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MiR-155 Accelerates the Growth
of Human Liver Cancer Cells
by Activating CDK2 via Targeting H3F3A
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miR-155 is associated with the promotion of tumorigenesis.
Herein, we indicate that abnormal miR-155 was negatively
correlated with the expression of P21WAF1/Cipl. Our results
suggest that miR-155 alters the transcriptome and inhibits
the expression of H3F3A in liver cancer cells. Therefore,
miR-155 inhibits the methylation modification of histone H3
on the 27" lysine. Notably, on the one hand, miR-155-depen-
dent CTCEF loops cause the CDK2 interacting with cyclin E in
liver cancer cells; on the other hand, miR-155 promotes the
phosphorylation modification of CDK2 by inhibiting H3F3A.
Subsequently, miR-155 competitively blocks the binding of
RNA polymerase II (RNA Pol II) to the P21WAF1/CIP1 pro-
moter by increasing the phosphorylation of CDK2, inhibiting
the transcription and translation of P21WAF1/CIP1. Strik-
ingly, excessive P21WAF1/CIP1 abolishes the cancerous func-
tion of miR-155. In conclusion, miR-155 can play a positive
role in the development of liver cancer and influence a series
of gene expression through epigenetic regulation.

INTRODUCTION

MicroRNAs (miRNAs) are a class of small non-coding RNAs that are
endogenous regulators of gene expression.' > At present, miRNAs
have been shown to play an important role in many biological re-
sponses, and the dysfunction of miRNAs is associated with several
human diseases, especially tumors."*

Several studies have reported that miR-155 is closely related to
inflammation.”® Other studies have found that miR-155 can promote
the progression of human leukemia and is one of the key factors for
leukemia. Moreover, miR-155 is also closely related to tumors.” "’
Especially, it has been found that miR-155 is upregulated in the liver

16-18 8¢ far, the role of miR-155 in the development

tissues of patients.
of human liver cancer has not been clarified. Therefore, it is important

to clarify the mechanism of miR-155 in the hepatocarcinogenesis.

Studies have shown that epigenetic regulation is closely related to
tumorigenesis. Histone H3 modification is the most widely studied,
and its biological significance of some modifications has been well char-

acterized."” For example, acetylation of lysine (H3K14) at position 14 of
H3, methylation of lysine at position 4 (H3K4), and phosphorylation of
serine at position 10 (H3S10) cause activation of gene transcrip-
207221 contrast, methylation of H3K9 and H3K27 is often associ-
ated with gene suppression.”” " Recently, it has been found that miR-
155 can change the transcription initiation site of the serine/arginine-
rich splicing factor 2 (SRSF2) promoter and regulate the protein kinase
A (PKA) signaling pathway.”' These findings suggest that miR-155 is
directly or indirectly involved in epigenetic regulation.

tion.

In this study, we found that miR-155 promotes the growth of human
hepatoma cell Hep3B. miR-155 inhibits the expression of H3F3A and
then reduces the modification level of H3K27me3. These findings
provide a theoretical basis for the treatment and diagnosis of human
liver cancer.

RESULTS

miR-155 Promotes Progression of Human Liver Cancer Cells

To investigate the effect of miR-155 on hepatoma cells, the miR-155
(RefSeq:  MI00000681) precursor sequence (CUGUUAAUGC
UAAUCGUGAUAGGG GUUUUUGCCUCCAACUGACUCCUA
CAUAUUAGCAUUAACAG) was cloned into the lentiviral vector
pLVX-ZsGreen-miRNA-Puro to construct a recombinant lentiviral
framework plasmid pLVX-ZsGreen-miR-155-puro (pLVX-miR-155).
The recombinant plasmid pLVX-miR-155 was then packaged into a
lentivirus, resulting in a high-titer lentiviral rLV-ZsGreen-miR-155-
Puro (rLV-miR-155) and rLV-miR-155. To investigate the effect of
miR-155 on human hepatoma cells, rLV-miR-155 or rLV was infected
into liver cancer cell line Hep3B. The two stable cell lines (rLV-Hep3B
and rLV-miR-155-Hep3B) expressed green fluorescent protein (Fig-
ure 1A, Green). The miR-155 precursor and mature miR-155 were
significantly increased in the rLV-miR-155 group compared with those
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Figure 1. miR-155 Promotes the Growth of Liver Cancer Cell In Vitro
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(A) The human hepatocarcinoma cell line Hep3B was infected with rLV-miR-155 and rLV, and the green fluorescent protein (green) was expressed. The positive cells were
expanded and then imaged with a fluorescence microscope. (B) The miR-155 precursors in these two stable cell lines were detected by RT-PCR. (C) The expression of miR-
155 in these two stable cell lines was detected by northern blotting. (D) gRT-PCR was used to detect mature miR-155. (E) The growth curve was determined by the CCK8
method. (F) Determination of S phase was determined by the BrdU method. OD450, optical density 450. (G) Determination of plate colony-forming ability. (a) Photograph of
plate colonies. (b) Analysis of the formation of cell plate colonies. (H) Determination of cell-sphere formation ability. (a) Photograph of cell spheres. (b) Determination of cell-
sphere formation rate. (I) Determination of autophagy formation ability of cells. (a) Photograph of cell autophagy. (b) Determination of cell autophagy rate. (c) Autophagy LC3
HiBIiT Reporter Luc assay analysis. (J) Cellular senescence assay of cells. (a) Photograph of cell senescence. (b) Determination of cell senescence rate.

