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miR24-2 PromotesMalignant Progression of Human
Liver Cancer Stem Cells by Enhancing Tyrosine
Kinase Src Epigenetically
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MicroRNA24-2 (miR24-2) is associated with human tumori-
genesis; however, its molecular mechanisms are poorly under-
stood. Herein, our findings demonstrate that miR24-2 pro-
motes the proliferation ability in vitro and the tumorigenic
ability in vivo in human liver cancer stem cells (hLCSCs).
Mechanically, the miR24-2 targets for 30 UTR (2,627–2,648)
of protein arginine methyltransferase 7 (PRMT7) inhibit the
translational ability of prmt7 gene. Moreover, miR24-2 inhibits
the di-/tri-methylation of histone H4 arginine 3 by reducing
PRMT7 and then promotes the expression of Nanog via long
noncoding RNA HULC. Notably, miR24-2 inhibits histone
deacetylase HDAC3 throughmiR675, which promotes the acet-
ylation of histone H4 at lysine 16. Subsequently, miR24-2
enhances the interaction between LC3 and ATG4 dependent
on PI3K and triggers cellular autophagy. Strikingly, miR24-2
inhibits the degradation of pyruvate kinase M1 via autophago-
some-P62 in hLCSCs. Furthermore, miR24-2 enhances the
activity of Src by promoting the binding of PKM1 to the Src
promoter regions in hLCSCs. In particular, our results also
indicate that src gene determines the oncogenic functions of
miR24-2. These results provided a valuable theoretical basis
for the discovery of liver cancer therapeutic targets and diag-
nosis markers based on miR24-2.
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INTRODUCTION
It has been found that human stem cells can be differentiated intoma-
lignant stem cells in an unfavorable microenvironment.1,2 Although
most studies currently support malignant tumors that originate
from malignant transformation of stem cells, there is still controversy
about the mechanism of stem cell deterioration.3,4 At present, exten-
sive research has been conducted on the mechanism of driving stem
cell deterioration; for example, METTL3-eIF3h-mediated mRNA cir-
culation promotes stem cell deterioration, etc.5 Studies indicate that
liver cancer stem cell proliferation and differentiation are deregulated
in hepatocarcinogenesis.6,7 Therefore, targeting liver cancer stem cells
may bring hope to curing hepatocellular carcinoma.8. So far, it is not
clear at any time what causes the accumulation of liver stem cell ge-
netic errors, chromatin programming, and chromosomal instability,
and eventually evolves into malignant liver cancer stem cells.
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MicroRNA24-2 (miR24-2) is expressed in various tissues of the hu-
man body and participates in various physiological processes, e.g.,
erythropoiesis,9 lipogenesis,10 T cell senescence,11 osteoblast differen-
tiation,12 cell growth and proliferation, 13–15 cancer cell invasion, and
hepatic metastasis.16 Notably, miR24-2-5p can silence expression of
several important genes by targeting the protein arginine methyl-
transferase 7 (PRMT7).17 Another study showed that inhibition of
miR24-2 significantly altered embryonic stem cell (ESC) differentia-
tion.18 However, the functions of miR24-2 on liver cancer stem cells
are still unclear.

Furthermore, cell proliferation can be altered in response to cellular
stress or oncogenic signaling by regulating miR675.19 And HULC is
highly upregulated in hepatocellular carcinoma and is a driver of
tumor proliferation, migration, and invasion.20,21 It is worth
mentioning that PRMT7 can regulate the histone methylation modi-
fication, especially H4R3me2 and H3K4me3.22,23 Therefore, it is
worthwhile to study how miR24-2 works through miR675, HULC,
and PRMT7 in human liver cancer stem cells (hLCSCs).

In this study, it is confirmed that miR24-2 is a microRNA with
cancerous function, which is shown at least in hLCSCs. We have
also demonstrated that miR24-2 can alter several complex signaling
pathways and tumor-associated protein kinase functions in hLCSCs
by affecting histone H3/4 epigenetic modification and cellular auto-
phagy events.
RESULTS
miR24-2 Promotes the Growth of hLCSCs

To investigate the effects of miR24-2 on hLCSCs, hLCSCs were iso-
lated from hLCSC line (Figures S2A–S2D; Supplemental Results). In
the hLCSCs, the pCMV-miR and pCMV-miR24-2 were separately
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Figure 1. miR24-2 Promotes Growth of hLCSCs

(A) pCMV-miR or pCMV-miR24-2 were transfected into and the rLV-Cas9 or rLV-Cas9-miR24-2 were infected hLCSCs, respectively. Northern blotting was used to detect

the miR24-2. U6 was used as an internal reference. (B) Quantitative RT-PCR was used to detect the miR24-2. U6 was used as an internal reference. (C) Cell proliferation

ability was measured by the CCK8method. **p < 0.01, *p < 0.05. (D) The plate colony formation ability of cells. (a) Photograph of plate colonies. (b) Determination of cell plate

colony formation rate. **p < 0.01, *p < 0.05. (E) The sphere formation ability of cells. (F) hLCSCs cells were inoculated into BALB/c nudemice for 1 month. The photograph of

the dissected xenograft is shown. (G) Comparison of the size (g) of transplanted tumors in nude mice (n = 6), **p < 0.01, *p < 0.05. (H) Comparison of time (days) of

transplanted tumors in nude mice. (I) 4% formalin-fixed, paraffin-embedded nude mouse transplanted tumor tissue sections (4 mm) were subjected to the immunohisto-

chemical staining of anti-PCNA. Comparison of PCNA-positive rates. **p < 0.01, *p < 0.05.
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transfected and rLV-Cas9 and rLV-Cas9-miR24-2 were separately
infected. The GFP or Green was expressed in four stable cell lines
(pCMV-miR-hLCSCs, pCMV-miR24-2-hLCSCs, rLV-Cas9-
hLCSCs, rLV-Cas9-miR24-2-hLCSCs), respectively (Figure S2A).
In rLV-Cas9-miR24-2-hLCSCs, the 18 cases of hLCSCs stable cell
lines were analyzed and showed that #2, #3, #6, #8, #11, #14, #15,
and #16 were positive miR24-2 knockout cell lines (Figure S3).
miR24-2 and cyclic miR24-2 were significantly increased in
pCMV-miR24-2 group compared to the pCMV-miR group and
reduced in rLV-Cas9-miR24-2 group compared to the rLV-Cas9
group (Figures 1A and 1B; Figures S2B and S2C). As shown in Fig-
ure 1A, the size of mature miR24-2 is 22 bp, the size of pre-miR24-2
is 73 bp, the size of pri-miR24-2 is 238 bp. Moreover, the knockout
of miR-24-2 did not affect the expression of miR-23a and miR-27a
in LCSCs (Figures S4A and S4B). Next, the cell proliferation index
was significantly increased in pCMV-miR24-2 group compared
with the pCMV-miR group (24 h, p = 0.0056; 48 h, p = 0.0037),
and reduced in rLV-Cas9-miR24-2 group compared with the rLV-
Cas9 group (24 h, p = 0.0082; 48, p = 0.0051) (Figure 1C). The col-
ony formation rate was significantly increased in pCMV-miR24-2
compared with the pCMV-miR group (42.63% ± 3.03% versus
81.26% ± 6.61%, p = 0.009978) and reduced in the rLV-Cas9-
miR24-2 group compared to the rLV-Cas9 group (39.82% ±

