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Bortezomib-induced miRNAs direct epigenetic
silencing of locus genes and trigger apoptosis in
leukemia

Yu-Yi Chu1,2,7, Chiung-Yuan Ko3,4,7, Shao-Ming Wang5,8, Pin-I Lin1,8, Han-Ying Wang1, Wen-Chi Lin2, Dong-Yu Wu1, Lu-Hao Wang1 and
Ju-Ming Wang*,1,2,5,6

MicroRNAs (miRNAs) have been suggested to repress transcription via binding the 3′-untranslated regions of mRNAs. However,
the involvement and details of miRNA-mediated epigenetic regulation, particularly in targeting genomic DNA and mediating
epigenetic regulation, remain largely uninvestigated. In the present study, transcription factor CCAAT/enhancer binding protein
delta (CEBPD) was responsive to the anticancer drug bortezomib, a clinical and highly selective drug for leukemia treatment, and
contributed to bortezomib-induced cell death. Interestingly, following the identification of CEBPD-induced miRNAs, we found that
miR-744, miR-3154 and miR-3162 could target CpG islands in the 5′-flanking region of the CEBPD gene. We previously
demonstrated that the Yin Yang 1 (YY1)/polycomb group (PcG) protein/DNA methyltransferase (DNMT) complex is important for
CCAAT/enhancer binding protein delta (CEBPD) gene inactivation; we further found that Argonaute 2 (Ago2) interacts with YY1 and
binds to the CEBPD promoter. The miRNA/Ago2/YY1/PcG group protein/DNMT complex linked the inactivation of CEBPD and
genes adjacent to its 5′-flanking region, including protein kinase DNA-activated catalytic polypeptide (PRKDC), minichromosome
maintenance-deficient 4 (MCM4) and ubiquitin-conjugating enzyme E2 variant 2 (UBE2V2), upon bortezomib treatment. Moreover,
we revealed that miRNA binding is necessary for YY1/PcG group protein/DNMT complex-mediated epigenetic gene silencing and is
associated with bortezomib-induced methylation on genomic DNA. The present study successfully characterized the interactions
of the miRNA/Ago2/YY1/PcG group protein/DNMT complex and provided new insights for miRNA-mediated epigenetic regulation in
bortezomib-induced leukemic cell arrest and cell death.
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MicroRNAs (miRNAs) are composed of 21–24 RNA nucleo-
tides that regulate multiple genes and cellular functions in
tumor progression.1,2 By interacting with members of the
Argonaute (Ago) protein subfamily, miRNAs primarily target
homologous sites in the untranslated regions (UTRs) of
mRNAs, thereby contributing to translational inhibition or
mRNA degradation.3,4 Based on the findings of transcriptome
analysis, over 70% of gene promoters overlapped with
noncoding RNA transcripts, which might serve as miRNAs
target sites.5,6 Although miRNAs primarily mediate post-
transcriptional gene silencing (PTGS) in the cytoplasm, recent
studies have shown that miRNAs also translocate to the
nucleus and interact with promoter DNA, thus inactivating
gene expression.7 In addition, exogenous small RNAs have
been implicated in Ago-mediated histone modification and
DNA methylation of gene transcripts8–10 and are known for
transcriptional gene silencing (TGS). Argonaute 2 (Ago2) has
the most well-established role in RNAi as the catalytic engine
that drives mRNA cleavage.11 Ago1 and Ago2 have positively
charged surfaces that are well suited for binding RNA and

aligning it with a complementary nucleic acid. Previous studies
have shown that Importin 8 mediates the nuclear transport of
miRNAs and the associated Ago proteins, which regulate
chromatin modification.12,13 However, the consequent effects
and mechanisms in response to the miRNA-mediated
epigenetic regulation remain largely uninvestigated.
Transcription factors have been suggested to regulate the

biogenesis of miRNAs.14,15 CCAAT/enhancer binding protein
delta (CEBPD) is a transcription factor that contributes to cell
differentiation, motility and death.16,17 The abundance of
CEBPD is typically low in most cells at normal physiological
conditions, but is rapidly induced through external stimuli.18,19

However, the biology of miRNAs in response to CEBPD
activation and consequent effects remain largely unknown.
We previously demonstrated that CEBPD could serve as a
tumor suppressor through the activation of apoptosis and
growth arrest in prostate, cervical and breast cancers.18,20–22

We have also demonstrated that CEBPD expression can be
attenuated in cancer cells by Yin Yang 1 (YY1)/polycomb
group (PcG)/DNA methyltransferase (DNMT)-mediated
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epigenetic regulation.20,22 In leukemia, CEBPD was sup-
pressed in the blast crisis phase of chronic myeloid leukemia23

and acute myeloid leukemia (AML) patients.24 However, the
CEBPD-mediated and detailed regulation, especially in
response to anticancer drugs, in leukemia is still an open
question.
Bortezomib, the first selective inhibitor of the proteasome to

reach clinical trials, causes G2–M cell cycle arrest and
apoptosis by blocking the action of the 26S proteasome.25