in the rLV group (Figures 1B-1D). Next, the proliferation ability was
significantly increased in the rLV-miR-155 group compared with
that in the rLV group (24 h: p = 0.00033 < 0.01; 48 h: p =
0.000462 < 0.01; 72 h: p = 0.00323 < 0.01) (Figure 1E). The positive
rate of bromodeoxyuridine (BrdU) (29.47% + 3.59% versus 58.75% +
6.59%, p = 0.00438 < 0.01) (Figure 1F), the number of plate colonies
formed (21 + 4.58 versus 840 + 52.92, p = 0.000803 < 0.01) (Figure 1G),
the sphere formation rate (3.04% + 0.187% versus 8.03% + 0.743%, p =
0.0031 < 0.01) (Figure 1H), and the rate of autophagy (6.34% + 1.07%
versus 22.49% =+ 2.89%, p = 0.00955 < 0.01) (Figures 1Ia and 1Ib) were
significantly increased in the rLV-miR-155 group compared with those
in the rLV group. Furthermore, Luc activity, as recorded with the Auto-
phagy LC3 HiBiT Reporter Assay, was significantly decreased in the
rLV-miR-155 group compared with that in the rLV group (184.24 +
34.05 versus 14.73 + 2.24, p = 0.0069 < 0.01) (Figure 1Ic). Moreover,
the senescence rate (5.07% + 1.41% versus 17.15% + 2.41%, p =
0.0092 < 0.01) (Figures 1Ja and 1Jb) and the senescence factor
FBLN1 (1.5 + 0.19 versus 3.44 + 0.514, p = 0.00856 < 0.01) (Figure 1Jc)
were significantly increased in the rLV-miR-155 group compared with
those in the rLV group. Additionally, the average weight of trans-

472 Molecular Therapy: Oncolytics Vol. 17 June 2020

planted tumors in nude mice was significantly increased in the rLV-
miR-155 group compared with that in the rLV group (0.507 g +
0.138 g versus 1.658 g + 1.136 g, p = 0.0263 < 0.05) (Figures 2A—
2C). Moreover, poorly differentiated cancer cells in transplanted tu-
mors were significantly increased in the rLV-miR-155-Hep3B group
compared with those in the rLV group (Figure 2D). Both the prolifer-
ating cell nuclear antigen (PCNA)-positive rate (45.17% + 4.33% versus
74.27% ++ 7.94%, p < 0.01) (Figures 2Ea and 2Eb) and the Ki67-pos-
itive rate (33.57% + 2.89% versus 70.11% + 6.73%, p < 0.01) (Fig-
ure 2Ec) were significantly increased in the rLV-miR-155 group
compared with those in the rL'V group. Collectively, these results sug-
gest that miR-155 can promote autophagy and cellular senescence, trig-
gering the growth of liver cancer cells in vitro and in vivo.

miR-155 Inhibits the Expression of Histone H3 Variant H3F3A

Given that miR-155 promotes the growth of human hepatoma cells, we
will explore the effects of miR-155 on several vital signaling molecules
in human hepatoma cells. RNA sequencing analysis showed that there
were significant differences in the expression of several genes in the
rLV-miR-155 group compared with that in the rLV group. Among
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Figure 2. Tumorigenesis Test In Vivo of Liver Cancer Cells
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(A) Comparison of the tumor formation rate of liver cancer cells in nude mice. (B) In (a), Hep3B cells stably infected with rLV and rLV-miR-155 lentivirus were inoculated into the
skin of BALB/c nude mice. (b) Photographs of transplanted tumors (xenografts) dissected from of BALB/c nude mice. (C) Comparison of the size (in grams) of xenografts. (D)
Histopathological analysis of transplanted tumors formed in nude mice. A 4% formaldehyde-fixed, paraffin-embedded nude mouse transplanted tumor tissue section (4 um)
was subjected to hematoxylin and eosin (H&E) (original magnification, x100). (E) In (a), immunohistochemical analysis of transplanted tumor tissue formed in nude mice.
Immunohistochemical staining of anti-PCNA and anti-Ki67 (original magnification, x100) was performed. (b) The comparison of PCNA-positive rates of xenograft. (c) The

comparison of Ki67-positive rates in transplanted tumors in nude mice.

them, 191 genes were upregulated and 284 genes were downregulated,
including RPLPO, EIF4G2, YBX1, EEF1A1P5, EEF1A1, HNRNPA3,
YWHAE, MIR30A, SMAD7, CALR, S100A6, TPT1, THBSI, and
PSMB7 (downregulated expression) and HSPA5, CALM3, H3.3, and
P21WAF1/Cipl (downregulated expression) (Figure 3A). The miR-
155 binds to the histone variant H3F3A mRNA 3’ untranslated region
(UTR) via a 12-base seed sequence (Figure 3B). pMirtarget-H3F3A 3’/
UTR-Luc luciferase reporter gene activity was significantly decreased in
the rLV-miR-155 group compared with that in the rLV group (p <
0.01) (Figure 3C). Furthermore, although there was no significant
change in the transcriptional capacity of H3F3A (Figure 3D), the
translational capacity of H3FA was significantly attenuated in the
rLV-miR-155 group compared with that in the rLV group (Figure 3E).
Collectively, these results suggest that miR-155 inhibits the expression
of H3F3A in liver cancer cells.

miR-155 Inhibits the Methylation Modification of Histone H3 on
the 27" Lysine

Given that miR-155 inhibits the expression of histone H3F3A, we will
consider whether miR-155 affects the methylation of lysine at posi-

tion 27 of histone H3 by inhibiting H3F3A. Compared with the
rLV-Hep3B group, the interaction between histone H3 and EZH2,
SUZ12, EED, and RbAp46/48 was attenuated in the rLV-miR-155
group (Figure 4A). In particular, the interaction between EZH2 and
SUZ12, EED, and RbAp46/48 was attenuated in the rLV-miR-155
group compared with that in the rLV group. However, the interaction
between EZH2 and SUZ12, EED, and RbAp46/48 was not signifi-
cantly changed in the rLV-miR-155+rLV-H3.3 group compared
with that in the rLV group (Figures 4B and 4C). Moreover, although
the interaction of histone H3 with EZH2, SUZ12, EED, and RbAp46/
48 was attenuated in the rLV-miR-155 group compared with that in
the rLV group, it was not significantly altered in the rLV-miR-
155+rLV-H3FA-Hep3B group compared with that in the rLV group
(Figure 4D). Finally, although H3K27mel, H3K27me2, and
H3K27me3 were significantly reduced in the rLV-miR-155 group
compared with the rLV group, they were not significantly altered in
the rLV-miR-155+rLV-H3F3A-Hep3B group compared with the
rLV group (Figures 4E and 4F). Collectively, these results suggest
that miR-155 inhibits the methylation modification of histone H3
on the 27™ lysine.
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(A) RNA sequencing analysis. (B) The analysis of mature miR-155 seed sequence binding to the H3F3A mRNA 3’ UTR. (C) pMirtarget-H3F3A 3’ UTR-Luc luciferase reporter
gene activity was detected. (D) RT-PCR was used to detect H3F3A . B-actin was used as an internal reference gene. (E) Western blotting was used to detect the expression of

