifsud and colleagues (26) from the LCL
GM12878. A list of 4C primers was included in Supplementary
Table S1.

Coimmunoprecipitation and Western blot analysis
Three days after transient transfection, KMS11 cells were harvested

and washed with ice-cold PBS before being disrupted with lysis buffer
(50 mmol/L Tris, 100 mmol/L NaCl, 0.1% NP-40, 50 mmol/L NaF,
1 mmol/L dithiothreitol, 1 mmol/L phenylmethylsulfonyl fluoride,
1 mg/mL of aprotinin, 0.5 mg/mL of leupeptin, and 0.7 mg/mL of
pepstatin). One milligram of protein lysates was incubated with 5 mL
of anti-BRD4 or anti-NSD2 antibody at 4�C for 4 hours, followed
by the addition of 10 mL of protein G slurry (Santa Cruz Biotech-
nology) for 1 hour. Coimmunoprecipitation was performed using
nuclear extract collected from KMS11 after washing with lysis buffer
three times, and the immunoprecipitated protein was separated by
SDS-PAGE and analyzed by Western blot.

Cell synchronization and immunofluorescence assay
H929 cells were transduced with scramble control and sh-HJURP#2

lentivirus for 72 hours, then proceeded to cell-cycle synchronization
according to a published protocol (27). In brief, cells were sequentially
treated with 4 mmol/L thymidine (Sigma, 1895) for 24 hours, washed
and released into the standard medium for 9 hours, then incubated
with 20 ng/mL nocodazole (Sigma, M1404) for 4 hours. The mitotic
cells were washed and grown in normal for 20minutes, then incubated
with 50 mmol/L blebbistatin (Sigma, B0560). At a 10-minute interval
up to 60 minutes, the harvested cells were cytospinned onto slides,
fixed with 4% paraformaldehyde, then stained with CENP-A primary
antibody (GeneTex, GTX13939) and mouse IgG1-Fluorescein
secondary antibody (Sigma, SAB3701170). Coverslips were then
mounted using the mounting medium with DAPI (Vectashield,
H-1200). Images were captured with an LSM710 (Zeiss) confocal
microscope.
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Statistical analysis
Nonparametric statistics were used with Prism 5.0 software

(Graphpad Software). Survival data were analyzed using the

Kaplan–Meier method. A x2 test was performed to analyze the
categorical correlation. Student t test and Mann–Whitney test
were used to analyze parametric and nonparametric variables,

Figure 1.

Epigenomic enhancer profiling defined HJURP as an
SE-associated gene of t(4;14)-positive multiple mye-
loma. A, Enhancer regions of HMCLs (LP-1, OPM2,
H929, KMS28BM, and KMS11) and patient-derivedmul-
tiple myeloma sample (MM 1) carrying t(4;14) translo-
cation. Enhancers were ranked by increasing H3K27ac
signal, and enhancers above the inflection point of the
curvewere defined as SEs, while the rest were TEs. The
number of SEs are shown for each sample, and exam-
ples of SE-associated genes HJURP, NSD2, and FGFR3
are also presented. B,Venn diagram of t(4;14)multiple
myeloma–specific SE genes, genes associated with
unfavorable survival of patients with multiple myelo-
ma, and genes overexpressed in multiple myeloma
showing some overlapping genes. HJURP and NSD2
were identified as the top candidate SE-associated
genes from the selection strategy. C, Gene tracks of
H3K27ac ChIP-seq signal across t(4;14)-positive
HMCLs, patient-derived myeloma tissue, and the con-
trol samples (Daudi, RAJI, MBC, and NPC) at the
HJURP, NSD2, and FRFG3 loci.D, ChIP-seq data tracks
showing the enrichment of H3K27ac (green),
H3K4me1 (blue), H3K4me2 (gray), and H3K4me3
(black) at the HJURP SE loci. The relatively increased
enrichment of H3K4me1 to H3K4me3 was observed in
the H3K27ac-enriched SE region, and high enrichment
of H3K4me2 signal was indicated at both the distal
and proximal regions of the HJURP gene. E, Based
on Gene Expression Omnibus databases (GSE2113
and GSE6477), HJURP overexpression contributed to
myelomagenesis with gradual increasing expression
from monoclonal gammopathy of undetermined sig-
nificance (MGUS), SMM to newly diagnosed and
relapsed multiple myeloma or plasma cell leukemia
F. Prognostic implications of HJURP expression pro-
files in patients with multiple myeloma carrying trans-
location t(4;14) or without t(4;14) in the CoMMpass,
HOVON, and UAMS dataset, separately. G, The effect
of HJURP expression on OS in patients with myeloma
with or without t(4;14) in the CoMMpass and HOVON
dataset, separately. Kaplan–Meier survival curveswere
compared by log-rank test. MM, multiple myeloma;
PCL, plasma cell leukemia.
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respectively. A P value less than 0.05 was considered statistically
significant.