Bortezomib has been shown to have in vitro and in vivo activity
against a variety of malignancies, including multiple
myeloma,26 chronic lymphocytic leukemia,27 prostate
cancer,28 pancreatic cancer29 and colon cancer.30 A recent
study showed that bortezomib enhances the efficacy of
volasertib-induced mitotic arrest in AML in vitro and prolongs
survival in vivo.31 Although the transcription-associated
apoptotic activation in response to bortezomib has been
suggested,32,33 the mechanisms and new insights, especially
in PTGS-mediated regulation, remain largely uninvestigated.
In this study, CEBPD-responsive miRNAs were identified in

leukemic cells. Moreover, protein kinase DNA-activated
catalytic polypeptide (PRKDC), minichromosome mainte-
nance deficient 4 (MCM4) and ubiquitin-conjugating enzyme
E2 variant 2 (UBE2V2) genes, which are located in the 5′
upstream region of the CEBPD gene, are important for DNA
repair and cell cycle regulation.34–36 We found that CEBPD-
responsive miR-744, miR-3154 and miR-3162 could bind to
the promoter regions of CEBPD and its 5′ upstream genes
PRKDC, MCM4 and UBE2V2. In certain types of cancer,
CEBPD activity is silenced by the epigenetic regulators YY1,
PcG complex and DNMT via enhanced DNA methylation.20,37

Moreover, we further demonstrated that the miRNAs, in
response to CEBPD, could interact with Ago2 and contribute
to histone and DNA methylation via recruiting the binding of
YY1/PcG protein/DNMT complex. This binding consequently
inhibited CEBPD and its 5′ upstream genes PRKDC, MCM4
and UBE2V2. The novel miRNA/Ago2-mediated regulation
provided a new insight into bortezomib-induced cell death in
leukemic cells.

Results

CEBPD is activated by bortezomib and contributes to
bortezomib-induced leukemic cell apoptosis. CEBPD
was suggested to respond to many anticancer drugs and to
contribute to apoptosis induced by these anticancer
drugs.38,39 The anticancer drug bortezomib was originally
suggested to serve as a proteasome inhibitor and a common
therapeutic drug of leukemia. Following the observation that
CEBPD was responsive to bortezomib treatment in leukemic
cells (Figure 1a and Supplementary Figure S1a), we further
examined the effect of bortezomib in the induction of
apoptosis and tested the involvement of CEBPD in the
bortezomib-induced death of leukemic cells. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay and flow cytometry were performed to examine cell
survival and assess the sub-G1 cell population, respectively.
Reduced cell viability and increased sub-G1 population and
apoptosis of THP-1 and U937 cells were observed upon

bortezomib treatment (Figures 1b and c and Supplementary
Figure S2). Furthermore, an attenuated apoptotic effect was
observed following the depletion of CEBPD in bortezomib-
treated THP-1 cells (Figure 1d). Next, we verified the
involvement of CEBPD in the induction of apoptosis of
leukemic cells. A cell viability assay was performed via a
doxycycline (Dox)-inducible CEBPD expression system to
verify the proapoptotic role of CEBPD in leukemic cells. As
expected, induction of CEBPD could attenuate the viability of
THP-1 cells (Figures 2a and b). These data suggested that
CEBPD has a proapoptotic role in bortezomib-induced
apoptosis of leukemic cells.

CEBPD negatively autoregulates and coordinately inac-
tivates the genes located in the 5′ upstream region of the
CEBPD gene. CEBPD is a well-known transcription factor
and has been suggested to promote apoptosis through the
activation of apoptotic genes.21,22 However, the involvement
of CEBPD in miRNA regulation and its association with
consequent cellular responses, especially in its proapoptotic
role, remain poorly understood. We first performed miRNA
and mRNA microarray analysis in THP-1 cells to explore the
link between CEBPD-regulated miRNAs and mRNAs. Using

CEBPD

-Tubulin

34

50

0

1

2

C
E

B
P

D
/G

A
P

D
H

 r
at

io
s Ctl

bortezomib

*

0

1

THP-1 U937

F
ol

d 
of

 c
el

l v
ia

bi
lit

y 

0.5

Ctl
bortezomib

** **

0

20

40

60

80

P
er

ce
nt

ag
e 

of
 s

ub
G

1 
ce

ll 
THP-1 U937

Ctl
bortezomib *

*

F
ol

d 
of

 c
el

l v
ia

bi
lit

y

0

0.5

1

N.S.

IPTG

bortezomib

*

α

Figure 1 CEBPD, which contributes to leukemic cell apoptosis, is responsive to
bortezomib. (a) Bortezomib increases the expression of CEBPD. After treatment with
bortezomib (50 nM) for 6 h in THP-1 cells, total RNA and protein lysates were
harvested and analyzed using qPCR and western blot analysis. (b) Bortezomib
inhibits cell viability. After treatment with bortezomib (50 nM) for 24 h, the viability of
leukemic cells (THP-1 and U937) was measured using an MTTassay. (c) Bortezomib
induces the growth arrest of leukemic cells. After treating with bortezomib (50 nM) for
24 h, the sub-G1 phase of THP-1 and U937 cells was analyzed by flow cytometry. (d)
Attenuated CEBPD reverses bortezomib-reduced cell viability in THP-1 cells. THP-1
cells with the IPTG-inducible CEBPD knockdown system were pretreated with IPTG
(500 μM) for 3 h. After treatment with bortezomib (50 nM) for 24 h, cell viability was
measured using an MTTassay. The data are presented as the mean± standard error
of experiments performed in triplicate (*Po0.05, **Po0.01, Student’s t-test). NS, not
significant
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the public access program miRTar, we explored the correla-
tion between the CEBPD-induced downregulated mRNA
(Supplementary Table 1) and upregulated miRNA profiles
(Supplementary Table 2). Interestingly, among 490 CEBPD-
downregulated mRNAs, 407 (83%) CEBPD-responsive
mRNAs were not targeted by CEBPD-responsive miRNAs
in their UTRs (Figure 3a and Supplementary Table 3). These
findings implied that downregulated mRNAs that respond to
CEBPD activation could be regulated via other UTR-
independent mechanisms. Recently, miRNAs were sug-
gested to be involved in epigenetic regulation via directly
targeting DNA.40,41 We found that several top 10-ranked
CEBPD-responsive miRNAs showed a binding potential on
the 5′-flanking region of the CEBPD gene. As mentioned
above, the PRKDC, MCM4 and UBE2V2 genes, which are
located in the 5′ upstream region of the CEBPD gene, have a
potent role in promoting cell cycle S-phase entry or inhibiting
apoptosis.34–36 Importantly, we found that exogenously
expressing CEBPD could attenuate endogenous CEBPD
transcripts (Supplementary Figure S3). Moreover, although
the transcription of the PRKDC, MCM4 and UBE2V2 genes
was not immediately responsive to bortezomib treatment,
their transcription was coordinately attenuated with the
inactivation of CEBPD in long-term bortezomib treatment
(Supplementary Figure S4). These observations raised our
interests to test whether activated CEBPD could upregulate
miRNAs to inactivate the transcription of CEBPD itself, and
the PRKDC, MCM4 and UBE2V2 genes in bortezomib-
treated leukemic cells.
Quantitative PCR results showed that PRKDC, MCM4 and