H3.3. B-actin was used as an internal reference gene.

miR-155 Promotes the Expression of CDK2 by Inhibiting H3F3A

Given that miR-155 inhibits the expression of H3F3A, we will inves-
tigate whether miR-155 affects the expression of CDK2 dependent on
H3F3A in human liver cancer cells. The ability of H3K27mel,
H3K27me2, and H3K27me3 to bind to the CDK2 promoter region
was significantly reduced in the rLV-miR-155 group compared with
that in the rLV group (Figures 5A and 5B). pEZX-MT-CDK?2 pro-
moter-Luc luciferase reporter gene activity was significantly increased
in the rLV-miR-155 group compared with that in the rLV group
(26,379.94 + 4467.87 versus 271,502.52 + 37,169.69, p =
0.0045388 < 0.01) (Figure 5C). Moreover, the expression of CDK2
was significantly increased in the rLV-miR-155 group compared
with that in the rLV group (Figures 5D and 5E). Furthermore,
although the ability of H3K27mel, H3K27me2, and H3K27me3 to
bind to the CDK2 promoter region was significantly reduced in the
rLV-miR-155 group compared with that in the rLV group, it was
not significantly changed in the miR-155+rLV-H3F3A group
compared with that in the rLV group (Figure 8F). Although the ability
of H3K27me3 to bind to the CDK2 promoter cis-element probe was
significantly reduced in the rLV-miR-155 group compared with that
in the rLV group, it was not significantly changed in the miR-
155+rLV-H3F3A group compared with the rLV group (Figure 5G).
Although the pEZX-MT-CDK2 promoter-Luc luciferase reporter ac-
tivity was significantly increased in the rLV-miR-155 group
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compared with that in the rLV group (45,050.5 + 8,371.58 versus
244,546.37 + 11,240.85, p = 0.00035832 < 0.01), it was not signifi-
cantly altered in the miR-155+rLV-H3F3A group compared with
the rLV group (45,050.5 + 8,371.58 versus 38,966.22 + 3,915.22,
p = 0.07138 > 0.05) (Figure 5H). Although the expression of CDK2
was significantly increased in the rLV-miR-155 group compared
with that in the rL'V group, it was not significantly changed in the
miR-155+rLV-H3F3A group compared with that in the rLV group
(Figures 5I and 5]). Collectively, these results suggest that miR-155
enhances the expression of CDK2 by inhibiting H3F3A.

miR-155 Inhibits Phosphorylation of CDK2

Given that miR-155-dependent H3F3A inhibits the expression of
CDK?2 in human liver cancer cells, we considered whether miR-155
affects the phosphorylation of CDK2. First, the ability of CTCF to
bind to pre-miR-155 was significantly increased in the rLV-miR-
155 group compared with that in the rLV group (Figure 6A). Thereby,
the cyclized pre-miR-155 was significantly increased in the rLV-miR-
155 group compared with that in the rLV group (Figures 6B-6D).
Furthermore, the ability of CDK2 or cyclin E to bind to pre-miR-
155 was significantly increased in the rLV-miR-155 group compared
with that in the rLV group (Figure 6E). Thus, the capacity of CDK2 to
bind to cyclin E was significantly increased in the rLV-miR-155 group
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Figure 4. miR-155 Affects Methylation Modification of Histone H3 on the 27" Lysine in Liver Cancer Cells

(A) Total proteins were extracted in two stable cell lines, rLV-Hep3B and rLV-miR-155-Hep3B, and subjected to immunoprecipitation (IP) analysis. The experimental samples
were co-immunoprecipitated (colP) with anti-histone H3, and the precipitates were analyzed by western blotting with anti-histone H3F3A. Immunoglobulin G (IgG) colP was
used as a negative control, and anti-EZH2, anti-SUZ12, anti-EED, and anti-RbAp46/48 in the samples before coprecipitation were detected by western blotting (INPUT). (B)
Human hepatoma cells were infected with rLV, rLV-miR-155, and rLV-miR-155 + rLV-H3F3A, and pick up positive cells under a fluorescence microscope, and expand the
fluorescence photos after culture. (C) Total proteins from the three cell lines rLV-Hep3B, rLV-miR-155-Hep3B, and rLV-miR-155+rLV-H3F3A were extracted and subjected
to IP analysis. The experimental samples were colP with anti-EZH2, and the precipitates were analyzed by western blotting with anti-SUZ12, anti-EED, and anti-RbAp46/48.
IgG colP was used as a negative control, and anti-SUZ12, anti-EED, and anti-RbAp46/48 in the samples before coprecipitation were detected by western blotting as INPUT.
(D) Total proteins from the three cell lines rLV-Hep3B, rLV-miR-155-Hep3B, and rLV-miR-155+rLV- H3F3A were extracted and subjected to IP analysis. (E) Total proteins
from three cell lines, including rLV-Hep3B and rLV-miR-155-Hep3B, were extracted, and H3K27me3 was detected by western blotting. Histone H3 was used as an internal
reference gene. (F) The total proteins were extracted, and H3F3A and H3K27me1/2/3 were detected by western blotting. Histone H3 was used as an internal reference gene.

compared with that in the rLV group (Figure 6F). Ultimately,
phosphorylated CDK2 (pCDK2) was significantly increased in the
rLV-miR-155 group compared with the rLV group (Figure 6G).

