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ABSTRACT Multiple myeloma (MM) accounts for over twenty percent of hemato-
logical cancer-related death worldwide. Long noncoding RNA (lncRNA) H19 is associ-
ated with multiple tumorigenesis and is increased in MM, but the underlying mecha-
nism of H19 in MM is unclear. In this study, the expression of H19, microRNA 152-3p
(miR-152-3p), and BRD4 in MM patients was evaluated by quantitative real-time PCR
(qRT-PCR) and Western blotting. Colony formation and flow cytometry analysis were
used to determine the effects of H19 and miR-152-3p on MM cell proliferation,
apoptosis, and cell cycle. A luciferase reporter assay was conducted to confirm the
interaction among H19, miR-152-3p, and BRD4. A nude mouse xenograft model was
established, and the cell proliferation and apoptosis were evaluated by immunohis-
tochemistry (IHC) staining and terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling assay. We found that levels of H19 and BRD4 were upregu-
lated and the expression of miR-152-3p was downregulated in MM patients. Dual
luciferase reporter assay showed H19 targeted miR-152-3p to promote BRD4 expres-
sion. Knockdown of H19 repressed proliferation and enhanced apoptosis and cell cy-
cle G1 arrest by upregulating miR-152-3p in MM cells. Furthermore, H19 knockdown
suppressed the growth of xenograft tumor, reduced Ki-67 and BRD4 levels, and in-
creased cell apoptosis in xenograft tumor tissues. Taking these results together, H19
knockdown suppresses MM tumorigenesis via inhibiting BRD4-mediated cell prolifer-
ation through targeting miR-152-3p, implying that H19 is a promising biomarker and
drug target for MM.
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Multiple myeloma (MM), which is a result of bone marrow-resident plasma cells
(PCs) malignantly expanding, is a deadly hematopoietic disease with no cure (1,

2). It has been estimated that over thirty thousand new MM cases were diagnosed in
the United States in 2017, causing around twelve thousand deaths (3). With the
development of society and the advancement of science and technology, the rate of
median survival of MM has been significantly improved, with an overall 5-year survival
rate of above 50%, which is even higher in younger patients (4, 5). However, treatments
of MM always induce various adverse effects, including neutropenia, myelosuppression,
thrombocytopenia, serious infection, and drug resistance, which need to be solved
immediately (6). Thus, the improvement of therapeutic methods for MM, including new
agents or innovative combination therapies, is urgent.

The bromodomain and extraterminal domain (BET) family is composed of BRD2,
BRD3, BRD4, and BRDT (7). By regulating chromatin modification and genetic transcrip-
tion, these proteins play important roles in cellular processes, such as cell proliferation,
cell cycle, and cell apoptosis (8, 9). The BRDs exert their functions by recognizing and
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binding to the N-acetylation of lysine residues on the histone tail, releasing DNA
sequences, recruiting transcription factors, and thereby enhancing gene expression
(10). It was reported that BRD4 was indispensable for the expression of “tumor-driving”
oncogenes such as the c-Myc gene during the development of hematologic cancers,
including MM, acute lymphoblastic leukemia, and acute myelogenous leukemia (11),
implying that BRD4 is a promising target for cancer therapy. Previous studies proved
that BRD4 was overexpressed in the samples derived from MM patients. BRD4 inhibitor
showed promising therapeutic effects in MM, reflecting inhibiting the proliferation of
MM cells and promoting cell apoptosis (12). Nevertheless, the role and molecular
mechanisms of BRD4 in the progression of MM are still largely unknown.

MicroRNAs (miRNAs) are a group of small noncoding RNAs of 19 to 25 nucleotides
in length (13). These molecules mediate mRNA degradation or translational inhibition
by directly binding to the complementary sequences within the 3= untranslated region
(3=-UTR) of these mRNAs (14). A variety of cellular and physiological processes, includ-
ing cell proliferation, differentiation, apoptosis, and tumor metastasis, are regulated by
posttranscriptional processing of miRNAs (15). miRNAs are deregulated in the vast
majority of tumors, suggesting their important roles in the development of tumors (16).
miRNA 152-3p (miR-152-3p) is a member of the miR-148/152 family (miR-148a, miR-
148b, and miR-152-3p) and has a relatively conservative sequence (17). Research on
miR-152-3p focused mainly on its roles in tumor suppression (18). It was reported that
the expression of miR-152-3p was greatly suppressed in MM, and its overexpression
could result in suppression of cell cycle arrest and apoptosis in MM cells (19). However,
the downstream targets of miR-152-3p have not been well identified yet.