5.69% versus 18.41% ± 1.36%, p = 0.00773) (Figure 1D, a and b).
The sphere formation rate was significantly increased in the
pCMV-miR24-2 group compared with the pCMV-miR group
(34.84% ± 5.23% versus 74.52% ± 6.51%, p = 0.0082) and reduced
in the rLV-Cas9-miR24-2 group compared with the rLV-Cas9
group (32.56% ± 3.79% versus 13.78% ± 2.08%, p = 0.0098) (Fig-
ure 1E). Furthermore, miR24-2 increased the bromodeoxyuridine
(BrdU)-positive rate (Figure S2D; Supplemental Results) and the
average width ratio of scratches (Figure S2E; Supplemental Results).
Moreover, the average weight of the transplanted tumors was signif-
icantly increased in the pCMV-miR24-2 group compared with the
pCMV-miR group (0.63 ± 0.09 g versus 1.315 ± 0.194 g, p =
0.0008042) and decreased in the rLV-Cas9-miR24-2 group
compared to the rLV-Cas9 group (0.598 ± 0.14 g versus 0.092 ±

0.0194 g, p = 0.000202) (Figures 1F and 1G). The average appear-
ance time of transplanted tumors was significantly reduced in the
pCMV-miR24-2 group compared with the pCMV-miR group
(9.01 ± 0.89 days versus 5.83 ± 0.75 days, p = 0.0000037) and
increased in the rLV-Cas9-miR24-2 group compared to rLV-Cas9
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group (8.83 ± 1.17 days versus 15.33 ± 1.86 days, p = 0.00094) (Fig-
ure 1H). The poorly differentiated cancer cells were increased in the
pCMV-miR24-2 group compared with the pCMV-miR group and
decreased in the rLV-Cas9-miR24-2 group compared to the rLV-
Cas9 group (Figure S2F). Furthermore, the proliferating cell nuclear
antigen (PCNA)-positive rate was significantly increased in the
pCMV-miR24-2 group compared with the pCMV-miR group
(33.88% ± 6.31% versus 63.65% ± 8.46%, p = 0.00019) and reduced
in the rLV-Cas9-miR24-2 group compared with the rLV-Cas9
group (36.56% ± 10.69% versus 76.82% ± 3.03%, p = 0.00343) (Fig-
ure 1I; Figure S2G). Moreover, the similar results were obtained in
hLCSCs infected with rLV-tet on-miR24-2, including DOX (0 mg/
mL) group, DOX (0.5 mg/mL) group, DOX (1 mg/mL) group, and
DOX (2 mg/mL) group (Figures S2H–S2L; Supplemental Results).
Collectively, these observations suggest that miR24-2 accelerates
the growth of liver cancer stem cells in vitro and in vivo.

miR24-2 Targets PRMT7

To investigate whether miR24-2 targets PRMT7 in hLCSCs, we con-
structed four stable cell lines (pCMV-miR-hLCSCs, pCMV-miR24-
2-hLCSCs, rLV-Cas9-hLCSCs, rLV-Cas9-miR24-2-hLCSCs) (Fig-
ure S5A, a and b). Bioinformatics analysis revealed that the mature
sequence of miR24-2 binds to the 30 UTR of PRMT7 mRNA (2627-
2648) via a 12-base complementary seed sequence (Figure 2A).
Compared with the pCMV-miR group, the pEZX-MT-PRMT7 30

UTR-Luc luciferase reporter gene activity was significantly reduced
in the pCMV-miR24-2 group (p = 0.00126) and increased in the
rLV-Cas9-miR24-2 group compared with the rLV-Cas9 group
(p = 0.00581) (Figure 2B). However, there was no significant change
of the pEZX-MT-PRMT7 30 UTR(mutante)-Luc reporter gene ac-
tivity among the four groups (p > 0.05) (Figure S5B). Although there
was no significant change in the transcription level of PRMT7, the
translational level of PRMT7 was significantly reduced in the
pCMV-miR24-2 group compared to the pCMV-miR group and
increased in the rLV-Cas9-miR24-2 group compared to the rLV-
Cas9 group (Figure 2C). Furthermore, the similar results were ob-
tained in hLCSCs infected with rLV-tet on-miR24-2, including
DOX (0 mg/mL) group, DOX (0.5 mg/mL) group, DOX (1 mg/mL)
group, and DOX (2 mg/mL) group (Figures S5C–S5G; Supplemental
Results). Taken together, these results suggest that miR24-2 targets
PRMT7 30 UTR and inhibits the expression of the PRMT7 in
hLCSCs.