Furthermore, although the ability of CTCF to bind to pre-miR-155
was significantly increased in the rLV-miR-155 group compared
with that in the rLV group, it was significantly reduced in the rLV-
miR-155+pGFP-V-RS-CTCF group compared with that in the rLV
group and was not changed in the miR-155+rLV-HF3A group (Fig-
ure 6H). Although the circular pre-miR-155 binding capacity was
significantly increased in the rLV-miR-155 group, compared with
that in the rLV group, it was significantly reduced in the rLV-miR-

155+pGFP-V-RS-CTCF group compared with that in the rLV group
and not changed in the miR-155+rLV-HF3A group (Figure 6I).
Moreover, the ability of CDK2 or cyclin E to bind to pre-miR-155
was significantly increased in the rLV-miR-155 group compared
with that in the rLV group; however, the ability of CDK2 or cyclin
E to bind to pre-miR-155 was significantly reduced in the rLV-
miR-155+pGFP-V-RS-CTCF group, and there was no significant
change in the rLV-miR-155+rLV-H3.3 group compared with the
rLV group (Figure 6]). In particular, the ability of CDK2 or cyclin
E to bind to pre-miR-155 was significantly increased in the rLV-
miR-155 group compared with that in the rLV group. However, the
ability of CDK2 or cyclin E to bind to pre-miR-155 was significantly
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Figure 5. The Expression of CDK2 on the Level of Transcription and Translation in Human Liver Cancer Cell Line Hep3B by Inhibiting H3F3A

(A) The cells were cross-linked with formaldehyde and then analyzed for chromatin IP (ChIP) using anti-H3K27me3. (B) The cells were cross-linked with formaldehyde and
then analyzed for ChIP using anti-H3K27me1/2/3. (C) The pEZX-MT-CDK2-promoter-Luc luciferase reporter gene activity was tested. (D) RT-PCR was used to detect the
transcription of CDK2. (E) The total protein was extracted, and CDK2 was detected by western blotting. (F) ChIP using anti-H3K9me3 was performed on three stable cell lines,
rLV-Hep3B, rLV-miR-155-Hep3B, and miR-155+rL.V-H3F3A-Hep3B. (G) Using biotin-labeled CDK2 promoter cis-elemental probe (Biotin-CDK2) and anti-H3K27me3, anti-
Biotin, the super-electrophoretic gel mobility shift assay (super-EMSA) was performed. The activity of the pEZX-MT-CDK2-promoter-Luc luciferase reporter gene was
detected. (H) The activity of the pEZX-MT-CDK2-promoter-Luc luciferase reporter gene was detected. () RT-PCR for CDK2 in rLV-Hep3B, rLV-miR-155-Hep3B, and miR-
155+rLV-H3F3A-Hep3B. B-actin was used as an internal reference gene. (J) The total cellular proteins were extracted and detected by western blotting with anti-CDK2 in
rLV-Hep3B, rLV-miR-155-Hep3B, and miR-155+rLV-H3F3A-Hep3B. B-actin was used as an internal reference gene.

reduced in the rLV-miR-155+pGFP-V-RS-CTCF-Hep3B group, and
there was no significant change in the rLV-miR-155+rLV-H3.3 group
compared with the rLV group (Figure 6K). Therefore, pCDK2 was
significantly increased in the rLV-miR-155 group compared with
that in the rLV group. However, the phosphorylation of CDK2 was
significantly reduced in the rLV-miR-155+pGFP-V-RS-CTCF group,
and there was no significant change in the rLV-miR-155+rLV-H3.3
group compared with the rL'V group (Figure 6L). Collectively, these
results suggest that, on the one hand, miR-155-dependent CTCF
loops cause the CDK?2 interaction with cyclin E and that, on the other
hand, miR-155 promotes the phosphorylation modification of CDK2
by inhibiting H3F3A in liver cancer cells.

miR-155 Inhibits the Expression of Tumor Suppressor Gene
P21WAF1/CIP1

Given that miR-155 promotes the expression of CDK2 and its phos-
phorylation modification in liver cancer cells, we attempted to analyze
whether miR-155 affects the expression of the tumor suppressor gene
P21WAFI1/CIP1 via pCDK2. Although the ability of pCDK to bind to
the P2IWAF1/CIP1 promoter region was significantly increased in
the rLV-miR-155 group compared with that in the rLV group, it was
not significantly changed in the miR-155+pGFP-V-RS-CTCF group
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compared with that in the rLV group (Figure 7A). Although the ability
of pCDK to bind to the P21WAF1/CIP1 promoter region was signifi-
cantly increased in the rLV-miR-155 group compared with that in the
rLV group, it was not significantly changed in the rLV-miR-
155 +rLV-H3F3A group compared with that in the rLV group (Fig-
ure 7B). The capacity of RNA polymerase II (RNA Pol II) to bind to
the P2IWAF1/CIP1 promoter region was significantly decreased in
the rLV-miR-155 group compared with that in the rLV group. Howev-
er, there was no significant change in the capacity of RNA Pol II to bind
to the P2IWAF1/CIP1 promoter region in the miR-155+rLV-H3F3A
group compared with that in the rLV group (Figure 7C). Although
the ability of RNA Pol II to bind to the P21WAF1/CIP1 promoter region
was significantly reduced in the rLV-miR-155 group, compared with
that in the rLV group, it was not significantly changed in the miR-
155+PGFP-V-RS-CTCF group compared with that in the rLV group
(Figure 7D). The ability of pCDK2 to bind to the P21IWAF1/CIP1 pro-
moter cis-element probe was significantly increased in the rLV-miR-155
group compared with that in the rLV group. However, there was no sig-
nificant change in the capacity of pCDK2 to bind to the P2IWAF1/CIP1
promoter region in the rLV-miR-155+ rLV-H3F3A group and the rLV-
miR-155 +pGFP-V-RS-CTCF group compared with that in the rLV
group (Figure 7E). Although the ability of RNA Pol II to bind to the
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Figure 6. miR-155 Promotes Phosphorylation of CDK2 in Human Liver Cancer Cells