UBE2V2 transcripts were attenuated following the induction of
CEBPD after exogenously expressing CEBPD or bortezomib
treatment in THP-1 or U937 cells (Figures 3b and c and
Supplementary Figure S1b). Meanwhile, by analysis with
miRTar program, no putative CEBPD-responsive miRNA seed
sequences were predicted in the UTRs of CEBPD, PRKDC,
MCM4 and UBE2V2 mRNAs. Surprisingly, the complemen-
tary seed sequences of CEBPD-responsive miR-744,
miR-3154 and miR-3162 (Supplementary Table 2) were

predicted to bind the promoter regions of PRKDC, MCM4
and UBE2V2 genes (Figure 3d). We therefore tested whether
PRKDC, MCM4 and UBE2V2 mRNAs could be regulated by
these three miRNAs. The results showed that PRKDC,MCM4
and UBE2V2 transcripts were downregulated following the
increase of these three miRNAs (Figure 3e and
Supplementary Figure S8a). Interestingly, in addition to these
three genes, the exogenous expression of CEBPD also
attenuated endogenous CEBPD transcripts (Supplementary
Figure S3a). The result implied that induction of CEBPD could
negatively autoregulate CEBPD transcription in leukemic
cells. Furthermore, the loss of CEBPD increased the expres-
sion of PRKDC, MCM4 and UBE2V2 upon bortezomib
treatment (Figure 3f). The results raised a speculation that
CEBPD could be the first responsive gene following bortezo-
mib treatment; moreover, the induction of CEBPD increased
the expression of miR-744, miR-3154 and miR-3162. Subse-
quently, these miRNAs could feedback to suppress the
transcription of CEBPD itself and PRKDC, MCM4 and
UBE2V2 genes.

CEBPD activates the transcription of miR-744, miR-3154
and miR-3162. To reveal the findings described above, we
first examined whether CEBPD could induce miR-744,
miR-3154 and miR-3162 transcription by directly activating
their promoters. The results showed that exogenous HA/
CEBPD and bortezomib treatment could activate miR-744,
miR-3154 and miR-3162 transcription in THP-1 and U937
cells (Figures 4a and b and Supplementary Figure S5).
Moreover, inactivation of CEBPD attenuated miR-744,
miR-3154 and miR-3162 transcripts upon bortezomib stimu-
lation (Figure 4c). In addition, miR-3154 is an intergenic
miRNA that has its own promoter. Intragenic miR-744 and
miR-3162 belong to two individual genes, MAP2K4 and
SNHG11, and overexpressed CEBPD could activate
MAP2K4 and SNHG11 expression (Supplementary
Figure S7). We next investigated whether CEBPD could
directly activate the promoters of the genes encoding
miR-744, miR-3154 and miR-3162. We cloned and generated
three reporters bearing the promoter regions of these three
miRNA locations (Figure 4d, upper panel). The results of the
reporter assay showed that exogenously expressing CEBPD
could induce the promoter activity of genes encoding the
three individual miRNAs (Figure 4d, lower panel). Further-
more, an in vivo DNA binding assay showed that CEBPD
could directly bind to the promoter regions of genes encoding
miR-744, miR-3154 and miR-3162 (Figure 4e). These results
suggested that CEBPD was responsive to bortezomib and
directly activated the transcription of miR-744, miR-3154 and
miR-3162.

Ago2 interacts with YY1 and binds to promoter regions
with the PcG complex and HP-1. Mature miRNAs guide
Ago-containing complexes to target partially complementary
seed sequences on mRNAs and induce the repression of
gene expression at the level of mRNA stability or translation.
CEBPD activates the expression of miR-744, miR-3154 and
miR-3162 in THP-1 cells. Moreover, our current results
showed that the increase of these miRNAs could inactivate
the transcription of CEBPD itself and PRKDC, MCM4 and
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Figure 2 CEBPD inhibits the survival rates of THP-1 cells. (a) Dox successfully
induces CEBPD expression in THP-1 cells in the Dox-inducible CEBPD expression
system. THP-1 cells were treated with Dox (1 μg/ml) for 6 h, followed by qPCR to
analyze the expression of CEBPD. (b) CEBPD reduces the viability of THP-1 cells.
THP-1 cells with the Dox-inducible CEBPD expression system were treated with Dox
(1 μg/ml), and cell viability was measured using an MTT assay. The data are
presented as the mean± standard error of experiments performed in triplicate
(*Po0.05, **Po0.01, Student’s t-test). NS, not significant
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UBE2V2 genes. Thus, we next dissected the potent
mechanism underlying miRNA-mediated transcriptional silen-
cing on genomic DNA (gDNA). The results of the immuno-
precipitation assay showed that Ago2, but not Ago1, could
specifically associate with YY1 in 293T and THP-1 cells with
or without bortezomib treatment (Figures 5a and b). In
addition, our previous study showed that the YY1/PcG/DNMT
complex can be recruited to CpG islands in the promoter
region of the CEBPD gene, and that it is critical for mediating
epigenetic silencing of the CEBPD gene.20 Moreover, the