miR24-2 Enhances the Expression of Nanog

Given that miR24-2 inhibits the expression of PRMT7, we consider
whether miR24-2 reduces H4R3 methylation modification in
hLCSCs. The interaction between histone H4 and PRMT7 was atten-
uated in the pCMV-miR24-2 group compared with the pCMV-miR
group and enhanced in the rLV-Cas9-miR24-2 group compared
with the rLV-Cas9 group (Figure 2D). The modification of
H4R3me2 or H4R3me3 was significantly reduced in the pCMV-
miR24-2 group compared with the pCMV-miR group and increased
the rLV-Cas9-miR24-2 group compared with the rLV-Cas9 group.
However, the modification of H4R3me was not significantly changed
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in these groups (Figure 2E). Moreover, the modification of H4R3me2
or H4R3me3 was significantly not altered in the pCMV-miR24-2-
+pcDNA3-PRMT7 group compared to pCMV-miR group (Fig-
ure 2F). Furthermore, the modification of dimethylation and trime-
thylation of arginine-3 of histone H4 on the long noncoding RNA
HULC promoter region was significantly reduced in the pCMV-
miR24-2 group compared with the pCMV-miR group and increased
in the rLV-Cas9-miR24-2 group compared with the rLV-Cas9 group
(Figure 2G). Notably, miR24-2 affects the modification of trimethyla-
tion of arginine-3 of histone H4 on the HULC promoter region spe-
cifically (Figure S6; Supplemental Results). Furthermore, the pGL4-
HULC-Luc luciferase reporter activity was significantly increased in
the pCMV-miR24-2 group compared with the pCMV-miR group
(p = 0.00183) and reduced in the rLV-Cas9-miR24-2 group compared
to the rLV-Cas9 group (p = 0.00447) (Figure 2H). Therefore, the
HULC was significantly increased in the pCMV-miR24-2 group
compared to the pCMV-miR group and reduced in the rLV-Cas9-
miR24-2 group compared to the rLV-Cas9 group (Figure 2I).
However, the HULC was significantly not altered in the pCMV-
miR24-2+pcDNA3-PRMT7 group compared to pCMV-miR group
(Figure 2J). In particular, the binding ability of KLF4, C-myc, and
Epcam to HULC was significantly enhanced in the pCMV-miR24-2
group compared with the pCMV-miR group and weakened in the
rLV-Cas9-miR24-2 group compared with the rLV-Cas9 group (Fig-
ure 3A). Moreover, the binding ability of Ecamp to C-myc, C-myc
to Epcam, and KLF4 to C-myc was significantly enhanced in the
pCMV-miR24-2 group compared with the pCMV-miR group and
weakened in the rLV-Cas9-miR24-2 group compared with the rLV-
Cas9 group, respectively (Figure 3B). However, the binding ability
of Ecamp to C-myc, C-myc to Epcam, and KLF4 to C-myc was signif-
icantly not altered in the pCMV-miR24-2+pGFP-V-RS-HULC group
compared with the pCMV-miR group (Figure 3C). Thereby, the bind-
ing ability of C-myc, Epcam, and KLF4 to the Nanog promoter was
significantly enhanced in the pCMV-miR24-2 group compared
with the pCMV-miR group and weakened the rLV-Cas9-miR24-2
group compared with the rLV-Cas9 (Figure 3D). However, there
was no significant change in the binding ability of C-myc, Epcam,
and KLF4 to the Nanog promoter in the pCMV-miR24-2+pGFP-
V-RS-HULC group compared to the pCMV-miR group, respectively
(Figure 3E). Furthermore, the pEZX-MT-Nanog-Luc luciferase re-
porter gene activity was significantly enhanced in the pCMV-
miR24-2 group compared to the pCMV-miR group (p < 0.01) and
reduced in the rLV-Cas9-miR24-2 group compared to the rLV-
Cas9 group (p < 0.01) (Figure 3F). However, there was no significant
difference between the pCMV-miR24-2+pGFP-V-RS-HULC group
and the pCMV-miR group (8,938.45 ± 1,261.59 versus 8,444.96 ±

1,055.63, p > 0.05) (Figure 3G). Ultimately, the expression of Nanog
was significantly increased in the pCMV-miR24-2 group compared to
the pCMV-miR group and reduced in the rLV-Cas9-miR24-2 group
compared to the rLV-Cas9 group (Figure 3H). However, there was no
significant difference between the pCMV-miR24-2+pGFP-V-RS-
HULC group and the pCMV-miR group (Figure 3I). Collectively,
these results suggest that miR24-2 enhances the expression of Nanog
in hLCSCs.



Figure 2. miR24-2 Targets PRMT7 and Inhibits HULC in hLCSCs

(A) Bioinformatics method to analyze binding seed sequences of mature miR24-2 to PRMT7 mRNA 30 UTR. (B) The cells were tested for pEZX-MT-PRMT7 30 UTR-Luc dual
luciferase reporter gene activity. **p < 0.01, *p < 0.05. (C) The PRMT7was detected by RT-PCR andwestern blotting. b-actin was used as an internal reference gene. (D) CoIP

with anti-PRMT7 was performed and the precipitate was analyzed by western blotting with anti-histone H4. Immunoglobulin G (IgG) coIP was used as a negative control and

western blotting anti-PRMT7was subjected to as INPUT. (E) Western blotting using anti-H4R3me, anti-H4R3me2, and anti-H4R3me3 was performed, and b-actin was used

as an internal reference gene. (F) Western blotting using anti-H4R3me, anti-H4R3me2, and anti-H4R3me3 was performed, and b-actin was used as an internal reference

gene. (G) ChIP using anti-H4R3me, anti-H4R3me2, and anti-H4R3me3. PCR amplification was carried out using primers designed according to the HULC promoter. IgG

ChIP was used as a negative control and the product amplified by the primer designed by the HULC promoter was used as an internal reference (INPUT). (H) The pGL4-

HULC-Luc luciferase reporter gene activity wasmeasured. **p < 0.01, *p < 0.05. (I) HULCwas analyzed by RT-PCR. (J) HULCwas analyzed by RT-PCR. b-actin was used as

an internal reference gene.
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miR24-2 Promotes the Expression andMaturation of miR675 via

Nanog

To analyze whether miR24-2 affects the binding ability of Nanog to
the miR675 precursor promoter, we first analyzed this binding ability
of Nanog to the miR675 promoter cis element using a super-gel
migration assay. The binding ability of Nanog to the pri-miR675 pro-
moter cis-element probe was significantly enhanced in the pCMV-
miR24-2 group compared with the pCMV-miR group and reduced
the rLV-Cas9-miR24-2 group compared with the rLV-Cas9 group
(Figure 4A, a and b). Moreover, the binding ability of Nanog to pri-
miR675 promoter was significantly enhanced in the pCMV-miR24-
2 group compared with the pCMV-miR group and attenuated in
rLV-Cas9-miR24-2 group compared with the rLV-Cas9 group (Fig-
ure 4B). However, there was no significant change between the
pCMV-miR24-2+pGFP-V-RS-HULC group and the pCMV-miR
group (Figure 4C). Furthermore, the pri-miR675 promoter
luciferase reporter gene activity was significantly increased in
the pCMV-miR24-2 group compared with the pCMV-miR group
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Figure 3. miR24-2 Promotes the Expression of Nanog in Human Liver Stem Cells

(A) The RIP using anti-KLF7, anti-C-myc, anti-Epcam. The HULC sequence was designed to amplify the HULC by RT-PCR. IgG RNA immunoprecipitation (RIP) was used as

a negative control. (B) Immunoprecipitation using anti-C-myc, anti-Epcam, and anti-KLF4, respectively. (C) The coIP with anti-C-myc, anti-Epcam, and anti-KLF4,

respectively. (D) ChIP using anti-C-myc, anti-Epcam, and anti-KLF4. IgG ChIP was used as a negative control. (E) The ChIP using anti-C-myc, anti-Epcam, and anti-KLF4. (F)

The pEZX-MT-Nanog-Luc luciferase reporter gene activity was assayed. (G) The pEZX-MT-Nanog-Luc luciferase reporter gene activity was detected. **p < 0.01, *p < 0.05.