Data availability statements
All data generated or analysed during this study are included in the

published article and its additional files. The ChIP-seq data have been
deposited in the Gene Expression Omnibus database (accession
number: gse145938)

Results
HJURP was identified as an SE-associated gene of t(4;14)-
positive multiple myeloma

Using a well-established active enhancer mark, H3K27ac, we sys-
tematically profiled the landscape of active enhancers in a series of
t(4;14)-positive human myeloma cell lines (HMCL; LP-1, OPM2,
H929, KMS11, and KMS28BM) and one patient-derived multiple
myeloma sample (MM 1; Fig. 1A). For the controls, we profiled the

Figure 2.

Expression profiling and prognostic
implication of HJURP in t(4;14) and
non-t(4;14) myeloma cases. A and B, The
mRNA (A) and protein (B) expression
levels of HJURP were relatively elevat-
ed in t(4;14)-positive HMCLs compared
with non-t(4;14) samples. Data are pre-
sented as the mean � SD of three
independent experiments. Significant dif-
ferencesbetween the t(4;14)-negative and
t(4;14)-positive groups as determined by
one-way ANOVA (P < 0.0001). C, HJURP
(green) and CD138 protein (red) in H929
[t(4;14)-positive] and U266 [t(4;14)-
negative] cells was determined with
IF staining with DAPI (blue) counter-
staining. Scale bars, 10 mm. D, IF assay
detected thatHJURP protein (red)mainly
localized to the nucleoplasm & nucleoli in
the t(4;14)-positive H929 cell. DNA (blue)
was stained with DAPI. Scale bars, 10 mm.
E, Expression levels of HJURP in a
collection of multiple myeloma samples
derived from the UAMS dataset. Upregu-
lation of HJURP was observed in t(4;14)
subgroup (4p16) compared with the
rest (P ¼ 0.00972). Student t tests were
performed, and data are presented as
mean � SD. F, Prognostic implications of
HJURP expression profiles in patients
with multiple myeloma carrying translo-
cation with t(4;14) or without t(4;14),
separately. G, The effect of HJURP
expression on OS in patients with myelo-
ma with or without t(4;14). Kaplan–Meier
survival curves were compared by log-
rank test. TC, translocations/cyclins.
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Figure 3.

Deletion of HJURP impaired multiple myeloma cell growth and induced apoptosis. A, Expression levels of HJURP protein and mRNA were detected upon HJURP
shRNA transfection or the control vector in KMS28BM and H929 cells. B, Proliferation of KMS28BM and H929 cells was significantly inhibited upon HJURP silencing.
The cell proliferation was tested every 24 hours using CTG assays. (Continued on the following page.)
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epigenetic landscape of non-t(4;14) multiple myeloma cells (KMS12
and RPMI-8226), B-lymphoma cell lines (Daudi and RAJI), normal
plasma cell (NPC), andmemory B cell (MBC; Supplementary Fig. S1A;
ref. 28). A total of 3,319 SE-associated genes were identified in all
t(4;14) multiple myeloma samples, of which, 26 SE genes were com-
monly acquired in both HMCLs and patient-derived multiple mye-
loma sample (Supplementary Table S2). To prioritize these genes for
further study, we selected SE-associated genes with the following
criteria: (i) overlap with prognostic significance in multiple myeloma
datasets, where higher gene expression was associated with poorer
survival and faster disease progression, and (ii) elevated expression in
myeloma tissue versus NPC from integrated analyses (Fig. 1B).

Annotation of SE region to its nearest gene acrossmultiplemyeloma
cases identified established t(4;14)-specific oncogenes, includingNSD2
and FGFR3, serving as a proof of principle of this study. Notably, this
selection also included theHJURP gene, which has not previously been
implicated in multiple myeloma. Significantly high H3K27ac signals
were found at the distal and proximal regions near the transcription
start sites (TSS) of the NSD2 and HJURP genes in all five t(4;14)-
positive HMCLs and the myeloma patient sample (MM 1; Fig. 1C). In
contrast, only background level signals were present in the control
cells, and non–t(4;14)-translocatedmultiplemyeloma patient samples,
MM 3 to 10 (Supplementary Fig. S1B). Data of MM 2, another t(4;14)-
positive myeloma patient sample, was collected from the study of Jin Y
and colleagues, (28) and enrichment of H3K27ac signals was also
observed at the enhancer region ofHJURP gene. The relatively increased
enrichment of H3K4me1 to H3K4me3 was observed in H3K27ac-
enriched SE region, which was a major epigenomic feature distinguish-
ing enhancers frompromoters (29). In addition, we found that therewas
high enrichment of the H3K4me2 signal at both distal and proximal
regions of the HJURP gene, which indicated as another epigenetic
signature of active enhancers (Fig. 1D; ref. 29). Of relevance, the SE
lies within the coding region of TRPM8, and near to the SPP2 and
MSL3P1 gene.However, we did not further examine these genes because
they do not fulfil the other criteria in our filtering strategy, as illustrated
in Fig. 1B. These findings indicated that aberrant activation ofHJURP-
SE is specific to t(4;14)-positive multiple myeloma.