putative YY1-binding motifs could also be predicted in the
promoter regions of the PRKDC, MCM4 and UBE2V2 genes.
Thus, we verified whether Ago2, YY1, the PcG complex and
DNMT1 can be recruited to the promoter regions of the
CEBPD, PRKDC, MCM4 and UBE2V2 genes using a
chromatin immunoprecipitation (ChIP)-quantitative PCR
(qPCR) assay. The elevated binding of Ago2, YY1, SUZ12,
EZH2 and DNMT1 was observed in the regions of the
corresponding primers for the indicated promoters upon
bortezomib treatment (Figure 5c). In addition, the binding of
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Figure 3 CEBPD and responsive miRNAs contribute to the inactivation of the surrounding genes. (a) The 3′-UTRs of most CEBPD-downregulated mRNAs are not targeted
by CEBPD-upregulated miRNAs. The CEBPD-upregulated miRNAs and -downregulated mRNAs microarray profiling was analyzed using the miRTar prediction program. The pie
chart presents the percentage of CEBPD-downregulated mRNAs in the 3′-UTR, containing the seed sequences of CEBPD-upregulated miRNAs. (b) CEBPD participates in the
inactivation of the surrounding genes. THP-1 cells with the Dox-inducible CEBPD expression system were treated with Dox (1 μg/ml) for 18 h; total RNAwas harvested to perform
qPCR (left panel), and total protein was harvested to perform western blot analysis (right panel). (c) Bortezomib represses the expression of PRKDC, MCM4 and UBE2V2. After
treating with bortezomib (50 nM) for 16 h, total RNAwas harvested to perform qPCR (left panel) and total protein was harvested to perform the western blot analysis (right panel).
(d) Schematic representation showing the location of genes and putative miRNA-binding motifs. (e) miR-744, miR-3154 and miR-3162 reduces CEBPD surrounding genes.
THP-1 cells with the Dox-inducible miR-744, miR-3154 and miR-3162 expression system were treated with Dox (1 μg/ml) for 18 h. Total RNAwas harvested to perform qPCR (left
panel), and total protein was harvested to perform the western blot analysis (right panel). (f) Attenuated CEBPD reverses bortezomib-inhibited gene expression in THP-1 cells.
THP-1 cells with the IPTG-inducible CEBPD knockdown system were pretreated with IPTG (500 μM) for 3 h. After treatment with bortezomib (50 nM) for 16 h, total RNA was
harvested to perform qPCR (left panel) and total protein was harvested to perform the western blot analysis (right panel). The data are presented as the mean± standard error of
experiments performed in triplicate (*Po0.05, **Po0.01, Student’s t-test)
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HP-1, leading to heterochromatin formation and inactivation
of genes, was also detectable on the promoter regions of
CEBPD, PRKDC, MCM4 and UBE2V2 genes (Figure 5c).
These results suggested that Ago2 interacts with YY1 and
YY1-interacting proteins, including PcG proteins, DNMT1 and
HP1, upon bortezomib treatment.

miR-744, miR-3154 and miR-3162 mediate TGF by
directly binding gDNA. The partial complementary seed
sequences of miR-744, miR-3154 and miR-3162, and the
consensus YY1-binding motifs were observed in the

promoter region of the CEBPD gene. To dissect the binding
scenario of miRNAs and YY1 in epigenetic-mediated gene
silencing, several heterologous CEBPD reporters were
constructed (Figure 6, upper panel) for evaluating their
individual contribution and regulation. The results of the
reporter assay showed that bortezomib had no effect on the
pGL3-promoter-CEBPD (PC) reporter (1938/−590 CEBPD
promoter containing YY1-binding motifs), but significantly
repressed the activity of the PC with miRNA binding sites
(PCmi) reporter (1938/− 590 CEBPD promoter region con-
taining YY1-binding motifs and fused with complementary
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seed sequences of miR-744, miR-3154 and miR-3162).
Importantly, the activity of the PCmi with mutated YY1
binding sites (PCmiMY) reporter (−1938/−590 CEBPD
promoter region containing mutant YY1-binding motifs and
fused with complementary seed sequences of miR-744,
miR-3154 and miR-3162) was reversed upon bortezomib
treatment (Figure 6a). In addition, our previous study
demonstrated that YY1 could recruit DNMTs and methylate
the CpG islands on the CEBPD promoter.20 Next, to
investigate whether miRNAs could affect the DNA methyla-
tion status, we recovered the transfected reporters and
treated samples with bisulfite, followed by methylation-
specific PCR. We found that bortezomib enhanced the DNA
methylation in the − 1938/−590 CEBPD promoter region of
PCmi, but that the methylation effect was significantly
reduced in the − 1938/− 590 CEBPD promoter region of
PC and PCmiMY (Figure 6b).

Taken together, these results suggested that miRNAs
act as initiators and YY1 functions as an effector protein for
the DNA methylation-mediated silencing of CEBPD
gene transcription. To further confirm the importance
of these miRNAs, we introduced the IPTG-inducible
miR-744-, miR-3154- and miR-3162-silencing vectors into
THP-1 cells. Following the induction of antagomirs of
miR-744, miR-3154 and miR-3162, bortezomib-induced
DNA methylation on − 1938/−590 CEBPD region of PCmi
reporter was lost (Figure 6c and Supplementary
Figure S8b). Meanwhile, bortezomib-reduced cell viability
and the expression of the potent oncogenes, PRKDC,
MCM4 and UBE2V2, were also significantly attenuated
(Figures 6d and e). The results suggested the importance of
the miR-744, miR-3154 and miR-3162-mediated autoregula-
tion of the CEBPD gene and the inactivation of PRKDC,
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MCM4 and UBE2V2 genes on bortezomib-induced cell
viability.