(H) The Nanog was analyzed by RT-PCR and western blot. b-actin was used as an internal reference gene. (I) The Nanog was analyzed by RT-PCR and western blotting.

b-actin was used as an internal reference gene.
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(p = 0.0009519) and reduced in the rLV-Cas9-miR24-2 group
compared to the rLV-Cas9 group (p = 0.007702) (Figure 4D). How-
ever, there was no significant change between the pCMV-miR24-
2+pGFP-V-RS-HULC group compared to the pCMV-miR group
(p = 0.400512 > 0.05) (Figure 4E). Therefore, the pri-miR675, pre-
miR675, and mature miR675 were significantly increased in the
pCMV6-miR24-2 group compared with the pCMV-miR group and
reduced in the rLV-Cas9-miR24-2 group compared to the rLV-
Cas9 group (Figure 4F, a and b). However, there was no significant
change between pCMV-miR24-2+pGFP-V-RS-HULC group and
the pCMV-miR group (Figure 4G, a and b). Moreover, in hLCSCs in-
fected with rLV-tet on-miR24-2, the transcriptional activity of pri-
miR675 was significantly increased with increasing DOX concentra-
tion (Figures 4H and 4I; Figures S7A–S7G; Supplemental Results).
Furthermore, the binding ability of Drosha pol III, DGCR8, and
Exportin5 to pri-miR675 was significantly increased (Figures 4J and
4K) and pri-miR675, pre-miR675, and mature miR675 were signifi-
cantly increased with increasing DOX concentration (Figure 4L, a
and b). Collectively, these results suggest that miR24-2 increases
miR675 through Nanog hLCSCs.
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miR24-2 Enhances Acetylation on H4K16 and Inhibits

Methylation on H4K20

Given that miR675 targets HDAC3 30 UTR and and inhibits expres-
sion of the HDAC3 gene in hLCSCs (Figures S8A–S8F; Supplemental
Results), we consider whether miR24-2 promotes acetylation of the
16th lysine of histone H4 and inhibits methylation of the 20th lysine
of histone H4 via miR675. The expression of HDAC3 was signifi-
cantly reduced in the pCMV6-miR24-2 group compared to the
pCMV-miR group and increased in the rLV-Cas9-miR24-2 group
compared to the rLV-Cas9 group (Figure 5A). However, there was
no significant change between the pCMV-miR24-2+miR675 inhibi-
tor group compared to the pCMV-miR group (Figure 5B). The
expression of HDAC3 was significantly reduced as the concentration
of increased DOX in the DOX (0 mg/mL) group, DOX (0.5 mg/mL)
group, DOX (1 mg/mL) group, DOX (1.5 mg/mL) group, and DOX
(2 mg/mL) group (Figure 5C). However, there was no significant
change as the increasing DOX concentration among the hLCSCs of
DOX (0 mg/mL)/miR675 inhibitor group, DOX (1 mg/mL)/miR675
inhibitor group, and DOX (2 mg/mL)/miR675 inhibitor group (Fig-
ure 5D). Furthermore, the interaction of histone H4 with HDAC3



Figure 4. miR24-2 Promotes Expression and Maturation of miR675

(A) (a) Super-DNA-protein complex gel migration assay using biotin-labeled pri-miR675 promoter cis-element probe and anti-Nanog, anti-Biotin. IgG super-EMSA was used

as a negative control. (b) Grayscale scan analysis of positive bands. (B) The ChIP using anti-Nanog. The PCR amplification was carried out using a primer designed according

to the pri-miR675 promoter. (C) The ChIP using anti-Nanog. (D) The pEZX-MT-pri-miR675-Luc luciferase reporter activity was assayed. **p < 0.01, *p < 0.05. (E) The pEZX-

MT-pri-miR675-Luc luciferase reporter gene activity was detected. (F) (a) Northern blotting was used to detect the miR675. U6 was used as an internal reference gene. (b)

Quantitative RT-PCR analysis. (G) (a) Northern blotting was used to detect the miR675. U6 was used as an internal reference gene. (b) Quantitative RT-PCR. (H) The pri-

miR675 was analyzed by RT-PCR. b-actin is used as an internal reference. (I) The miR675 was analyzed by dot blotting. U6 is used as an internal reference. (J) RIP with anti-

Drosha pol III and anti-DGCR8 was performed. IgG RNA immunoprecipitation was used as a negative control. (K) RNA pulldown was performed. Biotin was used as INPUT

and histone H3 was as an internal reference. (L) (a) miR675 was detected by Northern blotting. U6 serves as an internal reference gene. (b) Detection of miR675 by

quantitative RT-PCR. U6 was used as an internal reference gene. **p < 0.01, *p < 0.05.

www.moleculartherapy.org
was significantly attenuated in the pCMV-miR24-2 group compared
to the pCMV-miR group and enhanced in the rLV-Cas9-miR24-2
group compared to the rLV-Cas9 group (Figure 5E). In stable hLCSCs
infected with rLV-tet on-miR24-2, the interaction between histone
H4 and HDAC3 was significantly reduced with increasing DOX con-
centration (Figure 5F). The level of H4K16Ac was significantly
increased in the pCMV6-miR24-2 group compared to the pCMV-
miR group and reduced in the rLV-Cas9-miR24-2 group compared
to the rLV-Cas9 group (Figure 5G). However, there was no significant
change of H4K16Ac between the pCMV6-miR24-2+miR675 inhibi-
tor group and pCMV-miR group (Figure 5H). The H4K16Ac was
significantly increased with increasing DOX concentration in DOX
(0 mg/mL) group, DOX (0.5 mg/mL) group, DOX (0.8 mg/mL) group,
DOX (1.2 mg/mL) group, DOX (1.5 mg/mL) group, and DOX (2 mg/
mL) group (Figure 5I). However, H4K16Ac did not change signifi-
cantly with increasing DOX concentration among DOX (0 mg/mL)/
miR675 inhibitor group, DOX (1 mg/mL)/miR675 inhibitor group,
and DOX (2 mg/mL)/miR675 inhibitor group (Figure 5J). Further-
more, the level of H4K16Ac was significantly increased and the levels
of HDAC3, H4K20me1/2/3, and H3K79me3 H3K79me3 were signif-
icantly decreased in the pCMV-miR24-2 group compared with the
pCMV-miR group. However, there was no significant change be-
tween pCMV-miR24-2+pcDNA3-HDAC3 group and the pCMV-
miR group (Figure 5K). However, HDAC3, H4K16Ac, H4K20me1/
2/3, and H3K79me3 H3K79me3 did not significantly change with
increasing DOX concentration in the DOX (0 mg/mL)/pcDNA3-
HDAC3 group, the DOX (1 mg/mL)/pcDNA3-HDAC3 group, and
the DOX (2 mg/mL)/pcDNA3-HDAC3 group (Figure 5L).
Collectively, these results suggest that miR24-2 promotes acetylation
on the 16th lysine of histone H4 and inhibits methylation on the 20th

lysine of histone H4 by miR675-HDAC3.

miR24-2 Enhances the Expression of Phosphatidylinositol 3-

Kinase

To analyze whether miR24-2 affects the modification of histone
H4K16Ac and H4K20me2 on the phosphatidylinositol 3-kinase
(PI3K) promoter region, we first performed chromatin immunopre-
cipitation (ChIP) analysis in hLCSCs. The modification of H4K16Ac
Molecular Therapy Vol. 28 No 2 February 2020 577
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Figure 5. miR24-2 Promotes Acetylation of the 16th Lysine of Histone H4 and Inhibits Methylation of the 20th Lysine of Histone H4 in hLCSCs