The transcripts of long noncoding RNAs (lncRNAs) are over 200 nucleotides in length
and are often abnormally expressed in human cancers (20). lncRNAs have been found
to play critical roles during tumor initiation and progression, including survival, prolif-
eration, invasion, metastasis, and angiogenesis (21). H19, a 2.3-kb capped, spliced, and
polyadenylated lncRNA, is the first identified lncRNA derived from the H19/igf2 gene
cluster (22). Evidence indicated that H19 was overexpressed in MM and acted as a
biomarker for cancer monitoring (23). By using bioinformatics methods, we found that
miR-152-3p bound with H19 and BRD4 mRNA. Thus, we speculated that H19 targets
miR-152-3p and promotes tumorigenesis of MM by activating the BRD4 signaling
pathway.

In this study, our findings demonstrated that H19 could bind to miR-152-3p and could
decrease the expression of miR-152-3p, leading to activation of BRD4 signaling and thereby
promoting the proliferation of MM cells. These results provide new potential implications
for prognosis and therapeutic interventions in the treatment of MM.

RESULTS
H19 and BRD4 were upregulated in MM tissues, along with miR-152-3p down-

regulation. To study the relationship of H19, BRD4, and miR-152-3p to the progression of
MM, we tested the expression of H19, BRD4, and miR-152-3p in our collection of bone
marrow samples from 30 healthy controls and MM patients. The results showed that
compared to the healthy controls, H19 and BRD4 were significantly upregulated in samples
from patients with MM (Fig. 1A and C), while the expression of miR-152-3p was decreased
in MM patients (Fig. 1B). We then analyzed the relationship of H19/miR-152-3p, H9/BRD4,
and miR-152-3p/BRD4 using Spearman’s correlation analysis. We found that the level of
H19 was positively correlated with BRD4, while H19 was negatively correlated with miR-
152-3p and miR-152-3p was negatively correlated with BRD4 (Fig. 1D to F). These results
suggested that H19 increased the expression of BRD4 by regulating miR-152-3p. In addi-
tion, the correlation analysis between H19 expression and clinicopathological features in
MM patients was performed, and the results demonstrated that H19 expression was not
related to gender, age, ISS stage, and renal insufficiency in MM patients but was associated
with bone diseases (P � 0.044) (data not shown).

H19 promoted the expression of BRD4 by targeting miR-152-3p. In order to
study the relationship of H19, BRD4, and miR-152-3p to the progression of MM, H19 was
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inhibited in MM1.R and RPMI-8226 cells by transfection with sh-H19, and then the expres-
sion of H19, BRD4, and miR-152-3p was detected by qRT-PCR. As confirmed by qRT-PCR, the
expression of H19 was significantly silenced in cells transfected with H19 short hairpin RNA
(shRNA) (Fig. 2A). The expression of miR-152-3p was significantly increased, and the
expression of BRD4 was greatly suppressed by knockdown of H19 (Fig. 2A). These results
indicated that H19 could suppress the expression of miR-152-3p and activate the expres-
sion of BRD4.