We next established the clinical significance of HJURP in the
development and progression of multiple myeloma, by performing
in silico analyses on publicly available Gene Expression Omnibus
datasets, containing samples from patients with monoclonal gammo-
pathy of undermined significance (MGUS), multiple myeloma, and
plasma cell leukemia (Fig. 1E). Increased HJURP expression level was
observed along with multiple myeloma disease progression, with
relapsed multiple myeloma cases having the highest expression level.
Kaplan–Meier analysis of several myeloma patient (CoMMpass,
HOVON, and UAMS) datasets showed high HJURP value was asso-

ciated with a worse overall survival (OS) and progression-free survival
(PFS; Fig. 1F and G; Supplementary Fig. S1C). Therefore, aberrant
expression of HJURP is of clinical relevance in multiple myeloma.

HJURP gene was aberrantly activated and associated with poor
outcomes in multiple myeloma samples with t(4;14) but also
those without

We next sought to determine the expression level of HJURP in a
selected panel of t(4;14) and non-t(4;14) myeloma cell lines. Upre-
gulation of HJURP transcript and protein was detected in myeloma
cells carrying t(4;14) via qRT-PCR and Western blotting analysis
(Fig. 2A and B). Immunofluorescence (IF) assay further confirmed
the increased expression of HJURP in t(4;14)-positive H929 cells
compared with the t(4;14)-negative U266 cells (Fig. 2C), with the
HJURP proteinmainly localized to the cellular nucleoplasm&nucleoli
(Fig. 2D). Analysis of HJURP mRNA expression across molecular
subtypes of myeloma in the UAMS dataset indicated that there was an
evident overexpression of HJURP in the t(4;14) subgroup (4p16)
compared with the rest (P¼ 0.00972; Fig. 2E). However, it is essential
to note that high expression of HJURP is also observed in other
subtypes. This pattern is similarly observed in other datasets (Sup-
plementary Fig. S2A). As the HJURP SE was only observed in t(4;14)
cell lines and patient samples, we rationalized that generation of the
unique SE in 4p16 multiple myeloma cells may be responsible for
upregulated HJURP expression in t(4;14) myeloma, while other
mechanisms may be involved in driving increased expression of
HJURP in other subtypes of myeloma.

Since HJURP expression may be high in both t(4;14) and
non-t(4;14) myeloma, and we have earlier shown that high expression
of HJURP is associated with poorer outcome (Fig. 1F and G), we
further look at the prognostic value of HJURP expression in t(4;14) or
non-t(4;14) myeloma separately. Higher expression of HJURP, either
top 25%or higher than themedian is associatedwith poorer survival in
both the UAMS and CoMMpass datasets (Fig. 2F and G; Supplemen-
tary Fig. S2B and S2C). Furthermore, multivariate and univariate
Cox proportional hazards analyses performed on the UAMS and
CoMMpass datasets showed that both elevated HJURP and NSD2
expression were significantly associated with inferior survival, and
HJURP levels have prognostic value independent of NSD2 levels for
both PFS and OS (Supplementary Table S3). Therefore, HJURP
overexpression is associated with inferior clinical survival inmyeloma,
regardless of t(4;14) status.

Genetic inhibition of HJURP impaired multiple myeloma cell
growth and induced apoptosis

To further interrogate the functional role of HJURP in regulating
multiple myeloma cell biology, we utilized a loss- and gain-of-function