(A) HDAC3 was detected by western blotting. b-actin was used as an internal reference gene. (B) HDAC3 was detected by western blotting. (C) HDAC3 was detected by

western blotting. b-actin was used as an internal reference gene. (D) The HDAC3was detected by western blotting. b-actin is used as an internal reference gene. (E) CoIP was

performed using anti-HDAC3. IgG coIP was used as a negative control. (F) CoIP was performed using anti-HDAC3. (G)Western blotting was used to detect the H4K16Ac. (H)

The H4K16Ac was detected by western blotting. (I) The H4K16Ac was detected by western blotting. Histone H4 serves as an internal reference gene. (J) The H4K16Ac was

detected by western blotting. (K) Western blotting was used to detect HDAC3, H4K16Ac, H4K20me1/2/3, and H3K79me3 H3K79me3. (L) Western blotting was used to

detect HDAC3, H4K16Ac, H4K20me1/2/3, and H3K79me3 H3K79me3. Histone H4 was used as an internal reference gene.
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in the PI3K promoter region was significantly increased in the
pCMV-miR24-2 group compared with the pCMV-miR group and
reduced in the rLV-Cas9-miR24-2 group compared with the rLV-
Cas9 group, and the modification of H4K20me2 in the PI3K pro-
moter region was significantly decreased in the pCMV-miR24-2
group compared with the pCMV-miR group and increased in the
rLV-Cas9-miR24-2 group compared with the rLV-Cas9 group (Fig-
ure 6A). In hLCSCs infected with rLV-tet on-miR24-2, the modifica-
tion of H4K16Ac in the PI3K promoter region was significantly
increased and the modification of H4K20me2 in the PI3K promoter
region was significantly decreased with increasing DOX concentra-
tion (Figure S9A). The pGL4-PI3K-Luc luciferase reporter gene activ-
ity was significantly increased in the pCMV-miR24-2 group
compared with the pCMV-miR group (p = 0.00195) and reduced in
the rLV-Cas9-miR24-2 group compared to the rLV-Cas9 group
(p = 0.0052453) (Figure 6B). The PI3K luciferase reporter gene activ-
ity was increased with increasing DOX concentration in the DOX
(0 mg/mL) group, the DOX (0.5 mg/mL) group, DOX (1.0 mg/mL)
group, DOX (1.5 mg/mL) group, and DOX (2 mg/mL) group
(p < 0.01) (Figure S9B). The PI3K expression was significantly
increased in the pCMV-miR24-2 group compared to the pCMV-
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miR group and reduced in the rLV-Cas9-miR24-2 group compared
to the rLV-Cas9 group (Figures 6C and 6D). And the expression of
PI3K was significantly increased as the increasing DOX concentration
In DOX (0 mg/mL) group, DOX (0.5 mg/mL) group, DOX (0.8 mg/mL)
group, DOX (1.2 mg/mL) group, DOX (1.5 mg/mL) group, and DOX
(2 mg/mL) group (Figures S9C and S9D). Furthermore, the binding
ability of H3K20me2 to the PI3K promoter cis-element probe was
significantly reduced with increasing DOX concentration in hLCSCs
infected with rLV-tet on-miR24-2. However, the binding ability of
H3K20me2 to the PI3K promoter cis-element probe did not signifi-
cantly change with increasing DOX concentration among rLV-tet
on-miR24-2/DOX (0 mg/mL) +pcDNA3-HDAC3 group, rLV-tet
on-miR24-2/DOX (1 mg/mL) +pcDNA3-HDAC3 group, and rLV-
tet on-miR24-2+pcDNA3-HDAC3/DOX (2 mg/mL) group (Fig-
ure S10A, a and b). Moreover, the binding capacity of RNA polII to
PI3K promoter cis-element probes was significantly increased with
increasing DOX concentration. However, the binding ability of
RNA polII to the PI3K promoter cis-element probe did not signifi-
cantly change with increasing DOX concentration in rLV-tet
on-miR24-2/DOX (0 mg/mL) +pcDNA3-HDAC3 group, rLV-tet
on-miR24-2/DOX (1 mg/mL) +pcDNA3-HDAC3 group, and rLV-tet



Figure 6. miR24-2 Enhances PI3K and Affects Autophagy in hLCSCs

(A) The ChIP using anti-H4K6Ac and anti-H4K20me2. IgG ChIP was used as a negative control. (B) The pGL4-PI3K-Luc luciferase reporter gene activity was tested. (C) RT-PCR

was performed using PI3K primers. (D) Western blotting using anti-PI3K. b-actin was used as an internal reference gene. (E) The pGL4-PI3K-Luc luciferase reporter gene activity

was detected. **p < 0.01, *p < 0.05. (F) The RT-PCR was performed. (G) The total protein was subjected to western blotting using anti-PI3K. b-actin was used as an internal

reference gene. (H) The coIP with anti-LC3. IgG coIP was used as a negative control. (I) Western blotting using anti-LC3. b-actin as an internal reference gene. (J) The coIP with

anti-ATG3. (K) Western blotting using anti-Beclin1. b-actin as an internal reference gene. (L) The infection of adenovirus rAd-Cherry-GFP-LC3 canmonitor the autophagy through

fluorescence microscopy directly. The occurrence of autophagy was observed (red marker Cherry-LC3). Comparison of the incidence of autophagy. **p < 0.01, *p < 0.05.
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on-miR24-2/DOX (2 mg/mL)+pcDNA3-HDAC3 group (Figure S10B,
a and b). The pGL4-PI3K-Luc luciferase reporter gene activity was
significantly increased in the pCMV-miR24-2 group compared with
the pCMV-miR group (p = 0.004232). However, there was no signif-
icant difference between the pCMV-miR24-2+pcDNA3-HDAC3
group (p = 0.223619) (Figure 6E). The PI3K promoter luciferase re-
porter gene activity was significantly increased with increasing
DOX concentration among rLV-tet on-miR24-2/DOX (0 mg/mL)
group, rLV-tet on-miR24-2/DOX (1 mg/mL) group, and rLV-tet
on-miR24-2/DOX (2 mg/mL) group (p < 0.01). However, the PI3K
promoter luciferase reporter gene activity did not change significantly
with increasing DOX concentration in rLV-tet on-miR24-2/DOX
(0 mg/mL) +pcDNA3-HDAC3 group, rLV-tet on-miR24-2/DOX
(1 mg/mL) +pcDNA3-HDAC3 group, rLV-tet on-miR24-2/DOX
(2 mg/mL) +pcDNA3-HDAC3 group (p > 0.05) (Figure S10C).
Moreover, the expression of PI3K transcriptional capacity was signif-
icantly increased in the pCMV6-miR24-2 group compared to the
pCMV-miR group. However, there was no significant change be-
tween the pCMV-miR24-2+pcDNA3-HDAC3 group and the
pCMV-miR group (Figures 6F and 6G). The expression of PI3K
was significantly increased in the DOX (2 mg/mL) group compared
to the DOX (0 mg/mL) group. However, there was no significant
change between the rLV-tet on-miR24-2/DOX (2 mg/mL)
+pcDNA3-HDAC3 group and the rLV-tet on-miR24-2/DOX
(0 mg/mL) (Figures S9E and S9F). The expression of PI3K/
H4K16Ac was significantly increased and H3K20me2/KAT8 was
significantly decreased, and SET8 did not significantly change in
the pCMV-miR24-2 group compared with the pCMV-miR group.
However, there was no significant change between the pCMV-
miR24-2+pGFP-V-RS-KAT8 group or the pCMV-miR24-2-
+pcDNA3-SET8 group compared with the pCMV-miR group (Fig-
ures S10D and S10F). The expression of PI3K/H4K16Ac was
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significantly increased and H3K20me2/KAT8 was significantly
decreased and SET8 did not change in the DOX (2 mg/mL) group
compared with the DOX (0 mg/mL) group. However, there was no
significant change in rLV-tet on-miR24-2/DOX (2 mg/mL) +pGFP-
V-RS-KAT8 or rLV-tet on-miR24-2/DOX (2 mg/mL) +pcDNA3-
SET8 group compared with the rLV-tet on-miR24-2/DOX (0 mg/
mL) group (Figures S10E and S10G). Collectively, these results sug-
gest that miR24-2 promotes expression of PI3K via HDAC3-
H4K16Ac -H4K20me2 in hLCSCs.