To prove the relationship between miR-152-3p and BRD4, miR-152-3p was overex-
pressed or inhibited in MM1.R and RPMI-8226 cells by transfection with miR-152-3p mimics
or miR-152-3p inhibitor. As confirmed by qRT-PCR, the expression of miR-152-3p was
significantly upregulated by transfection of miR-152-3p mimics and was markedly de-
creased by transfection with miR-152-3p inhibitor (Fig. 2B). Moreover, the expression of
BRD4 was significantly changed on the reverse trend of miR-152-3p expression (Fig. 2B). As
predicted by bioinformatics, miR-152-3p could bind with H19 and the 3=-UTR of BRD4
mRNA. In order to confirm this interaction, we introduced two point mutations in the
binding sequences of H19 or 3=-UTR of BRD4 mRNA (Fig. 2C and D). Dual luciferase reporter
assays then were performed to further corroborate the specific interaction among H19,
miR-152-3p, and 3=-UTR of BRD4. It was shown that cotransfection of WT-H19 and miR-
152-3p mimics distinctly diminished the relative luciferase activity compared to mimics of
the negative-control (NC) group, while the relative luciferase activity showed no significant
change with the cotransfection of MUT-H19 and miR-152-3p mimics or miR-152-3p inhib-
itor (Fig. 2E). Cotransfection of WT-3=-UTR of BRD4 and miR-152-3p mimics significantly
reduced the relative luciferase activity compared to that of the inhibitor NC group, while
the relative luciferase activity showed no significant difference with the cotransfection of
MUT-3=-UTR of BRD4 and miR-152-3p mimics or miR-152-3p inhibitor (Fig. 2F). These results
suggested that miR-152-3p was regulated by H19 and targeted BRD4.

H19 knockdown inhibited MM cell proliferation and enhanced cell apoptosis
by stimulating the expression of miR-152-3p. To further study the effects of H19 and
miR-152-3p on cellular biological function, we knocked down the expression of H19 by
transfection with sh-H19 in MM1.S and RPMI-8226 cells and inhibited miR-152-3p by
cotransfection with miR-152-3p inhibitor. The soft-agar colony formation assay indicated
that the proliferation of MM cells was significantly inhibited by H19 knockdown and

FIG 1 Expression level of H19, miR-152-3p, and BRD4 in MM tissues. Expression of H19 (A), miR-152-3p (B), and BRD4 (C) was detected by qRT-PCR
in plasma of 30 patients with or without MM. (D) Spearman’s correlation analysis between H19 and miR-152-3p expression level. (E) Spearman’s
correlation analysis between H19 and BRD4 expression level. (F) Spearman’s correlation analysis between miR-152-3p and BRD4 expression level.
Each data point represents fold change for real-time PCR. *, P � 0.05; **, P � 0.01.
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miR-152-3p upregulation, while the inhibition of miR-152-3p by miR-152-3p inhibitor
remarkably promoted the proliferation of MM cells and reversed the effect induced by H19
knockdown (Fig. 3A and B). Additionally, overexpression of H19 significantly increased the
colony numbers of MM cells, and overexpression of miR-152-3p remarkably reversed the
effects (data not shown), indicating that H19 promoted MM proliferation by regulating
miR-152-3p. Cell apoptotic assay indicated that the process of cell apoptosis was signifi-
cantly promoted by H19 knockdown or miR-152-3p overexpression (Fig. 3C and D), and the
effects of H19 knockdown were also alleviated by miR-152-3p inhibitor (Fig. 3C and D).
Taken together, these results indicated that the cellular biological functions of H19 were
mainly mediated by the suppression of miR-152-3p.

FIG 2 H19 promoted the expression of BRD4 by binding to miR-152-3p. (A) The expression levels of H19, miR-152-3p, and BRD4
were detected by qRT-PCR in MM1.R and RPMI-8226 cells transfected with scramble vector (shNC) or sh-H19 vector. (B) The
expression of miR-152-3p and BRD4 was detected by qRT-PCR in MM1.R and RPMI-8226 cells transfected with miR-152-3p
mimics and inhibitor. The potential binding site in the sequences of H19 with miR-152-3p (C) and miR-152-3p with the 3=-UTR
of BRD4 (D) was analyzed through bioinformatics. A dual luciferase activity assay was implemented to confirm the binding of
H19/miR-152-3p (E) and miR-152-3p/BRD4 mRNA (F). All data are representative of 3 independent experiments. *, P � 0.05; **,
P � 0.01