Discussion

The abundance of CEBPD could be regulated via P38/CREB
pathway-upregulated transcriptional activation21 and RNA-
binding protein HuR-stabilizedCEBPDmRNA.42,43 A previous
study showed that bortezomib promotes the shuttling of HuR
proteins to the cytoplasm and increases the translation
efficiency of its downstream target genes in cancer cells.44

In addition, a recent study demonstrated that tyrosine kinase
Src could downregulate CEBPD protein stability through
the activation of SIAH2 E3 ubiquitin ligase.45 Moreover,
the activation of Src kinase is inhibited by the oncoprotein
BCR-ABL in leukemic cells.46 However, the mechanism(s)
underlying bortezomib-induced CEBPD expression in leuke-
mic cells remain an open question and require further
examination.
In this study, we found that the potent tumor suppressor

CEBPD is responsive to the anticancer drug bortezomib in
leukemic cells (Figure 1a). Interestingly, the inactivation of the

pGL3-CEBPDpLuc (PC)

pGL3-CEBPDp-miRNA-mutateYY1Luc
-1938 -590

(PCmiMY)

pGL3-CEBPDp-miRNALuc
-1938 -590

(PCmi)

Mutate-YY1 CpG island miRNA binding site

0

0.5

1

PCmiMYPCmiPC

Fo
ld

s o
f l

uc
ife

ra
se

 a
ct

iv
ity

(R
L

U
/µ

g)

Ctl
bortezomib

** *

0

0.5

1

R
el

at
iv

e 
m

et
hy

la
tio

n 
le

ve
l

(m
et

hy
la

tio
n/

un
m

et
hy

la
tio

n)

1.5

2 Ctl
bortezomib **

PCmiMYPCmiPC

0
bortezomib

Ctl
IPTG

1

0.5

1.5

R
el

at
iv

e 
m

et
hy

la
tio

n 
le

ve
l

(m
et

hy
la

tio
n/

un
m

et
hy

la
tio

n)

**

0

1

*

Fo
ld

 o
f  

C
el

l  
vi

ab
ili

ty

0.5

1.5

Ctl
IPTG

bortezomib

2

1

3

0
PRKDC

G
en

es
/G

A
PD

H
 r

at
io

s 

MCM4 UBE2V2
bortezomib

Ctl
IPTG **

**

*

Figure 6 miR-744, miR-3154 and miR-3162 mediates a TGS through a direct binding on gDNA. (a) The binding of miRNAs and YY1 is associated with bortezomib-induced
epigenetic gene silencing and methylation level. miR-744, miR-3154 and miR-3162 are necessary for YY1/PcG complex-mediated epigenetic gene silencing. Schematic
representation of reporter constructs with the CEBPD promoter only (PC), CEBPD promoter constructed with miRNAs binding sites (PCmi) and PCmi with mutated YY1 binding
sites (PCmiMY). The luciferase activity was assessed after transfecting various constructs, as indicated, in 293T cells and subsequently treating the cells with bortezomib
(50 nM). (b) The binding of miRNAs and YY1 increase the methylation levels of the CpG islands on CEBPD promoters. After transfecting constructs into 293Twith or without
bortezomib (50 nM) treatment, the methylation level of CpG islands on the reporters (PC, PCmi and PCmiMY) was obtained using quantitative methylation-specific PCR. (c)
miR-744, miR-3154 and miR-3162 are critical for bortezomib-induced DNA methylation. After transfecting constructs into 293T with the IPTG-inducible miR-744/3154/3162-
silencing system, the cells were pretreated with IPTG (500 μM) for 3 h and treated with bortezomib (50 nM) for 16 h. Methylation level of CpG islands on the reporter (PCmi) was
obtained using quantitative methylation-specific PCR. (d) Inhibition of miR-744, miR-3154 and miR-3162 reverses bortezomib-reduced cell viability in THP-1 cells. THP-1 cells
with the IPTG-inducible miRNA-744/3154/3162-silencing system were pretreated with IPTG (500 μM) for 3 h. After treating with bortezomib (50 nM) for 24 h, cell viability was
measured by the MTT assay. (e) Attenuated miR-744, miR-3154 and miR-3162 reverses bortezomib-reduced PRKDC, MCM4 and UBE2V2 expression. THP-1 cells with the
IPTG-inducible miR-744/3154/3162-silencing system were pretreated with IPTG (500 μM) for 3 h. After treating with bortezomib (50 nM) for 16 h, the expression levels of
PRKDC, MCM4 and UBE2V2 were measured by qPCR. The data are presented as the mean± standard error of experiments performed in triplicate (*Po0.05, **Po0.01,
Student’s t-test)

Bortezomib-induced miRNAs in leukemia
Y-Y Chu et al

7

Cell Death and Disease



PRKDC,MCM4 andUBE2V2 genes occurred in parallel with a
decrease in CEBPD transcription (Supplementary Figure S4).
Importantly, the inactivation of these four genes followed the
increase in CEBPD-responsive miR-744, miR-3154 and
miR-3162 expression (Figure 3f and Supplementary
Figure S6). Here, we proposed a scenario that CEBPD, which
is transiently induced by bortezomib, activates the transcrip-
tion of miR-744, miR-3154 and miR-3162. Ago2 could further
shuttle these three miRNAs into the nucleus and target the
promoter regions of genes bearing the seed sequences
complementary to these miRNAs. Moreover, the initiator
miRNAs/Ago2 complex interacts with YY1 and recruits the
epigenetic regulators, PcG complex/DNMTs, to inactivate the
transcription of genes, including CEBPD, PRKDC,MCM4 and
UBE2V2 (Figure 7).
MCM4 is a proliferation marker and a member of the six

minichromosome maintenance47 proteins and is essential for
the origins of DNA replication before the S phase.48,49