miR24-2 Promotes Cellular Autophagy Dependent on PI3K

Given that miR24-2 promotes the expression of PI3K and that PI3K
can cause cellular autophagy in several cells, we consider whether
miR24-2 promotes autophagy of hLCSCs. First, the interaction be-
tween the autophagy structural protein LC3 and the LC3 cleavage
protein ATG4 was enhanced in the pCMV-miR24-2 group
compared to the pCMV-miR group and weakened in rLV-Cas9-
miR24-2 group compared to the rLV-Cas9 group (Figure 6H). In
the hLCSCs infected with rLV-tet on-miR24-2, the interaction of
LC3 with ATG4 was significantly increased as the increasing con-
centration of DOX (Figure S9G). The expression of LC3I and
LC3II was significantly increased in the pCMV-miR24-2 group
compared to the pCMV-miR group and reduced in the rLV-Cas9-
miR24-2 group to the rLV-Cas9 group (Figure 6I). Moreover, the
expression of LC3I and LC3II increased significantly as the DOX
concentration increased in DOX (0 mg/mL) group, DOX (0.5 mg/
mL) group, DOX (0.8 mg/mL) group, DOX (1.2 mg/mL) group,
DOX (1.5 mg/mL) group, and DOX (2 mg/mL) group (Figure S9H).
And the interaction between the LC3 and ATG3 was enhanced in
the pCMV-miR24-2 group compared to the pCMV-miR group
and significantly attenuated in the rLV-Cas9-miR24-2 group
compared to the rLV-Cas9 group (Figure 6J). Moreover, the interac-
tion of LC3 with ATG3 was significantly increased with the
increasing concentration of DOX in DOX (0 mg/mL) group, DOX
(0.5 mg/mL) group, and DOX (1 mg/mL) group, DOX (2 mg/mL)
group (Figure S9I). The expression of the autophagy marker protein
Beclin1 was significantly increased in the pCMV-miR24-2 group
compared to the pCMV-miR group and significantly reduced in
the rLV-Cas9-miR24-2 group compared to the rLV-Cas9 group
(Figure 6K). The expression of Beclin1 was significantly increased
with increasing DOX concentration significantly (Figure S9J). The
incidence of autophagy was significantly increased in the pCMV-
miR24-2 group compared with the pCMV-miR group (24.85% ±

3.01% versus 49.04% ± 6.59%, p = 0.00762688) and reduced in the
rLV-Cas9-miR24-2 group compared with the rLV-Cas9 group
(21.3% ± 2.06% versus 10.47% ± 2.46%, p = 0.0223) (Figure 6L; Fig-
ure S9K, b). Furthermore, the incidence rate of autophagy was
significantly increased with increasing DOX concentration in
the DOX (0 mg/mL) group, DOX (0.5 mg/mL) group, DOX
(1.5 mg/mL) group, and DOX (2 mg/mL) (p < 0.01 or p < 0.05) (Fig-
ure S9L, a and b). Moreover, PI3K knockdown abrogates these
actions of miR24-2 for autophagy (Figures S11A–S11I; Supple-
mental Results). Collectively, these results suggest that miR24-2
promotes autophagy dependent on PI3K in hLCSCs.
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miR24-2 Promotes the Expression of PKM1 Dependent on

Cellular Autophagy

In order to investigate the role of miR24-2-dependent autophagy in
affecting the expression of PKM1, we first explored whether miR24-2
can enhance the interaction between PKM1 and autophagosome func-
tional proteins in LCSCs. The interaction of PKM1 with the LC3I/II or
the autophagy functional protein P62 was enhanced in the pCMV-
miR24-2 group compared with the pCMV-miR group and attenuated
in the rLV-Cas9-miR24-2 group compared to the rLV-Cas9 group
(Figure 7A). The interaction between PKM1 and LC3I/II, and PKM1
and protein P62 were significantly enhancedwith increasingDOX con-
centration in DOX (0 mg/mL) group, DOX (0.5 mg/mL) group, DOX
(1 mg/mL) group, DOX (1.5 mg/mL) group, and DOX (2 mg/mL) group
(Figure 7B). The expression of PKM1 was significantly increased in the
pCMV-miR24-2 group compared to the pCMV-miR group and
reduced in the rLV-Cas9-miR24-2 group compared to the rLV-Cas9
group (Figure 7C).Moreover, the expression of PKM1was significantly
increased as the DOX concentration increased in the DOX (0 mg/mL)
group, DOX (0.5 mg/mL) group, DOX (0.8 mg/mL) group, DOX
(1.2 mg/mL) group, DOX (1.5 mg/mL) group, and DOX (2 mg/mL)
group (Figure 7D). The expression of PKM1was significantly increased
in the pCMV-miR24-2 group compared to the pCMV-miR group.
However, there was no significant change between the pCMV-
miR24-2+3-MA group and the pCMV-miR group (Figure 7E). The
expression of PKM1 was significantly increased in the DOX (2 mg/
mL) treated group compared to the DOX (0 mg/mL) group. However,
there was no significant change between the rLV-tet on-miR24-2/DOX
(2 mg/mL) +3-MA group and the DOX (0 mg/mL) group (Figure 7F).
Collectively, these results suggest that miR24-2 enhances the expres-
sion of PKM1 dependent on autophagy in hLCSCs.