.
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H19 knockdown induced cell phase G1 arrest by upregulating miR-152-3p in
MM cells. We measured the effect of H19 knockdown on cell cycle arrest. H19 shRNA-
transfected MM cells were cotransfected with miR-152-3p mimics or miR-152-3p inhibitor,
and then these cells were subjected to propidium iodide (PI) staining. As shown in Fig. 4,
cells transfected with shH19 and cells transfected with miR-152-3p mimics exhibited higher
distribution of G1 phase, while cells transfected with miR-152-3p inhibitor showed higher
S/G2 cell numbers. Furthermore, the cell phase G1 arrest induced by H19 knockdown in MM
cells also could be significantly alleviated by miR-152-3p inhibitor (Fig. 4). Together, these

FIG 3 H19 knockdown inhibited MM cell proliferation and promoted cell apoptosis via stimulating the expression of miR-152-3p. The soft-agar colony formation assay
was performed (A), and cell numbers were counted in MM1.R and RPMI-8226 cells transfected with sh-H19, miR-152-3p mimics, or miR-152-3p inhibitor (B). Cell
apoptosis was analyzed by flow cytometry (C), and the proportions of apoptotic cells are shown for MM1.R and RPMI-8226 cells transfected with sh-H19, miR-152-3p
mimics, or miR-152-3p inhibitor (D). All data are representative of 3 independent experiments. *, P � 0.05; **, P � 0.01.
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results indicated that the function of H19 on regulation of the cell cycle was also closely
related to miR-152-3p.

H19 knockdown suppressed the expression of proliferation-associated genes
by inhibiting BRD4 signaling mediated by miR-152-3p upregulation. As we proved
that H19 knockdown could enhance cell apoptosis and suppress the expression of BRD4,
we next detected the expression of proliferation-associated genes and the BRD4 signaling
pathway in MM cells after H19 knockdown. It was observed that the expression of BRD4
was markedly decreased after H19 silencing or transfection of miR-152-3p mimics (Fig. 5).
As we expected, the expression of proliferation-associated genes, including the c-Myc,
survivin, cyclin D1, and cyclin-dependent kinase 4 (CDK4) genes, was significantly decreased
after H19 silencing or transfection of miR-152-3p mimics, and such effects could be
markedly rescued by the transfection of miR-152-3p inhibitor (Fig. 5). Moreover, the
expression of the proapoptotic Bax gene was greatly upregulated and the antiapoptotic
Bcl-2 gene was significantly suppressed by H19 silencing or overexpression of miR-152-3p
(Fig. 5). Consistent with these results, this effect could be markedly inhibited by the
transfection of miR-152-3p inhibitor (Fig. 5). Taken together, these results indicated that H9
knockdown suppressed the proliferation and enhanced the apoptosis of MM cells mainly
through promoting the expression of miR-152-3p, thereby activating BRD4 signaling.

H19 knockdown repressed tumor growth by upregulating expression of miR-
152-3p in vivo. The effect of H19 on tumor progression then was tested in vivo using two
xenograft mouse models generated by MM1.R and RPMI-8226 lines. At the end of the
experiment, obvious differences in tumor size between mice injected with shNC or H19
knockdown MM cells were observed (Fig. 6A). The weight of tumors was much lighter,
while the mean volume of the tumors was significantly lower in H19 knockdown mice than
in the tumors in NC mice (Fig. 6B and C). Consistent with the results gathered from the in
vitro experiments, the expression of BRD4 was greatly inhibited and the expression of
miR-152-3p was significantly enhanced in vivo after H19 knockdown (Fig. 6D). Furthermore,

FIG 4 H19 knockdown induces cell phase G1 arrest by upregulating miR-152-3p in MM cells. The cells were stained with PI and analyzed by flow cytometry
(A) to determine cell cycle distribution in MM1.R and RPMI-8226 cells transfected with sh-H19, miR-152-3p mimics, or miR-152-3p inhibitor (B). All data are
representative of 3 independent experiments. *, P � 0.05; **, P � 0.01.
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the expression of cell proliferation marker Ki-67 and BRD4 in xenograft tumors was
measured by immunohistochemistry (IHC) staining. As shown in Fig. 6E, the expression of
Ki67 and BRD4 was largely suppressed by H19 silence in vivo. Consistent with this, the rate
of apoptotic cells in these H19 silenced tumors was markedly increased as detected by
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) as-
say (Fig. 6E). These results fully proved that H19 played an important role in the progression
of MM, and these effects were mediated by the BRD4 signaling pathway.