(Continued.) C, Immunoblot analysis for apoptotic markers (PARP and cleaved-PARP) in CTRL or shHJURP–transfected KMS28BM and H929 cells. The immunoblot
results of HJURP-knockdown in H929 cells were based on the same batch of H929 cell lysates performed at the same time, and the same GAPDH blot was used as a
loading control in A and C. D, KMS28BM and H929 cells were transfected with the CTRL or HJURP shRNA vector for 72 hours. Examination for apoptotic was
performed by Annexin V staining and flow cytometry. The percentage of apoptotic cells is represented in a bar diagram from three independent experiments.
E, Representative images of metaphase and anaphase of scramble and shHJURP#2 of H929 cell line. Empty arrowheads, lagging chromosomes; arrowheads,
chromosomal bridges; arrows, misalignedmetaphase. Scale bars, 10 mm. F andG, Frequency of anaphase defects, including lagging chromatin, anaphase bridges, or
both (F) and metaphase defects (e.g., misalignment; G) in shHJURP#2 H929 versus scramble. H, DAPI (blue) and CENP-A (green) staining in scramble and
shHJURP#2 H929 cell line. Quantification was performed in duplicates (n ¼ 100 per sample); data are mean � SEM. Scale bars, 10 mm. I, Expression of HJURP
protein and mRNA were detected upon HJURP shRNA transfection or cotransfected with HJURP shRNA plus HJURP overexpression vector in H929 cell. GAPDH
was used as a loading control. J, Cell viability was measured in shHJURP–transfected H929 cells, shHJURP–transfected H929 cells stably overexpressing HJURP, or
a control shRNA. For each condition, cell viability was measured every 24 hours and compared with day 1. K, The percentage of apoptotic cells was measured in
shHJURP–transfected H929 cells, shHJURP–transfected H929 cells stably overexpressing HJURP, or a control shRNA. Data are presented as mean � SD
of six replicates out of the representative of three independent experiments. Student t tests were performed compared with the control. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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strategy to alterHJURP gene expression and then determined its effect
on cell growth. Reduction of HJURP expression using short hairpin
RNA (shRNA) in KMS28BM and H929 cells (Fig. 3A) suppressed
multiple myeloma cell growth over 3 days, compared with control
shRNA transduced cells (Fig. 3B). There is increased apoptosis upon
HJURP silencing in KMS28BM and H929 (Fig. 3C and D; Supple-
mentary Fig. S3A). To evaluate the effect of HJURP on cell-cycle
distribution, DNA content was analyzed by flow cytometry for H929
cells stained with propidium iodide (PI), following mock or HJURP
shRNA transfection at 72 hours.HJURP silencing caused a significant
increase in G1/G0 populations with a concurrent decrease in S- and
G2–Mpopulations as compared with control treatments (Supplemen-
tary Fig. S3B). HJURP was previously reported as a major CENP-A
chaperone, which has played a crucial role in the CENP-A loading at
the centromeres (30, 31). Consistently with previous reports, chro-
mosome segregation defects including lagging chromosomes, chro-
mosomal bridges, and metaphase defects were detected in HJURP-
deficient myeloma cells (Fig. 3E–G). From the immunostaining
analysis, the centromeric association of CENP-A was lost in cells
depleted of HJURP (Fig. 3H).

Next, we performed rescue experiments by exogenously over-
expressing HJURP in H929 cells that had been stably transduced
with HJURP shRNA. We first confirmed a successful HJURP protein
and mRNA restoration in this setting (Fig. 3I). Rescue of the HJURP
knockdown H929 cell lines with HJURP overexpression improved
cell growth (Fig. 3J), and reduced apoptosis (Fig. 3K; Supplementary
Fig. S3C). Additionally, we observed that HJURP overexpression in
the non-t(4;14) RPMI-8226 cell promoted cell growth (Supplemen-
tary Fig. S3D and S3E), with reduction in apoptosis and an increase
in S-phase populations (Supplementary Fig. S3F and S3G). These
findings collectively suggested that overexpression of HJURP pro-
moted cell growth and suppressed cell apoptosis in both t(4;14) and
non-t(4;4) myeloma, and is functionally relevant in myeloma.

Repression of SE activity inhibited HJURP transcription and
phenocopied HJURP silencing

SEs function depends on the binding of transcriptional factors and
coactivators, including CDK7 and bromodomain and extra-terminal
(BET) bromodomains, to drive downstream gene transcription
(13, 14). We next investigated the effect of SE activity on HJURP
transcription. t(4;14)-positive H929 and KMS28BM cells were treated
with a specific inhibitor targeting CDK7 (THZ1), as a chemical tool to
help identify potentially relevant and functional SE-associated genes.
Downregulation of HJURP upon THZ1 treatment was confirmed by
qRT-PCR and immunoblot in a dose-dependent manner (Fig. 4A and
B). Similarly, JQ1, a small-molecule inhibitor blocking BRD4 binding
to SE regions, also diminished the mRNA levels of HJURP (Supple-
mentary Fig. S4A). As t(4:14)-negative cells show no prominent SE
activity and HJURP overexpression, when RPMI8226 and U266 were
treated with THZ1 or JQ1 for 24 hours, we observed no significant
decreasedHJURP expression as expected (Supplementary Fig. S4B). In
addition, THZ1 produced a potent antiproliferative effect associated
with cell-cycle arrest and increased cellular apoptosis of myeloma cells
(Supplementary Fig. S4C–S4G). Together, these results indicated that
HJURP expressionwas sensitive to transcriptional inhibition, a general
characteristic of SE-driven genes.

We then employed CRISPR interference (CRISPRi), in which three
single-guide RNAs (sgRNA) were designed to target multiple sites of
the SE region, to recruit the dCas9-KRAB and interfere with the SE-
promoter interaction (Fig. 4C). After confirming the change ofHJURP
expression at themRNA levels in sgHJURP-transfectedmyeloma cells,

two effective sgRNAs (sgHJURP #1 and sgHJURP #2)were selected for
subsequent functional assay (Supplementary Fig. S4H). Blockade of
two effective individual constituent sites within SE region reduced
HJURP protein andmRNA expression levels (Fig. 4D and E), showing
that SE could positively regulateHJURP transcription. As expected, we
observed that enrichment of H3K27ac signals, indicative of active
enhancers, were reduced at the SE region of HJURP locus upon
CRISPRi-mediated suppression (Supplementary Fig. S4I). Further-
more, the inhibition of SE activity in SE-CRISPR/dCas9-transfected
cells led to a significant decrease in cell survival (Fig. 4F). The CRISPR
interference-SE group also showed a higher apoptosis rate than the
control group in KMS28BM and H929 cells (Fig. 4G; Supplementary
Fig. S4J). We also observed that expression of several key apoptosis
markers such as cleaved PARP, cleaved caspase-3, cleaved caspase-9,
and cleaved caspase-7 were increased upon CRISPR interference of
SE function, compared with the control group (Fig. 4H; Supplemen-
tary Fig. S4K). These findings supported SE-mediated epigenetic
control as the primary driver for HJURP activation in t(4;14) multiple
myeloma and is important for the downstream functional effect
of HJURP.