Accumulating evidence suggests that MCM4 contributes to
the proliferation of non-small-cell lung cancer cells.50 The
PRKDC gene is adjacent to the MCM4 gene on the
chromosome and has a key role in non-homologous end
joining.51,52 The expression level of PRKDC was elevated in
neuroblastoma patients, associated with poor prognosis and
advanced tumor grade.53 Moreover, the DNA repair gene
UBE2V2 acts as a prognostic marker in breast cancer.54 A

previous study suggested that attenuated UBE2V2 increases
the cytotoxic effects of UV-induced DNA damage.55 Accumu-
lating results have indicated that miRNAs could function as
tumor suppressors in leukemia. Combined with the observa-
tions that CEBPD triggers growth arrest, participates in the
bortezomib-induced cell death (Figures 1d and 2b) and
activates miR-744, miR-3154 and miR-3162, we further
provided a novel mechanism that miRNAs serve as tumor
suppressors by eliciting DNA methylation on gDNA in
leukemic cells. This study also demonstrates for the first time
that CEBPD activation induces leukemic cell death by
suppressing a cluster of potent oncogenes via responsive
miRNA-mediated epigenetic silencing. In addition to miR-744,
miR-3154 and miR-3162, several CEBPD upregulated miR-
NAs, including miR-150, miR-142 and miR-29a/b, were
suggested to prevent leukemia progression.56–58 Additionally,
another CEBPD-responsive miR-744 was suggested to act as
a tumor suppressor in various cancers, resulting in chromo-
somal instability and oncogene inactivation.59,60 Consistently,
these CEBPD-responsive miRNAs further agree with the
involvement of CEBPD in promoting cell differentiation and
apoptosis.
CEBPD has been suggested to positively regulated peroxi-

some proliferator-activated receptor-γ (PPARγ) transcription
and protein expression in vascular smooth muscle cells and
cancer cells.37,61,62 Moreover, the activation of PPARγ could
suppress protein expression and transcription of CEBPD via
the inactivation of signal transducer and activator of transcrip-
tion 3 in vascular smooth muscle cells.61 These findings
implied that CEBPD could be negatively autoregulated
following PPARγ activation. In this study, we provide support
for a novel feedback regulation of the CEBPD gene via
miRNA-mediated autoregulation. However, the issue whether
this feedback regulation occurs in tissue cells or other cancer
cell needs to be examined in the future. Furthermore,
significantly higher PPARγ mRNA was observed in primary
AML patients.63 Therefore, in addition to revealing the
contribution of epigenetic- and PPARγ-mediated inactivation
of CEBPD in leukemic cells, the issue of how to efficiently
activate CEBPD for executing its tumor suppressor role in
leukemia remains an open question.
The highly evolutionarily conserved Ago proteins bind to

non-coding RNA and have an essential role in miRNA-
mediated post-transcriptional regulation.12 Accumulating evi-
dence has demonstrated that Ago proteins are present in the
nuclear fraction of human cells. Several reports have shown
that Ago proteins form a complex with lnRNA and bind to
genomic DNA, thereby inducing direct TGS.64–67 Additionally,
Ago1 has been implicated in the YY1/Suz12/Dicer1 complex-
mediated repression of the NFI-A gene via competing RNA
polymerase II binding.68 Ago2 was also suggested to interact
with the transcriptional repressor, SETDB1, for the repression
of gene activation.69 In the present study, we provided the first
evidence that Ago2, but not Ago1, Ago3 or Ago4, interactswith
YY1 and binds to gDNA, and that these interactions further
recruit the epigenetic regulators PcG proteins and DNMTs to
direct TGS (Figure 5). The results also implied that Ago1 and
Ago2 have distinct roles, at least in part, to independently
contribute to PcG protein- and DNMT-mediated epigenetic
regulation.

Bortezomib

miR744
miR3154
miR3162

1

2

Leukemia cells death

Epigenetic silencing of locus genes

Figure 7 Schematic model for CEBPD turned off the locus genes and resulted in
leukemic cell death through miRNA/Ago2/YY1/PcG group protein/DNMT complex-
directed epigenetic silencing. In response to the anticancer drug bortezomib, the
transcription factor CEBPD is activated and transcriptionally activates miR-744,
miR-3154 and miR-3162. These miRNAs form a complex with Ago2 and translocate
into the nucleus to target their complementary DNA sequence-binding sites on the
promoter regions of CEBPD, PRKDC, MCM4 and UBE2V2. The initiator miRNAs/
Ago2 complex interacts with YY1 and recruits the epigenetic regulators, the PcG
complex/DNMTs, to silence the four gene loci, including CEBPD itself. The
inactivation of these potent oncogenes, PRKDC, MCM4 and UBE2V2 result in
leukemic cell death via CEBPD-responsive miRNA-mediated epigenetic silencing
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Furthermore, the PcG complex and HP-1 interact and
contribute to the silencing effects at the nuclear periphery.70,71

Our results showed the binding of HP-1 and the PcG complex
on the promoter regions of CEBPD and its 5′ upstream genes
(Figure 5c). A previous study showed that Ago1 is dispersed
throughout the nuclear interior, whereas Ago2 is localized in
the inner nuclear periphery, implying that this area is a
transcriptionally repressive compartment.72 Our study raised
several important issues: (1) the location of HP-1 associates
with Ago1 and Ago2 distribution in the cell nucleus, (2) the
location of miRNAs on gDNA associates with Ago1 and Ago2
and (3) the annotation of miRNAs associated with the cell
functions in response to the epigenetic regulation. In addition
to providing in vivo evidence associated with the physiological
phenomenon, these results are consistent with those of a
previous study showing that the loss of Ago2 abrogates
TGS.73 Taken together, Ago2 not only serves as a post-
transcriptional regulator via miRNA binding in the 3′-UTR but
might also, at least in part, be involved in epigenetic regulation
by recruiting PcG proteins and DNMT1.