DISCUSSION

MM is a type of cancer resulting from malignant expansion of plasma cells in bone
marrow, leading to elevated levels of inflammatory cytokines, such as tumor necrosis

FIG 5 H19 knockdown suppressed the expression of proliferation-associated gene by inhibiting miR-152-3p-mediated BRD4 signaling pathway. (A) The
expression of BRD4, c-Myc, survivin, cyclin D1, CDK4, Bax, and Bcl-2 was detected by Western blotting in MM1.R and RPMI-8226 cells transfected with sh-H19,
miR-152-3p mimics, or miR-152-3p inhibitor. (B) Quantitative analysis of Western blotting. The levels of their expression were normalized to that of GAPDH. All
data are representative of 3 independent experiments. *, P � 0.05; **, P � 0.01.
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factor alpha and the excessive formation of osteoclasts, along with bone destruction
and loss (24). Despite extensive studies having been conducted to reveal accurate
molecular mechanisms of this cancer, the treatment of MM is still a huge challenge (25).
Our study essentially addresses a novel role for lncRNA H19 and its inverse relationship

FIG 6 H19 knockdown inhibited tumor growth by upregulating the expression of miR-152-3p in vivo. BALB/c nude mice were subcutaneously injected with
5 � 106 MM1.R or RPMI-8226 cells stably transfected with scramble vector (shNC) or sh-H19 vector. The tumor was excised and weighed after 30 days. (A)
The tumor specimen figure of nude mice. (B) The tumors were weighed. (C) Tumor volume was monitored every 5 days. (D) The expression levels of H19,
miR-152-3p, and BRD4 in xenograft tumor tissues were detected by qRT-PCR. (E) The expression of Ki67 and BRD4 and apoptosis in xenograft tumor tissues
was analyzed by IHC staining and TUNEL assay. All data are representative of 3 independent experiments. *, P � 0.05; **, P � 0.01.
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with miR-152-3p in MM development. We found that miR-152-3p was downregulated
in the majority of MM patients, which was negatively related to H19 and BRD4.
Knockdown of H19 inhibited the proliferation of MM cells, induced G1 cell cycle arrest,
and enhanced cell apoptosis. Overexpression of miR-152-3p reversed the effects of H19
inhibition by targeting 3=-UTR of BRD4 in MM cell lines. miR-152-3p mimics induced
apoptosis in MM cells. Furthermore, knockdown of H19 in xenograft mouse MM models
led to attenuated tumor growth in vivo, providing evidence for the role of H19 in the
regulation of MM.

H19 is a long noncoding RNA that has been reported to play central roles in the
initiation of cancer and promotes the progression and invasion of various tumors
(26). A previous study proved that the expression of H19 was significantly elevated
in the serum derived from MM patients, suggesting that H19 could serve as a tumor
biomarker for MM detection (23). It was also demonstrated that overexpression of
H19 could induce the drug resistance in MM by targeting MCL-1 via miR-29b-3p
(27). In addition, other studies reported that knockdown of H19 inhibited MM cell
growth via inhibiting NF-�B signaling (28). Furthermore, H19 is primarily expressed
in the embryo, where cells are proliferating very rapidly, and previous studies
demonstrated that H19 could enhance cell proliferation in bladder cancer cells,
gastric cancer cells, and fibroblasts (29–31), suggesting that H19 played a vital role
in cell proliferation and promoted many kinds of cell proliferation. By analyzing
patient samples, we found that the expression of H19 was significantly elevated in
the majority of MM patients. H19 knockdown significantly inhibited the prolifera-
tion of MM cells, promoted cell apoptosis, and induced G1 cell cycle arrest, which
was confirmed in nude mouse xenograft experiments. These results suggested that
H19 plays a key role in MM.