Remote SE interacted with HJURP promoter and facilitated
gene transcription

Our ChIP-seq analysis demonstrated that HJURP-SE was located
around 120 kb to the TSS ofHJURP gene. Hence, we then investigated
the potential long-range interaction between the distal SE and pro-
moter elements. The binding profile for H3K27ac identified four peaks
(E1–E4) within HJURP-SE in H929 cells (Fig. 5A). Of the four
constituent enhancers, the active E2 element was associated with the
highest H3K27ac signals (Fig. 5B). We found that THZ1 suppresses
the H3K27ac mark on chromatin (Fig. 5C). The ability of SE to
regulate the transcriptional activities of the HJURP promoters was
tested by luciferase reporter assay. Two loci within SE region (named
pGL3–1.1 and pGL3–1.2) and a negative control locus named pGL3-
basic outside these fragments were amplified and cloned into upstream
of the pGL3-enhancer constructs. pGL3–1.1 related to the E1 and E2,
and the start position and end position was chr2: 234,873,330–
234,875,324. The pGL3–1.2 related to the E3 and E4, and the start
and end position was chr2:234,875,382–234,878,373. The sequences of
SE fragments inserted into each vector were presented in Supplemen-
tary Table S4. We observed that the enhancer (pGL3–1.1 and pGL3–
1.2) group showed significantly increased luciferase activity compared
with the corresponding control (Fig. 5D).

4C allows the unbiased detection of all genomic regions that
physically interact with a particular region of interest (25). We
explored the potential long-range interaction between SE and HJURP
gene promoter using 4C sequencing (4C-seq) analyses, following
THZ1 treatment (50 nmol/L, 24 hours). We designed one PCR primer
near SE element (viewpoint). Then we calculated each interaction and
showed a heatmap comparing THZ1 (experiment) with DMSO (con-
trol). From the visualization of the result output, we observed a
decrease in chromatin–chromatin interaction near the HJURP pro-
moter, amongst other enhancer-promoter interactions affected
(Fig. 5E). Collectively, these findings indicated that SE could drive
HJURP transcription via potential long-range interaction between the
distal SE and promoter elements.

NSD2 promoted HJURP gene transcription
The histone lysinemethyltransferaseNSD2 (also namedMMSET or

WHSC1) is overexpressed in myeloma cases due to the t(4;14) chro-
mosomal translocation (32). NSD2 catalyzes dimethylation of lysine
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36 on histone H3 (H3K36me2), and NSD2 overexpression leads to a
global increase in this modification, accompanied by a concomitant
global decrease in repressive marker H3K27me3 methylation. The
genomic disorganization generated by NSD2 created a disarrayed
genomic landscape that is sufficient for activating target genes and
initiating oncogenic programming (33).

To study whether NSD2 could regulate HJURP transcription in t
(4;14)-positive cells, we first knocked down NSD2 using two inde-
pendent shRNAs. This resulted in a significant decrease in HJURP
protein and mRNA expression (Fig. 6A and B; Supplementary

Fig. S5A), indicating that HJURP could be a downstream target gene
ofNSD2. To further verify this, we utilized an established isogenic pair
of KMS11 cell lines, where NSD2 was either deleted by knocking out
the translocated overexpressed allele (KMS11TKO; NSD2-low) or the
wild-type (WT) nontranslocated allele (KMS11PAR; NSD2-high;
ref. 34). As expected, NSD2 knockout in KMS11TKO cell led to the
loss of HJURP expression, while NSD2 overexpression-transfected
KMS11TKO cell presented reincreasedHJURP expression (Fig. 6C and
D). We next assessed the effect of NSD2 on HJURP expression in
t(4:14)-negative myeloma cells. Similar to myeloma cell carrying

Figure 4.