(A) The ability of CTCF to bind to pre-miR-155 was analyzed by RNA IP (RIP) with anti-CTCF after cross-linking of formaldehyde; RNA purified from RNA coprecipitation was
used as a template and pre-miR-155 primers for RT-PCR. (B) Total cellular RNA was extracted from two stable cell lines (rLV-Hep3B and rLV-miR-155-Hep3B), and circ pre-
miR-155 was detected by back-to-back RT-PCR. (C) Looped pre-miR-155 was detected by back-to-back RT-PCR. (D) Circ-pre-miR-155 was detected by back-to-back
RT-PCR. (E) The ability of CDK2 and cyclin E to bind to pre-miR-155 was analyzed by RIP. (F) The experimental samples were colP with anti-Cyclin E, and (a—c) the pre-
cipitates were analyzed by western blotting with anti-CDK2. (G) Total cellular protein was extracted, and phosphorylation of CDK2 was detected by western blotting. (H) The
ability of CTCF to bind to pre-miR-155 was analyzed by RIP with anti-CTCF. (I) The looped pre-miR-155 was detected by back-to-back RT-PCRin rLV-Hep3B, rLV-miR-155-
Hep3B, rLV-miR-155+rLV-H3F3A-Hep3B, and rLV-miR-155+p GFP-V-RS-CTCF-Hep3B. (J) The ability of CDK2 and cyclin E to bind to pre-miR-155 was analyzed by RIP
with anti-CTCF, anti-CDK2, and anti-Cyclin E. (K) The experimental samples were colP with anti-Cyclin E, and the precipitates were analyzed by western blotting with anti-
CDK2. (L) The phosphorylation of CDK2 was detected by western blotting. B-actin was used as an internal reference gene.

P21WAFI1/CIP1 promoter cis-element probe was significantly reduced
compared with that in the rLV group, it was not significantly changed in
the rLV-miR-155+rLV-H3F3A group and the miR-155+PGFP-V-RS-
CTCF group compared with that in the rLV group (Figure 7F). The abil-
ity of pCDK2 to bind to the P2IWAF1/CIP1 promoter-enhancer DNA
loop was significantly increased in the rLV-miR-155 group compared
with that in the rLV group. However, the ability of pCDK2 to bind to
the P2IWAF1/CIP1 promoter-enhancer loop was not significantly
changed in the rLV-miR-155+ rLV-H3F3A group and the miR-
155+PGFP-V-RS-CTCF group compared with that in the rLV group
(Figure 7G). The ability of RNA Pol II to bind to the P2IWAF1/CIP1
promoter-enhancer loop was significantly reduced in the rLV-miR-
155 group compared with that in the rLV group. However, the ability
of RNA Pol II to bind to the P2IWAF1/CIP1 promoter-enhancer
loop was not significantly changed in the rLV-miR-155+ rLV-H3F3A
group or the miR-155+PGFP-V-RS-CTCF group compared with that
in the rLV group (Figure 7H). The pEZX-MT-P21WAF1/CIP1 pro-
moter-Luc luciferase reporter activity was significantly decreased in
the rLV-miR-155 group compared with that in the rLV group
(25,512.49 + 4,129.56 versus 4,167.63 + 340.89, p = 0.0054919 <
0.01). However, the luciferase reporter activity in the miR-155+rLV-
H3F3A group was not significantly different from that in the rLV group

(25,512.49 + 4,129.56 versus 23,976.04 + 3,220.07, p = 0.3233 > 0.05),
and the luciferase reporter gene activity in the rLV-miR-155+pGFP-
V-RS-CTCF group was not significantly different from that in the
rLV group (25,512.49 + 4,129.56 versus 27,443.78 + 4,543.94, p=
0.22073 > 0.05) (Figure 7I). Although the expression of P21IWAF1/
CIP1 was significantly reduced in the rLV-miR-155 group compared
with that in the rLV group, it was not significantly changed in the
rLV-miR-155+rLV-H3F3A group or the rLV-miR-155+pGFP-V-RS-
CTCF group compared with that in the rLV group (Figures 7] and 7K).

Furthermore, miR-155 was significantly increased in the miR-155
and rLV-miR-155+pGFP-V-RS-CAK (CDK2-activating kinase)
groups compared with the rLV group (Figure 7La). pCDK2
(Thr160) was significantly increased in the rLV-miR-155 group
compared with the rLV group, and pCDK2 (Thr160) and CAK
were significantly reduced in the rLV-miR-155+pGFP-V-RS-
CAK group compared with the rLV group (Figure 7Lb). The abil-
ity of pCDK2 to bind to the P21WAF1/CIP1 promoter region
was significantly increased, and the ability of RNA Pol II to
bind to the P21IWAF1/CIP1 promoter region was significantly
reduced in the rLV-miR-155 group compared with that in the
rLV group. However, these binding abilities not
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Figure 7. miR-155 Inhibits the Expression of the Tumor Suppressor Gene P21WAF1/CIP1 in Liver Cancer Cells

(A) ChIP with anti-pCDK2 was performed in three stable cell lines: rLV-Hep3B, rLV-miR-155-Hep3B, and miR-155+rLV-H3F3A-Hep3B. (B) ChIP with anti-pCDK2 was
performed. (C) ChIP using anti-RNA Pol Il was performed. (D) ChiP using anti-RNA Pol Il was performed. (E) Super-DNA-protein complex gel migration assay using biotin-
labeled P21WAF1/CIP1 promoter cis-element probe (Biotin-P21WAF1/CIP1) and anti-pCDK2, anti-Biotin. (F) Super-DNA-protein complex gel migration assay using biotin-
labeled P21WAF1/CIP1 promoter cis-element probe (Biotin-P21WAF1/CIP1) and anti-RNA Pol Il, anti-Biotin. (G) The ability of pCDK2 to bind to the P21WAF1/CIP1 pro-
moter-enhancer loop by chromosome configuration capture (3C)-ChlIP. (H) The ability of RNA Pol Il to bind to the P21WAF1/CIP1 promoter-enhancer loop was detected by
the 3C-ChlIP. (I) pEZX-MT-P21WAF1/CIP1-promoter-Luc luciferase reporter gene activity was detected. (J) Total RNA was detected by RT-PCR for the transcriptional
capacity of P21WAF1/CIP1. (K) Western blotting was used to detect the expression of P21WAF1/CIP1. (L) gRT-PCR was used to detect miR-155 in three stable cell lines:
rLV-Hep3B, rLV-miR-155-Hep3B, and miR-155+pGFP-V-RS-CAK. (a) Quantification and (b) western blot. (M) ChIP was performed in rLV-Hep3B, rLV-miR-155-Hep3B, and
miR-155+pGFP-V-RS-CAK. (N) 3C-ChlP using anti-pCDK2, anti-RNA Pol II. (O) pEZX-MT-P21WAF1/CIP1-promoter luciferase reporter gene activity was examined. (P) The
transcription of P21WAF1/CIP1 was detected by RT-PCR. (Q) Expression of P21WAF1/CIP1 was detected by western blotting. (R) Immunoprecipitation (IP) analysis with
anti-CyclinA and anti-CDK2. (S) Western blotting with anti -E2F1.B-actin as an internal reference gene.