Materials and Methods
Materials. The TRIsure RNA extraction reagent, Opti-MEM medium, SuperScript
III, Dulbecco’s modified Eagle's medium and Roswell Park Memorial Institute
medium were purchased from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum
(FBS) was purchased from HyClone Laboratories (Logan, UT, USA). SensiFAST
SYBR was purchased from Bioline (Taunton, MA, USA). A luciferase assay system
was purchased from Promega (Madison, WI, USA). The α-tubulin antibody (T6199)
was purchased from Sigma (St. Louis, MO, USA), and antibodies against CEBPD
(SC-636), Ago2 (sc-32877), Ago3 (sc-32662), Ago4 (sc-374220) and YY1 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-Ago1
antibody (no. 07-599) was purchased from Millipore (Billerica, MA, USA). The anti-
SUZ12 antibody was purchased from Abcam (Cambridge, UK). The anti-DNMT1
antibody was purchased from IMGENEX (San Diego, CA, USA). All oligonucleotides
were synthesized at MDBio Inc. (Taipei, Taiwan).

Cell culture. The human monocytic leukemic cell line THP-1 and the human
myeloid cell line U937 were maintained in Roswell Park Memorial Institute medium
supplemented with 10% FBS, 100 μg/ml streptomycin and 100 U/ml penicillin. The
human embryonic kidney cell line 293T and human epithelial cells Ampho were
maintained in Dulbecco’s modified Eagle's medium supplemented with 10% FBS,
100 μg/ml streptomycin and 100 U/ml penicillin.

Reverse transcription-polymerase chain reaction. THP-1 cells were
treated with Dox or bortezomib. Total RNA was extracted using TRIsure. The
isolated RNA was subjected to reverse transcription using SuperScript III for cDNA
synthesis. The following oligonucleotide primers were used in the qPCR analysis:
GAPDH (F): 5′-CCACCCAGAAGACTGTGGAT-3′ and GAPDH (R): 5′-TTCAGC
TCAGGGATGACCTT-3′; CEBPD (F): 5′-GCCATGTACGACGACGAGAG-3′ and
CEBPD (R): 5′-TGTGATTGCTGTTGAAGAGGTC-3′; PRKDC (F): 5′-CATGGA
AGAAGATCCCCAGA-3′ and PRKDC (R): 5′-TGGGCACACCACTTTAACAA-3′;
MCM4 (F): 5′-GGCTCTCATCGAGGCTTATG-3′ and MCM4 (R): 5′-TTCCAC
ATCAATGGCTTCAA-3′; UBE2V2 (F): 5′-AAGGAGTAGGCGACGGTACA-3′ and
UBE2V2 (R): 5′-ACGGAGGAGCTTCTGGGTAT-3′.

Cell viability. For the cell survival assay, THP-1 cells were cultured on 12-well
plates. The cells were grown for 24 and 48 h after treatment with bortezomib. Next,
the experimental cells were incubated with diluted MTT reagent for 3 h.
Subsequently, the samples were spectrophotometrically measured at 595 nm using
an enzyme-linked immunosorbent assay plate reader.

TaqMan reverse transcription-PCR for miRNA quantification.
Total RNA was isolated using TRIzol according to the manufacturer’s instructions,
reverse transcribed using the TaqMan microRNA Reverse Transcription Kit and

subjected to real-time PCR using the TaqMan microRNA Assay Kit (Applied
Biosystems, Waltham, MA, USA).

Plasmids construction and reporter assays. The 5′-flanking region of
CEBPD, MAP2K4 (host gene of intronic miR744), SNHG11 (host gene of intronic
miR-3162) and miR-3154 were cloned from THP-1 cells using the DNeasy Tissue
Kit (Qiagen, Düsseldorf, Germany) and PCR. The following primers were used for
PCR and cloning the 5′-flanking regions: CEBPD (F) (−1938) KpnI – 5′-GGTACC
TTTGTGCTACAACTTTTTCTGG-3′ and (R) (−589) NheI – 5′-GCGAGCGCA
CCGCACTCGGG-3′; MAP2K4 (F) KpnI – 5′-GGGGTACCCCGATCACACAATGCT
TCTAAAT-3′ and (R) XhoI – 5′- CCGCTCGAGCGGTGTTGGGAGTGAAGAGC-3′;
SNHG11 (F) KpnI – 5′- GGGGTACCCCAGAACGCATAGCAGAAAATGTTC-3′ and
(R) XhoI – 5′- CCGCTCGAGCGGGAGCCGCCGCCG-3′; miR-3154 (F) KpnI – 5′-
GGGGTACCCCCATTTCCTGACTGCAGAGAC-3′ and (R) XhoI – 5′- CCGCTCGAG
CGGTCCATCCAGGCAGT-3′. After verification via sequencing, the PCR products
were cloned into the multicloning sites of the pGL3-promoter or pGL3-basic vector.
The complete complementary sequences of mature miR744/3154/3162 were cloned
into the PC reporter construct via NheI/HindIII restriction enzyme sites to generate
PCmi. Furthermore, two YY1 binding sites on PCmi were mutated by site-directed
mutagenesis using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA, USA), according to the manufacturer’s instructions, to generate PCmiMY.
These reporter constructs were transfected into 293T cells using TransIT-2020
transfection reagent (Mirus, Madison, WI, USA) according to the manufacturer’s
instructions. The transfectants were cultured in complete medium supplemented
with HA-CEBPD or bortezomib. Luciferase activity was measured in the lysates of
the transfectants.