Genomic editing to disrupt SE region repressed HJURP transcription and mimicked phenotypic effects of HJURP silencing. A and B, H929 and KMS28BM cells were
treated with DMSO or THZ1 at a concentration of 10 nmol/L and 50 nmol/L for 24 hours, and HJURP expression level was analyzed by Western blotting (A) and
qRT-PCR (B). GAPDH was used as a loading control. C, A schematic diagram of the sgRNA-directed dCas9-KRAB transcription repression system and three
sgRNAsdesigned to targetmultiple sites of the SE region ofHJURP. CRISPR-based gene editing of indicated SE region repressing gene transcription.D andE,Protein
expression (D) andmRNA (E) levels ofHJURP in KMS28BM andH929 cells upon depression of SE activity by two individual sgRNAs (sgHJURP#1 and sgHJURP#2) or
transfected with the control vector (CTRL). F,Depression ofHJURP SE region abrogated cell viability in KMS28BM and H929 cells.G, Cell apoptosis was determined
72 hours after depression of HJURP-SE in KMS28BM andH929 cells. Cells were stainedwith Annexin V and PI and analyzed by flow cytometer.H, PARP cleavagewas
analyzed byWestern blot in KMS28BM andH929 cellsmock infected or infectedwith sgHJURP#1 and sgHJURP#2 for 72 hours. Detection of GAPDHproteinwas used
as an internal loading control. Data are presented as mean � SD of six replicates out of the representative of three independent experiments. Student t tests were
performed compared with the control. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ����, P < 0.0001 by two-sample.
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t(4;14), NSD2 overexpression caused elevated HJURP expression as
well as increased abundance of H3K27ac at the HJURP promoter and
SE region (Supplementary Fig. S5B and S5C). These results indicated
that NSD2 as a key regulator contributing to elevated expressions of
HJURP with upregulated H3K27ac signal in theHJURP promoter and
enhancer regions.

Furthermore, the presence of NSD2 increased H3K36me2 abundance
towards H3K27ac-containing chromatin of HJURP SE, with decreased
enrichment of H3K27me3 in t(4;14)-positive myeloma cell (Fig. 6E;
Supplementary Fig. S5D). Early reports demonstrated that NSD2 over-

expression leads to genome-wide spreading of H3K36me2 from active
gene bodies into intergenic regions, which provides a favorable environ-
ment for H3K27ac binding linked to oncogene activation (35). Here we
hypothesized that transcriptional activation of HJURP could partially be
dependent onNSD2-mediated global alteration of histonemodification in
t(4;14)-positive myeloma cells. Together, these data argued for a model in
which t(4;14)-drivenNSD2 overexpression leads to a permissive genome-
wide epigenetic environment for aberrant enrichment of H3K36me2 and
H3K27ac at normally silent cancer-associated genes (HJURP being a
specific example), triggering increased expression of these genes.

Figure 5.

Remote SE interactedwith theHJURP promoter and facilitated gene transcription.A, The binding profile for H3K27ac identified four peaks (E1–E4)withinHJURP-SE
in H929 cells. E1, E2, E3, and E4 schematic of SE region and positions of primer sets used for ChIP-qPCR. B, ChIP-qPCR analysis of H3K27ac binding at constituent
enhancers (E1–E4) in H929 cells. The anti-IgG was used as the negative control. Of the four constituent enhancers, the active E2 element was associated with the
highest H3K27ac signals. C, ChIP-qPCR analysis of H3K27ac binding at constituent enhancers (E1–E4) within SE region in DMSO/THZ1-treated H929 cells. H3K27ac
recruitment to the chromatin of HJURP-SE was suppressed upon THZ1 treatment (50 nmol/L; 24 hours). D, Separate fragments of SE regions (named pGL3–1.1 and
pGL3–1.2), which were subcloned upstream of the luciferase reporter gene. Dual luciferase reporter assays examining SE activities 72 hours posttransfection in
KMS28BM and H929 cells. Firefly luciferase activity was measured and normalized to Renilla luciferase to control cell number and transfection efficiency and is
expressed as a ratio relative to activity of the control enhancer construct. E, 4C-seq experiments were performed to unbiasedly detect all genomic regions that
interact with the indicated SE. Genomic DNA samples of H929 cells were harvested upon THZ1 (top) or DMSO (bottom) treatment for 24 hours and subjected to a 4C
assay. The top track presents 4C-seq data for the viewpoint (SE), marked by a vertical highlight in each panel. Color codes represent the quantitative scale (q-value).
Blue arrowhead, HJURP promoter. Data are presented as mean � SD of six replicates out of the representative of three independent experiments. P values were
derived from t tests. �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 by two-sample.
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NSD2 interacted with BRD4 to facilitate HJURP-SE activation
Next, we determined the chromatin state at theHJURP SE and how

NSD2 regulated HJURP gene transcription. Luciferase reporter assays
were performed in t(4;14)-positive myeloma cells to functionally test
the effect of NSD2 on the SE and HJURP-promoter activity. We
observed the activity ofHJURPpromoter-luciferase reporter inKMS11
cells cotransfected with NSD2-overexpressed vector was increased by
approximately eight-fold. In addition, cotransfection of NSD2-over-
expressed vector with SE-driven luciferase plasmid vector (pGL3–1.1
and pGL3–1.2) increased luciferase activity by approximately four-
fold (Fig. 7A). Similar patterns of luciferase reporter activities were
also detected in the H929 and KMS28BM cells (Fig. 7A; Supplemen-
tary Fig. S6A). The sequence of SE fragments inserted into luciferase
plasmid vector was presented in Supplementary Table S4.