significantly changed in the rLV-miR-155+pGFP-V-RS-CAK
group compared with those in the rLV group (Figure 7M). The
ability of pCDK2 to bind to the P21WAF1/CIP1 promoter-
enhancer loop was significantly increased, and the capacity of
RNA Pol II to bind to the P2IWAF1/CIP1 promoter-enhancer
loop was significantly reduced in the rLV-miR-155 group
compared with that in the rLV group. However, these binding
abilities were not significantly changed in the rLV-miR-
155+pGFP-V-RS-CAK group compared with those in the rLV
group (Figure 7N). The pEZX-MT-P21WAF1/CIP1 promoter-
Luc luciferase reporter gene activity was significantly decreased
in the rLV-miR-155 group compared with that in the rLV group
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(38,502.61 + 6,155.78 versus 5,009.03 = 652.7, p = 0.00671 <
0.01). However, the luciferase reporter gene activity in the rLV-
miR-155+pGFP-V-RS-CAK group was not significantly different
from that in the rLV group (38,502.61 6,155.78 versus
41,045.93 + 2,208.55, p = 0.2442 > 0.05) (Figure 70). The tran-
scriptional and translational capacity of P21WAF1/CIP1 was
significantly reduced in the rLV-miR-155 group compared with
that in the rLV group. However, there was no significant change
in the rLV-miR-155+pGFP-V-RS-CAK group compared with the
rLV group (Figures 7P and 7Q). Collectively, these results sug-
gest that miR-155 competitively inhibits the expression of
P21WAF1/CIP1 in liver cancer.

+
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Figure 8. Excessive P21WAF1/CIP1 Abrogated the Oncogenic Effects of miR-155 in Human Liver Cancer Cells

(A) In (a), the expression of P21WAF1/CIP1 was detected by western blotting using anti-P21WAF1/CIP1 in the rLV group, rLV-miR-155 group, and rLV-miR-155+ rLV-
P21WAF1/CIP1 group. (b) The mature body of miR-155 was detected by gRT-PCR. (B) The growth in vitro curves were determined by the CCK8 method. OD450, optical
density 450. (C) Determination of S phase by BrdU staining. (D) Determination of colony-forming ability of liver cancer cells. (E) Determination of the ability of sphere formation.
(F) In (a), determination of cellular senescence rate. (b) Enzyme chain immunoassay analysis of cytokines. (G) In (a), photographs of transplanted tumors (xenografts). (b)
Comparison of the size (in grams) of transplanted tumors in nude mice. (c) Comparison of time (in days) of transplanted tumor appearance. (H) Histopathological analysis of
hematoxylin and eosin (H&E) staining of transplanted tumors. () In (a), western blotting with anti-PCNA. (b) Quantification. (J) In (a), immunohistochemical staining of anti-
PCNA was performed (original magnification, x100). (b) Comparison of proliferating cell nuclear antigen (PCNA)-positive rates. (c) Western blotting analysis of PCNA was
performed. (K) The schematic illustrates a model that miR-155 promotes growth of human liver cancer cells through activating CDK?2 via targeting H3F3A.

Excessive P21WAF1/CIP1 Abolishes the Cancerous Functions

of miR-155

In order to further investigate whether miR-155 is dependent on
P21WAF1/CIP1 to promote hepatocarcinoma growth, we performed
related experiments in the rLV group, the rLV-miR-155 group, and
the rLV-miR-155+rLV-P21WAF1/CIP1 group. The mature miR-
155 was significantly increased in the rLV-miR-155 group and the
rLV-miR-155+rLV-P21WAF1/CIP1 group compared with the rLV
group (Figure 8Aa). The expression of P21IWAF1/CIP1 was signifi-
cantly decreased in the rLV-miR-155 group and decreased in the
rLV-miR-155+rLV-P21WAF1/CIP1 group compared with the rLV
group (Figure 8Ab). Although the proliferation rate was significantly
increased in the rLV-miR-155 group compared with that in the rLV
group (p < 0.01), it was not significantly changed in the rLV-miR-
155+rLV-P21WAF1/CIP1 group compared with that in the rLV