miR-152-3p is a member of the miR-148/152 family, 21 nucleotides in length, and is
significantly suppressed in MM patients (32). A previous study found that miR-152-3p
inhibited glioma cell proliferation and invasion activities by targeting DNMT1 (33). However,
the role of miR-152-3p in MM is still unclear. miRNAs exert their gene-silencing function
mainly by binding to the 3=-UTR of mRNAs. Our results suggested that H19 could directly
target miR-152-3p and repressed the expression of miR-152-3p. Many reports about the
mechanism of lncRNA sponge showed that the expression of miRNA was negatively
regulated after overexpression or knockdown of lncRNA (34–36), but the specific mecha-
nism of reducing the level of miRNA by the lncRNA sponge was not described in detail.
However, a previous study demonstrated that HSURs, as a noncoding RNA, could interact
with miR-27 in virally transformed T cells and dramatically decreased the level of miR-27 by
directing degradation of mature miR-27 in a binding-dependent manner (37). Therefore, in
MM cells, H19 may also reduce the level of miR-152-3p by directing the degradation of
miR-152-3p in a binding-dependent manner. Additionally, overexpression of miR-152-3p in
MM cells markedly inhibited cell proliferation, enhanced cell apoptosis, and resulted in G1

phase cell cycle arrest. Altogether, these results suggested that H19 regulated cell cycle,
proliferation, and apoptosis by targeting miR-152-3p in MM.

BRD4 is one of the most important epigenetic proteins that specifically recognizes
acetylated lysine residues in nucleosomal histones, interacting with other transcriptional
proteins in chromatin to promote the expression of oncogenetic proteins, which are critical
for cancer cell growth and division (38). However, the exact molecular mechanisms for
BRD4 expression in MM have not been illustrated yet. Preclinical evidence showed that
BRD4 inhibitors, including I-BET151 and I-BET762, displayed a promising antimyeloma
activity both in vitro and in vivo (39). BRD4 is responsible for the expression of oncogenes,
such as those for cyclin D1, c-Myc, and CDK4, in skin squamous cell carcinoma (40).
However, the exact mechanism of BRD4 in regulating cancer cell proliferation is still unclear.
Our study showed that H19 silencing or miR-152-3p overexpression significantly inhibited
the expression of BRD4 and the expression of proliferation-associated proteins, such as
c-Myc, survivin, cyclin D1, and CDK4 in MM cells. H19 could increase the expression of BRD4
by binding to miR-152-3p. These results fully demonstrated that H19 could regulate the
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tumorigenesis of MM by promoting BRD4-mediated survival signaling by directly targeting
miR-152-3p.

In conclusion, we confirmed the oncogenic effects of H19 in MM and illustrated
a novel mechanism for the role of H19 in MM. It was found that knockdown of H19
could elevate the expression of miR-152-3p via sponging miR-152-3p through
targeting BRD4 gene and further activated BRD4-mediated proliferation related
signals, thereby resulting in inhibition of proliferation, promotion of cell apoptosis,
and induction of cell cycle G1 arrest. Our study discovered a novel potential
implication for prognosis and therapeutic intervention of MM.

MATERIALS AND METHODS
MM patients. In this study, 30 patients newly diagnosed with MM were enrolled at the Second Affiliated

Hospital of Nanchang University, and this study was approved by the Medical Ethics Committee of the Second
Affiliated Hospital of Nanchang University. Additionally, 30 healthy donors were recruited as a control. All of
the samples were kept in liquid nitrogen before use. All patients signed informed written consent in
accordance with the Declaration of Helsinki.

Cell culture. Multiple myeloma (MM) cell lines of MM1.S and RPMI-8226 cells were purchased from the
American Type Culture Collection (ATCC, USA). The cells were cultured in RPMI 1640 containing 10% fetal
bovine serum (Sigma-Aldrich, USA) supplemented with 2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml
streptomycin (Invitrogen, USA) at 37°C and 5% CO2.

Lentivirus transfection. Recombinant vectors harboring sh-NC and sh-H19 were purchased from the
GeneChem Company (Shanghai, China). The vectors were transfected into cells using Lipofectamine 2000
(Invitrogen). Lentivirus supernatants were collected and filtered through a 0.45-�m filter and were immedi-
ately used to infect MM cells after 48 h of transfection. To construct the stable cell line, MM1.R and RPMI-8226
MM cells were transfected with lentiviruses, and then puromycin was used for a week to select the stable cell
line. Finally, quantitative real-time PCR (qRT-PCR) was utilized to confirm the expression of H19.