Because NSD2 does not contain a DNA-binding domain, it
cannot bind directly to a gene promoter or enhancer to regulate
gene transcription. To investigate how NSD2 activated HJURP gene
expression, we performed the stable isotope labelling by amino acids
in cell culture (SILAC)-based in conjunction with mass spectrom-
etry analysis to determine NSD2-interacting proteins. Interestingly,
BRD4 was identified as one potential NSD2-interacting protein in
KMS11 cells (Supplementary Table S5). The bromodomain protein
BRD4 was previously reported as an NSD2-interacting protein,
which was required for transcription elongation and enhancer
activation (36). Here, we found that BRD4 was coimmunoprecipi-
tated with NSD2 protein and vice versa (Fig. 7B), in agreement with
a recent study of the interaction between NSD2 and BRD4 in
pluripotent stem cells (37).

Figure 6.

NSD2 positively regulated HJURP transcription. A and B, The protein (A) and mRNA (B) expression levels of HJURP and NSD2 were detected by qRT-PCR and
Western blot upon transfection with two different pairs of NSD2 shRNA (shNSD2–1 and shNSD2–2) or the negative control shRNA (shScr) in KMS11 and H929 cells.
GAPDHwasmeasured as the loading control andwasused for data normalization.C,mRNAexpression levels ofNSD2 andHJURPweredetectedbyqRT-PCRanalysis
in KMS11PAR and KMS11TKO cells. D, Western blot and qRT-PCR analysis demonstrated that the overexpression of NSD2 increased HJURP gene transcription in
KMS11TKO cell. E, ChIP-seq data tracks showing the abundance of H3K36me2, H3K27me3, and H3K27ac within HJURP loci and its SE region of H929 cells. Public
H3K36me2 andH3K27me3ChIP-seq datawere collected and visualized by the ChIP-Atlas database (https://chip-atlas.org/). Data are presented asmean� SD of six
replicates out of the representative of three independent experiments. P values were derived from t tests. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001 by two-sample.
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We then accessed the recruitment of NSD2, H3K27ac, and BRD4
proteins to the promoter and SE region of theHJURP gene. Silencing of
NSD2 in H929 cells reduced the abundance of H3K27ac, and the
recruitment of BRD4 as well as NSD2 itself to the promoter (indicated
as P-1 and P-2) and SE region (indicated as SE-1 and SE-2), suggesting
that NSD2 may function as a scaffold to recruit H3K27ac and BRD4,
which promoted HJURP transcription (Fig. 7C; Supplementary
Fig. S6B). Consistently, suppression of H3K27ac, BRD4, and NSD2
binding toHJURP promoter and SE were also observed in KMS11TKO

cells when compared to the WT KMS11PAR cells (Fig. 7D). Previous
reports proposed that BRD4 plays an essential role in NSD2 recruit-

ment to chromatin (37). We treated H929 cells with DMSO or JQ1 for
24 hours, and checked NSD2 binding affinity toHJURP promoter and
SE chromatin. Suppression of BRD4 has a limited effect on NSD2
binding affinity to the HJURP promoter and SE (Supplementary
Fig. S6C). These results suggested that the recruitment of NSD2 to
chromatin in the t(4;14) myeloma cell lines may be independent of
BRD4. Given the evidence presented for a role of NSD2 in regulating
HJURP gene transcription and the physical association betweenNSD2
and BRD4, the NSD2/BRD4 complex is anticipated to be recruited to
the HJURP gene promoter and SE, and may cooperatively facilitate
gene transcription elongation (Supplementary Fig. S6D).

Figure 7.

NSD2 interacted with BRD4 to facilitate activation of HJURP super enhancer. A, Luciferase assay analysis of transcription activation in H929 and KMS11 cells
transfected with pGL3-basic (control) alone, HJURP-promoter luciferase vectors alone, SE luciferase reporter vectors alone (pGL3–1.1 and pGL3–1.2), or co-
transfected with NSD2 overexpression vector. B, Reciprocal coimmunoprecipitation of endogenous BRD4 and NSD2 in KMS11 cells. C, NSD2, BRD4 binding ability,
and abundance of H3K27ac were measured at the promoter and SE region in CON/NSD2-knockdown H929 cells. Silencing of NSD2 reduced the recruitment of
H3K27ac, BRD4 as well as NSD2 itself to the promoter and SE region of HJURP. D, NSD2, BRD4 binding ability, and abundance of H3K27ac at the promoter
and SE region of HJURP in KMS11PAR and KMS11TKO cells. Data are presented as mean � SD of six replicates out of the representative of three independent
experiments. P values were derived from t tests. � , P < 0.05; �� , P < 0.01; ���, P < 0.001; ���� , P < 0.0001 by two-sample.
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Discussion
SEs are groups of enhancers in close genomic proximity with