group (p = 0.2236 > 0.05) (Figure 8B). The positive rate of BrdU
was significantly increased in the rLV-miR-155 group compared
with that in the rLV group (27.11% =+ 3.61% versus 55.93% =+
8.74%, p = 0.00694 < 0.01). However, the positive rate of BrdU was
not significantly altered in the rLV-miR-155+rLV-P21WAF1/CIP1
group compared with that in the rLV group. (27.11% + 3.61% versus
25.49% + 6.2%, p = 0.231887 > 0.05) (Figure 8C). Although the colony
formation rate was significantly increased in the rLV-miR-155 group
compared with that in the rLV group (37.63% =+ 4.56% versus
68.59% + 6.33%, p = 0.00778 < 0.01), the colony formation rate
was not significantly altered in the rLV-miR-155+rLV-P21WAF1/
CIP1 group compared with that in the rLV group (37.63% + 4.56%
versus 34.07% =+ 593%, p = 0.2507 > 0.05) (Figure 8D).
Although the sphere formation rate was significantly increased in
the rLV-miR-155 group compared with that in the rLV group
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(8.09% =+ 0.62% versus 24.87% =+ 3.28%, p = 0.0087303 < 0.01), it was
not significantly altered in the rLV-miR-155+rLV-P21WAF1/CIP1
group compared with that in the rL'V group (8.09% + 0.62% versus
7.28% + 1.146%, p = 0.1885 > 0.05) (Figure 8E). Although the senes-
cence rate was significantly increased in the rLV-miR-155 group
compared with that in the rLV group (7.58% =+ 0.786% versus
17.16% + 1.776%, p = 0.0091956 < 0.01), it was not significantly
altered in the rLV-miR-155+ rLV-P21WAF1/CIP1 group compared
with the rLV group (7.58% + 0.786% versus 6.71% + 1.569%, p =
0.101169 > 0.05) (Figures 8Fa and 8Fb). The senescence factor
FBLN1 was significantly increased in the rLV-miR-155 group
compared with the rLV group (0.893 + 0.065 versus 2.103 + 0.1159,
p = 0.003814 < 0.01). However, the senescence factor FBLN1 was
not significantly altered in the rLV-miR-155+ rLV-P21WAF1/CIP1
group compared with the rLV group (0.893 + 0.065 versus 0.703 +
0.168, p = 0.1677299 > 0.05) (Figure 8Fc). Although the average
weight of transplanted tumors was significantly increased in the
rLV-miR-155 group compared with that in the rLV group
(02275 g + 0.02915 g versus 1.05375 g =+ 0.1207 g, p =
0.000000097 < 0.01), it was not significantly altered in the rLV-
miR-155+rLV-P21WAF1/CIP1 group compared with the rL'V group
(0.2275 g + 0.02915 g versus 0.20625 g + 0.037 g, p = 0.097268 > 0.05)
(Figures 8Ga and 8Gb). The average appearance time of transplanted
tumors was significantly decreased in the rLV-miR-155 group
compared with that in the rLV group (9 + 1.31 days versus 6.125 +
1.126 days, p = 0.00175 < 0.01). However, it was not significantly
altered in the rLV-miR-155+rLV-P21WAF1/CIP1 group compared
with the rLV group (9 + 1.31 days versus 9.625 + 1.847 days, p =
0.2684 > 0.05) (Figure 8Gc). The transplanted tumor tissues con-
tained more poorly differentiated tumor cells and fewer moderately
differentiated cells in the rLV-miR-155 group than in the rLV group;
however, there was no significant difference between the rLV-miR-
155+rLV-P21WAF1/CIP1 group and the rLV group (Figure 8H).
Although the expression of PCNA in the transplanted tumor tissues
was significantly increased in the rLV-miR-155 group compared with
that in the rLV group, there was no significant difference between the
rLV-miR-155+rLV-P21WAF1/CIP1 group and the rLV group (Fig-
ures 8Ia and 8Ib). Although the expression of PCNA in the trans-
planted tumor tissues was significantly increased in the rLV-miR-
155 group compared with that in the rLV group (42.59% + 5.49%
versus 85.23% =+ 6.598%, p = 0.00000911 < 0.01), there was no signif-
icant difference in PCNA expression between the rLV-miR-155+
rLV-P21WAF1/CIP1 group and the rLV group (42.59% =+ 5.49%
versus 40.03% =+ 2.75%, p = 0.130044 > 0.05) (Figure 8]). Collectively,
these results suggest that excessive P2IWAF1/CIP1 abrogates the
oncogenic functions of miR-155 in liver cancer.

DISCUSSION

miR-155 is a non-coding miRNA that has a certain relationship with
the promotion of tumorigenesis. In this study, we indicate that miR-
155 can promote the growth of liver cancer cells in vitro and in vivo
and that miR-155 can play a positive role in the development of liver
cancer. Moreover, we have demonstrated that miR-155 can influence
a series of gene expressions through epigenetic regulation in liver
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cancer cells (Figure 8K). So far, a novel mechanism has emerged,
particularly showing that miR-155 is associated with epigenetic mod-
ifications of histones in liver cancer.

First, our results show that miR-155 is highly expressed in human
hepatocarcinoma tissues—miR-155, especially, can promote the pro-
liferation of human hepatoma cells Hep3B in vitro and in vivo—sug-
gesting that miR-155 has a strong function of causing liver cancer. A
number of studies have reported that miR-155 can act as an acceler-
ator to promote the development of acute.” " In addition to blood
diseases, miR-155 is also closely related to the development of solid
tumors. The study found that miR-155 plays a key role in promoting
the progression of glioma and can be a prognostic factor for the sur-
vival of patients.”* These reports suggest that miR-155 is involved in
the regulation of tumor development and plays a carcinogenic role.
Therefore, our findings are consistent with these reports.

Second, we found that miR-155 can target H3F3A (also called H3.3) 3/
UTR and inhibit H3F3A translation and that miR-155 can inhibit
H3K27mel/2/3 modification and promote CDK2 phosphorylation of
p21WAF1/cipl in liver cancer. Importantly, these functions were fully
abolished after increasing the expression of H3F3A in miR-155-overex-
pressing liver cancer cells, indicating that, at least in liver cancer cells,
miR-155 acts through H3F3A. H3F3A has been shown to be a key
player in a variety of life activities.”>** Studies have shown that the
deposition of H3F3A dependent on Hira is the key to regulate cell-
fate transformation. H3F3A plays a role in protecting the identity of
parental cells in the early stage of cell reprogramming.> In addition,
H3F3A and its cleavage products promote transcriptional silencing
and cellular senescence.’® Graber et al.”” reported overexpression of
H3F3A in esophageal and lung cancer cell lines, but the function of
H3F3A in tumors has rarely been studied and remains unknown.