miR24-2 Enhances the Expression of Tyrosine Protein Kinase

Sarcoma Gene Src by Enhancing PKM1

To analyze whether miR24-2 affects the expression of the tyrosine pro-
tein kinase sarcoma gene Src through PKM1, we performed a series of
assays in LCSCs. The binding ability of PKM1 to Src promoter was
significantly increased in the pCMV-miR24-2 group compared with
the pCMV-miR group and reduced in the rLV-Cas9-miR24-2 group
compared with the rLV-Cas9 group (Figure 7G). The binding ability
of PKM1 and RNA polII to the Src promoter-enhancer loop were
significantly increased in the pCMV-miR24-2 group compared with
the pCMV-miR group and reduced in the rLV-Cas9-miR24-2 group
compared with the rLV-Cas9 group (Figure 7H). Furthermore, the
binding ability of PKM1 to Src promoter was significantly increased
with the increasing DOX concentration (Figure 7I). The binding ability
of PKM1, RNApolII, and Src promoter-enhancer loop was significantly
increased with increasing DOX concentration in the DOX (0 mg/mL)
group, the DOX (1 mg/mL) group, and the DOX (2 mg/mL) group (Fig-
ure 7J). The pGL4-Src-Luc luciferase reporter gene activity was signif-
icantly increased in the pCMV-miR24-2 group compared with the
pCMV-miR group (p = 0.004693) and reduced in the rLV-Cas9-
miR24-2 group compared to the rLV-Cas9 group (p = 0.0061157) (Fig-
ure 7K). The Src promoter luciferase reporter gene activity was
increased with increasing DOX concentration (p < 0.01) (Figure 7L).



Figure 7. miR24-2 Promotes the Expression of the Tyrosine Protein Kinase Sarcoma Gene Src by Enhancing PKM1 in hLCSCs

(A) The coIP with anti-PKM1 was performed and the precipitates were analyzed by western blotting with anti-LC3 or anti-P62. IgG coIP was used as a negative control. (B)

The coIP with anti-PKM1. (C) Western blotting using anti-PKM1. (D) Western blotting with anti-PKM1was performed. b-actin as an internal reference gene. (E) The total

protein was subjected to western blotting using anti-PKM1. (F) Western blotting was performed using anti-PKM1. b-actin was used as an internal reference gene. (G) ChIP

was performed using anti-PKM1. IgG ChIP was used as a negative control. (H) The binding ability of PKM1 to the Src promoter-enhancer loop was analyzed by chromosomal

conformation capture (3C)-ChIP. IgG ChIP-3C was used as a negative control and the products amplified by independent primers designed by Src promoter and enhancer

were used as internal reference (INPUT). (I) ChIP was performed. (J) 3C-ChIP was performed. (K) The pGL4-Src-Luc luciferase reporter activity was detected. (L) The pGL4-

Src-Luc luciferase reporter gene activity was detected. (M) RT-PCR was used to detect Src. b-actin was used as an internal reference gene. (N) RT-PCR was used to detect

Src. b-actin was used as an internal reference gene. (O) Western blotting was performed using anti-Src. (P) Western blotting was performed using anti-Src. (Q) RT-PCR was

used to detect Src. (R) RT-PCR was used to detect Src. b-actin was used as an internal reference gene. (S) Western blotting was performed using anti-Src. (T) Western

blotting was performed using anti-Src. b-actin was used as an internal reference gene.
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Therefore, the expression of Src was significantly increased in the
pCMV-miR24-2 group compared to the pCMV-miR group and
reduced in the rLV-Cas9-miR24-2 group compared to the rLV-Cas9
group (Figures 7M and 7O). Moreover, the expression of Src was
increased significantly as the increasing concentration of DOX in
DOX (0 mg/mL) group, DOX (0.5 mg/mL) group, DOX (0.8 mg/mL)
group, DOX (1.2 mg/mL) group, DOX (1.5 mg/mL) group, and DOX
(2 mg/mL) group (Figures 7N and 7P). Moreover, the expression of
Src was significantly increased in the pCMV-miR24-2 groups
compared to the pCMV-miR group. However, there was no significant
change between the pCMV-miR24-2+pGFP-V-RS-PKM1 group and
pCMV-miR (Figures 7Q and 7S). Although the expression of Src was
significantly increased in the DOX (2 mg/mL) group compared to the
DOX (0 mg/mL) group, there was no significant change between the
rLV-tet on-miR24-2/DOX (2 mg/mL) +pGFP-V-RS-PKM1 group
compared to the DOX (0 mg/mL) group (Figures 7R and 7T).
Collectively, these observations suggest that miR24-2 promotes the
expression of Src through enhancing PKM1 in hLCSCs.

The Oncogenic Functions of miR24-2 Were Regulated by Src in

Liver Cancer Stem Cells

To investigate whether the Src plays an important role in the malig-
nant growth of hLCSCs triggered by miR24-2, hLCSCs were trans-
fected with pCMV-miR, pCMV-miR24-2, and pCMV-miR24-
2+pGFP-V-RS-Src, respectively. The excessive miR24-2 was pro-
duced in the pCMV-miR24-2 group and the pCMV-miR24-
2+pGFP-V-RS-Src group (Figures 8A and 8B). And the expression
of Src was significantly increased in the pCMV-miR24-2 group
compared with the pCMV-miR group and reduced in the pCMV-
miR24-2+pGFP-V-RS-Src group (Figure 8C). The proliferation abil-
ity of hLCSCwas significantly increased in the pCMV-miR24-2 group
compared with the pCMV-miR group (p < 0.01); however, there was
no significant change between the pCMV-miR24-2+pGFP-V-RS-Src
group and pCMV-miR group (p > 0.05) (Figure 8D). The BrdU-pos-
itive rate was significantly increased in the pCMV-miR24-2 group
compared with the pCMV-miR group (34.91% ± 3.86% versus
70.15% ± 12.11%, p = 0.0089263). However, there was no significant
change between the pCMV-miR24-2+pGFP-V-RS-Src group and
pCMV-miR group (34.91% ± 3.86% versus 31.08% ± 2.503%,
p = 0.3234176) (Figure 8E). The colony formation rate was signifi-
cantly increased in the pCMV-miR24-2 group compared with the
pCMV-miR group (37.24% ± 3.22% versus 37.24% ± 3.22%,
p = 0.0080199). However, there was no significant change between
the pCMV-miR24-2+pGFP-V-RS-Src group and pCMV-miR
group (37.24% ± 3.22% versus 31.63% ± 8.72%, p = 0.109668) (Fig-
ure 8F). The sphere formation rate was significantly increased in
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Figure 8. Src Affects miR24-2-Induced Malignant Growth of hLCSCs

(A) The miR24-2 was detected by northern blot. U6 was used as an internal reference gene. (B) The miR24-2 was detected by RT-PCR. (C) Western blotting was used to

detect the Src. b-actin as an internal reference gene. (D) The cell proliferation ability was determined by the CCK8 method. (E) Determination of the S phase percentage of

hLCSCs cells by BrdU staining. (F) Determination of plate colony forming ability of cells. (a) Photograph of plate colonies. (b) The analysis of cell plate colony formation rate. (G)

The assay of cell sphere formation ability. (H) The hLCSCswere inoculated into the BALB/c nudemice for 1month. Photography of xenografts. (I) Comparison of the size (g) of

transplanted tumors in nudemice (n = 6). **p < 0.01,*p < 0.05. (J) The comparison of appearance time (days) of transplanted tumors in nudemice (n = 6). **p < 0.01, *p < 0.05.