Cell transient transfection. MM cells were seeded at a density of 1 � 106 cells per well in six-well plates.
Scramble negative control (NC), miR-152-3p mimics, miR-152-3p inhibitor, and pcDNA3.1-H19 were chemi-
cally synthesized by GeneChem Company. pcDNA3.1-H19, miR-152-3p mimics, and miR-152-3p inhibitor, as
well as the corresponding NC, were transiently transfected into MM cells. The transfection experiments were
performed using Lipofectamine 2000 (Invitrogen).

Vector construction and luciferase reporter assay. The fragment from the 3= untranslated region
(3=-UTR) of BRD4 or H19 containing the predicted miR-152-3p binding site was cloned into pmirGLO vector
(Promega, Madison, WI, USA) to form the reporter vector BRD4-wild type (WT-BRD4-3=UTR) or WT-H19. To
mutate the putative binding site of miR-152-3p in WT-BRD4-3=UTR or WT-H19, site mutations were performed
to generate BRD4-mutated-type (MUT-BRD4-3=UTR) and MUT-H19. The vectors (WT-BRD4-3=UTR or MUT-
BRD4-3=UTR or WT-H19 or MUT-H19) and miR-152-3p mimics or miR-152-3p inhibitor then were cotransfected
into 293T cells, and the Dual-Luciferase reporter assay system (Promega, USA) was used for testing luciferase
activity.

Soft-agar colony formation assay. MM cells were plated in 0.4% agarose on top of a 1% agarose base
supplemented with complete medium and then were incubated under conditions of 5% CO2 and 37°C. After
4 weeks, the colonies that appeared were observed under a microscope. Pictures were taken, and the number
of colonies was counted.

Annexin V-PI staining and cell cycle analysis. For annexin V-propidium iodide (PI) staining, MM cells
were harvested and resuspended in 100 �l of binding buffer containing 5 �l of fluorescein isothiocyanate-
annexin V (Vazyme) and 1 �l of PI (Beyotime Biotechnology) working solution for 15 min at room temperature.
After dilution with 400 �l of binding buffer, stained cells were immediately analyzed by flow cytometry
(Beckman, USA). For cell cycle analysis, cells were fixed in 70% ethanol at 4°C overnight and stained with 5 �l
PI for 45 min in the dark at room temperature. The stained cells then were immediately analyzed by flow
cytometry (Beckman, USA).

RNA extraction and qRT-PCR. Total RNA from MM patient samples, MM cells, or xenograft tumor
tissues was isolated using a TRIzol reagent (Invitrogen). Concentration and integrity of total RNA were
detected, and the qRT-PCR was conducted on a sequence detection system (ABI PRISM 7500) by using SYBR
green quantitative PCR SuperMix (Invitrogen). For the measurement of miR-152-3p expression, a TaqMan
microRNA reverse transcription kit and TaqMan universal master mix II were used for reverse transcription and
quantitative PCR. The PCR conditions were 95°C for 2 min, followed by 40 cycles at 95°C for 5 s and at 60°C
for 34 s. The primers used for this assay are listed here: H19 forward, 5=-GAGCACCTTGGACATCTGGAG-3=;
reverse, 5=-GCCCTCGATCCCCTAAACCT-3=; miR-152-3p forward, 5=-GCGCTCAGTGC ATGACAGA-3=; reverse,
5=-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCAAGT-3=; BRD4 forward, 5=-GTGGTGCACA
TCATCCAGTC-3=; reverse, 5=-CCGACTCTGAGGACGAGAAG-3=; U6 forward, 5=-C TCGCTTCGGCAGCACA-3=;
reverse, 5=-AACGCTTCACGAATTTGCGT-3=; GAPDH forward, 5=-TGTGGGCATCAATGGATTTGG-3=; reverse, 5=-A
CACCATGTATTCCGGGTCAAT-3=. The 2�ΔΔCT method was used to assess the relative level of mRNA or miRNAs.