Notably, our results show that miR-155 alters the level of histone
modification in human liver cancer cells, including the following
mechanisms: (1) miR-155 reduces the interaction among EZH2,
SUZ12, EED, and RbAp46/48 by inhibiting H3F3A expression. (2)
miR-155 inhibits the interaction of four molecules of EZH2,
SUZ12, EED, and RbAp46/48 with histone H3. (3) miR-155-depen-
dent H3F3A inhibits the level of trimethylation modification on the
27 lysine of histone H3. (4) miR-155 affects the expression of several
genes through changes in the level of H3K27me3 in liver cancer cells,
such as CDK2. It is well known that polycomb inhibitor complex-2
(PRC2) is a class of polycomb proteins consisting of four core pro-
teins: SUZ12, EED, RbAp46/48, and EZH2.* Studies have shown
that EZH2 can only exert its methyltransferase activity when com-
bined with SUZ12, EED, and RbAp46/48.38’39 The trimethylation of
H3K27 is particularly dependent on the involvement of SUZ12.**
Thereby, the interaction of these four core components plays an
important role in the activity of the PRC2 complex and the methyl-
ation modification of PRC2-mediated H3K27me3,>* and a decrease
in the level of H3K27me3 modification leads to tumorigenesis.””*>*!
Therefore, the changes in H3K27me3 modification may be associated
with liver cancer.
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Strikingly, our results suggest that miR-155 is capable of forming a
circular structure and functions in liver cancer cells. These results
show that, on the one hand, circular miR-155 binds to cyclin E or
pCDK2 and that, on the other hand, circular pre-miR-155 containing
cyclin E and pCDK2 forms a topology (to be further proved) by an
unknown mechanism, resulting in a direct interaction between
pCDK2 and cyclin E. So far, circular RNA (circRNA) is a new class
of endogenous non-coding RNAs that are widely found in eukaryotic
gene transcriptomes.*'~*’ In addition, circRNA can also act as a cen-
tral part of protein interactions. Du et al.** have demonstrated that
circFoxo3 regulates cell-cycle progression by forming a ternary com-
plex with CDK2 and p21, but so far, there is no report on the role of
miR-155 through cyclization. The mechanism for how pre-miR-155
is cyclized and plays roles remains to be further studied.

More importantly, miR-155 relies on H3F3A and H3K27mel/2/3 to
alter the expression and function of cyclin in liver cancer cells,
including the following mechanisms: (1) miR-155 reduces the level
of methylation of histone H3K27 on the cyclin-dependent kinase
(CDK)2 promoter region, which enhances the transcription and
translation of CDK2; (2) miR-155 promotes phosphorylation of
CDK2; (3) miR-155 enhances the binding of pCDK2 to cyclin E
by cyclization and promotes the binding of pCDK2-cyclin E to the
promoter region of the CDK inhibitor p21 (also known as
P21WAF1/Cipl), inhibiting the expression of p21; and (4) excessive
p21 abolishes oncogenic functions of miR-155. It is well known that
CDK2 is regulated by cyclin E and cyclin A and is necessary for the
transition of cells from the G1 phase to the S phase."™*® Activated
CDK2 s critical for the abnormal growth of cancer cells.”” In addi-
tion, Tang et al.*® reported that WTAP can promote the prolifera-
tion of renal cancer cells by regulating the stability of CDK2
mRNA and enhancing the expression of CDK2. The CDK inhibitor
p21 (or p21WAF1/Cip1) is a well-known cell-cycle inhibitor that is
mainly associated with inhibition of CDK2,*** thereby inhibiting
tumor progression.”" Several reports indicate that p21WAF1/Cipl
inhibits tumorigenesis®> >* and other tumor effects. These reports
are consistent with our findings. Notably, when CAK for pCDK2
(Thr160) was knocked down in miR-155-overexpressing Hep3B
cells, the ability of pCDK2 or RNA Pol II to bind to the
P21WAF1/CIP1 promoter region was not significantly changed,
and the transcriptional and translational capacity of P21WAF1/
CIP1 was also not significantly changed. Thereby, miR-155 compet-
itively blocks the binding of RNA Pol II to the P21WAF1/CIP1 pro-
moter by increasing the phosphorylation of CDK2, inhibiting the
expression of P2IWAF1/CIP1 in liver cancer.

In conclusion, we need to further explore the impact of miR-155 on
the development of human liver cancer and provide a theoretical basis
for the prevention and treatment of liver cancer.

MATERIALS AND METHODS

Cell Lines and Lentivirus

Human hepatoma cell line Hep3B was obtained from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China). Lentivirus

LV-miR and rLV-miR-155 were purchased from Wu Han Viral Ther-
apy Technologies. pGFP-V-RS was purchased from Origene (Rock-
ville, MD, USA).

RT-PCR
Total RNA was purified using TRIzol (Invitrogen) according to the
manufacturer’s instructions.

RNA Sequencing Analysis
RNA sequencing analysis was performed according to the manufac-
turer’s protocol (Beijing Nuohe Zhiyuan Technology).

Co-immunoprecipitation (ColP)

The immunoprecipitates were incubated with 30 uL protein G/A-plus
agarose beads by rotation overnight at 4°C. The precipitates were
washed five times with bead wash solution. Western blotting was per-
formed with related antibodies.

Super-EMSA (Gel Shift)

Cells were washed and scraped in ice-cold PBS to prepare nuclei for
electrophoretic gel mobility shift assay (EMSA) with the use of the gel
shift assay system modified according to the manufacturer’s instruc-
tions (Promega).

Cell Proliferation CCK8 Assay
The cell proliferation was measured using the CCK8 Assay Kit ac-
cording to the manufacturer’s instructions (Boshide, Wuhan, China).

Colony-Formation Efficiency Assay
Cell colonies on the dishes were stained with crystal violet, and the
colonies were counted.

Xenograft Transplantation In Vivo

Four-week-old athymic BALB/c mice were purchased from Shi Laike
(Shanghai, China) and maintained in the Tongji animal facilities
approved by the China Association for Accreditation of Laboratory
Animal Care. The mice were observed for 4 weeks and then sacrificed
to recover the tumors.
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