Western blot assay. Cells were harvested and lysed in modified RIPA buffer
(50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP40, 0.25% sodium
deoxycholate, 1 mM DDT, 10 mM NaF, 1 mM PSMF, 1 μg/ml aprotinin, 1 μg/ml
leupeptin and 1 mM Na3VO4). Following lysis, the lysates were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis using a 12% polyacrylamide gel,
and the proteins were transferred to a polyvinylidene difluoride nylon membrane and
probed with primary antibodies for target proteins overnight at 4 °C. The target
proteins were after incubation with peroxidase-conjugated secondary antibodies for
1 h at room temperature. The signals were revealed using an Enhanced
Chemiluminescence Western Blot System (Thermo Scientific, Rockford, IL, USA).

Chromatin immunoprecipitation. ChIP assay was conducted according to
Ju-Ming Wang and co-workers.74 Briefly, THP-1 cells were treated with 1%
formaldehyde for 15 min. The crosslinked chromatin was subsequently prepared
and sonicated to an average size of 500–1000 bp. The DNA fragments were
immunoprecipitated with antibodies specific for Ago1–4, SUZ12, EZH2, DNMT1,
HP-1, CEBPD and control immunoglobulin G75 at 4 °C for 12–16 h. After the
reversal of the crosslinking, the immunoprecipitated chromatin was amplified using
primers specific for regions of the genomic locus of the target genes. The primers
are as indicated below. MAP2K4 (F): 5′-CTCCTTTGAGGGTGTTCTGTG-3′ and
(R): 5′-ACCAGGGAACAGGGCAGTA-3′; miR-3154 (F): 5′-GACTGCAGAGAC
CAGGAAGG-3′ and (R): 5′-CCGCTCCTACCTAGTGTCCA-3′; SNHG11 (F): 5′-
TGTTTCTTTCATTCTCCAAGAATTT-3′ and (R): 5′-AAGTTTACCTGTAAGGAGAAG
AACAG-3′; A (F): 5′-AGAAGTTGGTGGAGCTGTCG-3′ and (R): 5′-GGTATG
GGTCGTTGCTGAGT-3′; B (F): 5′-GGCGAGACACAACGTTTTCA-3′ and (R): 5′-
ATGGGGTGTATTATGGGTGT-3′; C (F): 5′-TATTTCTCTTGCCCTGCCCC-3′ and
(R): 5′-GCGCTTCTCTGTGTTTAGATGA-3′; D (F): 5′-CCCCGGTTCAAACGA
TTCTC-3′ and (R): 5′-ATAAGTTCATGAGGGCCGGG-3′.

Co-immunoprecipitation. The lysates of 293T cells were prepared using an
immunoprecipitation lysis buffer (50 mM NaCl, 0.5% NP-40 and 10 mM Tris-HCl (pH
8.0)). The supernatant was collected and incubated with anti-YY1 antibody at 4 °C
for at least 4 h. Protein-A/G agarose beads were added to the lysates, and the
mixtures were incubated and rotated at 4 °C for 1 h. The beads were collected
using centrifugation and washed three times with modified RIPA buffer. The proteins
that were bound to the beads were eluted after adding 2 × electrophoresis sample
buffer and were subsequently subjected to western blot analysis.

Methylation-specific PCR. After treating the genomic DNA with sodium
bisulfite (Zymo Research, Irvine, CA, USA), the DNA was PCR-amplified using
primers specific for the methylated sequences. The primers used for the
amplification of methylated and unmethylated promoters of CEBPD were designed
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using the MethPrimer website. The primers used were as follows: methylation (F):
5′-AGGTGTTAGAATATTTTTTTATCGA-3′ and (R): 5′-TTCCATTACACTCCAACC
TAAACA-3′; nnmethylation (F): 5′-AGGTGTTAGAATATTTTTTTATTGA-3′ and (R):
5′-TTCCATTACACTCCAACCTAAACA-3′.

Pre-miR-744/3154/3162 and antisense of miR-744/3154/3162-
inducible stable cells. Pre-miR-744/3154/3162 were generated by PCR
and then inserted into pAS4w.1.Pneo, a tetracycline-inducible system of lentiviral
expression vector. The antisense of miR-744/3154/3162 was inserted into
pLAS1w.3xLacO, a lentiviral expression vector. Stable THP-1 cells containing
pre-miR-744/3154/3162 and the antisense of miR-744/3154/3162 were generated
by transfecting pLAS.AS3w.aOn.Pbsd lentiviral-expressing cells and parental THP-1
cells, respectively. Dox (1 μg/ml) was used to induce miR-744/3154/3162
expression. IPTG (500 μM) was used to induce antisense of miR-744/3154/3162
expression. The lentiviral expression vectors were obtained from the National RNAi
Core Facility located at the Genomic Research Center of Institute of Molecular
Biology, Academia Sinica (Taiwan).

Statistical analysis. All experiments were repeated at least three times, and
the data were analyzed for statistical significance using Student’s t-test in the Prism
5 Software (La Jolla, CA, USA). The data were expressed as the means±S.E.M.
Differences indicated with asterisks were considered statistically significant.
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