Western blotting. Cells or xenograft tumor tissues were collected and lysed with radioimmunopre-
cipitation assay buffer (Cell Signaling Technology, USA), and the protein contents were quantified by a
bicinchoninic acid kit (Beyotime Biotechnology, China) by following the manufacturer’s instructions.
Proteins then were separated by SDS-PAGE and transferred to a 10% polyvinylidene difluoride (PVDF)
membrane (Millipore, Boston, MA). After blocking with 5% bovine serum albumin in Tris-buffered saline
with 0.1% Tween 20 (TBST), the PVDF membrane was rinsed and incubated with the primary anti-BRD4
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antibody, primary anti-c-Myc, primary antisurvivin antibody, primary anti-cyclin D1 antibody, pri-
mary anti-CDK4 antibody, primary anti-Bax antibody, primary anti-Bcl2 antibody, and primary
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (all purchased form Cell Signaling
Technology) overnight at 4°C. Membranes then were incubated with peroxidase-conjugated secondary
antibody (Santa Cruz) for 1 h at room temperature. Protein expression then was detected by enhanced
chemiluminescence (Millipore) after extensive washing, and the band intensities were quantified using
ImageJ software (W. Rasband, NIH, USA).

Nude mice xenograft experiments. Briefly, 1 � 106 MM1.R or RPMI-8226 cells stably transfected with
scramble vector (shNC) or sh-H19 vector in 100 �l of phosphate-buffered saline (PBS) were injected subcu-
taneously into 6-week-old female BALB/c nude mice. The volume of tumors was measured every 5 days until
the mice were sacrificed at day 30. The tumor volume was calculated using the formula (length)(width2)/2. All
animal experiments were performed under an approved animal study protocol.

IHC staining. Tumor tissues were fixed with 4% paraformaldehyde and embedded in paraffin. The
samples were then sectioned into slices with a thickness of 5 �m. These sections were attached to slides,
washed, and incubated with 3% H2O2 in methanol for 10 min to block endogenous peroxidase activity.
Afterwards, these sections were blocked and then incubated with primary anti-BRD4 antibody and anti-Ki-67
antibody (Abcam, USA) at 4°C overnight. After washing with PBS, sections were incubated with secondary
antibody for 1 h. A DAB immunohistochemistry color development kit (Sangon Biotech, China) then was used
to detect the expression of Ki-67 and BRD4 by following the instructions. Hematoxylin was used as a
counterstain for visualization. The sections were sealed with coverslips and subjected to fluorescence
microscopy (IX-51; Olympus) for imaging.

TUNEL assay. Apoptotic cells in xenograft tumor sections were detected by using the TUNEL kit
(Invitrogen, USA). Briefly, tissue sections were treated with proteinase K (20 pg/ml) in 10 mM Tris-HCI (pH 8.0)
for 15 min at room temperature and inactivated by endogenous peroxidases for 5 min in 3% H2O2 at room
temperature. The samples then were preincubated for 10 min in TdT buffer, followed by 1 h at 37°C with 25
to 50 �l of TdT buffer supplied with 0.5 U of TdT per �l and 40 �M biotinylated 16-dUTP in a moist chamber.
The reaction was stopped by transferring the sections to 2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) buffer for 15 min at room temperature. The sections then were incubated in Vectastain ABC
peroxidase standard solution (Vector Laboratories, USA) and stained using aminoethyl carbazole. Finally, the
reaction was stopped with water. Sections then were coverslipped in Aqua-Poly/Mount (Polysciences, USA)
and observed under a microscope.

Statistical analysis. The quantitative data were presented as means � standard deviations (SD) and
were analyzed with Prism 5.0 (GraphPad Software, USA). Spearman correlation analysis was performed to
analyze the correlation among H19, miR-152-3p, and BRD4 in MM tissues. Student’s t test (two-tailed) and
one-way analysis of variance (ANOVA) followed by Dunnett’s test were applied for two or multiple compar-
isons, respectively. A P value of �0.05 was considered statistically significant.
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