aberrant high levels of transcription factors binding, which are central
to driving gene expression in controlling cell identity and stimulating
oncogenic transcription. In an effort to search for novel oncogenic
drivers and potential therapeutic targets, we utilized a transcriptional
CDK7 inhibitor, THZ1, coupled with H3K27ac ChIP-seq and tran-
scriptome analyses, to identify novel SE-associated genes of functional
relevance. Using this strategy, we identified the holiday junction
recognition protein (HJURP) as a novel SE-driven transcript of
t(4;14)-positive multiple myeloma. Elevated HJURP was associated
with myeloma disease progression and poor patients’ outcomes.
Experimentally, overexpression of HJURP mediated increased cell
growth and protection from apoptosis in myeloma cells. Mechanis-
tically, we demonstrated that the SE observed uniquely in t(4;14)
myeloma interacted with HJURP promoter, and the NSD2/BRD4
complex was recruited to the promoter and SE region ofHJURP gene,
thus facilitating HJURP gene transcription.

The oncogenic function of HJURP has been reported in the
progression of lung cancer, breast cancer, brain cancer, liver cancer,
and ovary cancer (38–43) and elevation of HJURP is also strongly
correlated with unfavorable prognosis of patients with can-
cer (44, 45). The histone chaperone HJURP is a chromatin assembly
factor for CENP-A nucleosomes deposition and maintenance at
centromeres (30, 31). HJURP functioned as a repressor for dereg-
ulation of recombination in the rDNA region and maintained
chromosomal stability, resulting in cancer cell immortalization (38).
In bladder cancer, HJURP regulated cell proliferation and apoptosis
via PPARg-SIRT1 negative feedback loop (40). Compared with
normal plasma cells and also other genetic subtypes of myeloma,
we found that the aberrant SE formation downstream TSS of HJURP
gene found specifically in t(4;14) myeloma, interacted with HJURP
promoter and resulted in its increased expression. Of note, we
observed HJURP overexpression in non-t(4;14) myeloma and asso-
ciated with poor outcomes. Other mechanisms may therefore be
involved in driving HJURP expression in the non-t(4;14) myeloma
and will require further studies to elucidate. Of note, HJURP
expression correlated with poor prognosis in multiple myeloma.
These high-risk patients with multiple myeloma may benefit from
personalized treatment strategies that target underlying molecular
mechanisms.

NSD2 activity influences myelomagenesis, and NSD2 overexpres-
sion is universal with t(4;14) translocation (6). In t(4;14)- positive
myeloma, loss of NSD2 inhibited cell growth, caused cell-cycle arrest,
induced apoptosis, and alteration of cell adhesion (7,8), Early studies
demonstrated that NSD2 reprogramed histone methylation and mod-
ulated chromatin remodeling, and led to a global upregulation of target
gene transcription (33, 34). More recently, overexpression of NSD2
was revealed to leads to alteration inH3K27ac enrichment, amark that
is associated with active enhancers and promoters and to drive
oncogenic transcriptional programs (35). Enhancer activation requires
the presence of specific recognition sequences for the cooperative
recruitment of DNA-binding transcription factors and their cofactors
that initially activate gene expression. NSD2 is a H3K36 methyl
transferase, and NSD2 overexpressed deposits the chromatin mark
at an increased rate with a global increase in H3K36me2, and thus new
enhancer regions become available. As exemplified by our study
demonstrating the activation of SE-driven HJURP transcription, we
suggest that NSD2 may alter H3K27ac enrichment and make the
HJURP SE regions available in t(4;14) myeloma cells.

The role of NSD2 has been linked to transcriptional elongation
through interactions with BRD4, pTEFb, and HIRA (46). BRD4
mediated the recruitment of NSD2 to the TSS of certain genes. In
acute myeloid leukemia, a short isoform of NSD3 (another member of
the NSD family), lacking the SET domain, can act together with BRD4
on enhancers-related genes that contribute to disease progression (47).
In tamoxifen-resistant breast cancer, NSD2 was recruited to the ERa
gene by the epigenomic proteins BRD3/4, and are essential regulators
of estrogen receptor signaling (48). Our findings showed that NSD2 is
important for binding of BRD4 and the abundance of H3K27ac to the
active parts of SE and promoter chromatin, and the NSD2-BRD4
complex plays a role in activating HJURP expression. Actually, the
recruitment and binding of NSD2 to these regions are independent of
BRD4. It will be interesting to elucidate whether the function of NSD2
described here is also involved in otherNSD2 target genes regulation in
t(4;14)-positive multiple myeloma. Our study collectively identified
HJURP as a novel SE-associated gene in myeloma, that promotes
growth and survival. In t(4;14)myeloma, it is regulated through a novel
SE uniquely present in this subtype of multiple myeloma, which is a
downstream target of NSD2. This transcriptional regulation requires
chromatin interaction and binding of NSD2 and BRD4 to the SE
associated withHJURP. SE-drivenHJURP could be a novel therapeutic
target for t(4;14)-translocated multiple myeloma.
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