(K) RT-PCR was used to detect HULC, and western blotting was used to detect the expression of Src, PRMT7, C-myc, Nanog, Beclin1, H4K16Ac, and PKM1. b-actin was

used as an internal reference gene. (L) The cell proliferation ability was determined by the CCK8 method. (M) The analysis of cell plate colony formation rate. (N) The assay of

cell sphere formation ability. **p < 0.01, *p < 0.05.
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the pCMV-miR24-2 group compared with the pCMV-miR group
(24.68% ± 2.68% versus 51.41% ± 5.31%, p = 0.00998). However,
there was no significant change between the pCMV-miR24-
2+pGFP-V-RS-Src group and pCMV-miR group (24.68% ± 2.68%
versus 20.31% ± 4.23%, p = 0.0515) (Figure 8G). Although the average
weight of transplanted tumors was significantly increased in the
pCMV-miR24-2 group compared with the pCMV-miR group
(0.44 ± 0.12 g versus 0.93 ± 0.25 g, p = 0.0015983), there was no sig-
nificant change between the pCMV-miR24-2+pGFP-V-RS-Src group
and pCMV-miR group (0.44 ± 0.12 g versus 0.49 ± 0.15 g, p = 0.1487)
(Figures 8H and 8I). And the average appearance time of transplanted
tumors was significantly reduced in the pCMV-miR24-2 group
compared with the pCMV-miRs group (9.5 ± 1.05 days versus 6 ±

1.26 days, p = 0.0017085). However, there was no significant change
between the pCMV-miR24-2+pGFP-V-RS-Src group and pCMV-
miR group (9.5 ± 1.05 days versus 8.83 ± 3.06 days, p = 0.3475961)
(Figure 8J). Although the poorly differentiated tumor cells were
significantly increased in the pCMV-miR24-2 group compared with
the pCMV-miR group, there was no significant change between the
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pCMV-miR24-2+pGFP-V-RS-Src group and pCMV-miR group
(Figure S12). Notably, although the expression of Src, the cell prolif-
eration ability, colony formation rate, and sphere formation rate were
significantly increased in the pCMV-miR24-2 group compared with
the pCMV-miR group, there was no significant change in the
pCMV-miR24-2+pGFP-V-RS-HULC group, pCMV-miR24-2+rLV-
PRMT7 group, pCMV-miR24-2+pGFP-V-RS-C-myc group,
pCMV-miR24-2+pGFP-V-RS-Nanog group, pCMV-miR24-2+3-
MA group, pCMV-miR24-2+pGFP-V-KAT8 group, and pCMV-
miR24-2+pGFP-V-RS-PKM1 group compared to pCMV-miR group,
respectively (Figures 8K–8N). Collectively, these results suggest that
Src regulates and controls the oncogenic functions of miR24-2 in
hLCSCs positively.

DISCUSSION
At the present, we clearly demonstrate that miR24-2 enhances the
expression and function of the tyrosine protein kinase sarcoma
gene Src in LCSCs and promotes the malignant growth of LCSCs (Fig-
ure S13). In this study, it was confirmed that miR24-2 is a microRNA
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with cancerous function, which is shown at least in human liver can-
cer. Moreover, Nanog, HDAC3, and PI3K are key players in this
signaling pathway mediated by miR24-2 specifically.

Studies have reported that miR24-2 is involved in tumorigenesis. For
example, miRNA24-2 promotes the development of tumors such as
gastric cancer and breast cancer by enhancing the expression of onco-
genes such as c-Myc.24,25 However, there are some reports that
miR24-2 negatively regulates the growth of tumor cells. For example,
miR24-2 can regulate different apoptotic pathways and induce
apoptosis.16,26 Therefore, we believe that miR24-2 is likely to play a
specific role through different mechanisms in different tumor cells
and its corresponding environments.

It is well known that epigenetic modifications mainly include histone
modifications and nucleic acid modifications, which play an impor-
tant role in the regulation of gene expression, and epigenetic disorders
are common features of most cancers.27 Our findings suggest that
miR24-2 alters the expression of various histone H3/4 epigenetic
modifications, indicating that miR24-2 can play a regulatory role in
the development of liver cancer epigenetically. Our findings suggest
that miR24-2 inhibits the expression of PRMT7. It was reported
that PRMT7 can promote methylation of arginine at position 3 of
histone H428 and inhibits the expression of certain genes by upregu-
lating the symmetrical dimethylation level of H4R3.17,29,30 We
demonstrate that miR24-2 can target PRMT7 and reduce the bi/tri-
methylation of histone H4R3 and then miR24-2 causes the changes
in the function of some important genes, such as HULC, in liver can-
cer cells. Notably, studies have also reported that H4R3me2 is a
marker of transcriptional repression.31

Furthermore, miR24-2-dependent miR675 inhibits the expression of
histone deacetylase HDAC3, which plays an important role in the
regulation of histone modification and is generally considered to be
a locus-specific co-suppressor, which is recruited to the promoter.32,33

Moreover, miR24-2 increased the H4K16Ac modification by inhibit-
ing the expression of HDAC3, which in turn altered the expression of
certain genes. Surprisingly, miR24-2 also triggers a change in the
methylation level of histone H4 lysine 20 (H4K20) and histone H3
lysine 79 (H3K79). Methylation of H4K20 plays a key role in regu-
lating high-level chromosome structure and X chromosome gene
expression,34 and H3K79me2 is a histone marker associated with
transcriptional active genes.35 In this study, the methylation levels
of H4K20 and H3K79 did not change after knockdown of
H4K16Ac-specific acetyltransferase KAT8 in miR24-2 overexpress-
ing cells. It was shown that miR24-2 altered the methylation modifi-
cation of H4K20 and H3K79 dependent on H4K16Ac. Importantly,
these changes in epigenetic modifications further cause altering of
certain genes, such as PI3K.

Notably, our findings indicate that miR24-2 can play a carcinogenic
role together with other noncoding RNAs including miRNA and
long noncoding RNAs (lncRNAs) such as miR675, HULC, etc. This
study found that miR24-2 could increase the transcriptional activity
and maturation of pri-miR675 by promoting the binding of Nanog
to the miR675 precursor (pri-miR675) promoter in hLCSCs.
miR675 plays a different role in tumors, and this inhibits DNA dam-
age repair and regulates abnormal expression of cell-cycle-related
genes.36–38 Although miR24-2 may play a carcinogenic role through
miR675, its detailed mechanism needs further to be confirmed.
Importantly, our results identify that miR24-2 can increase the tran-
scriptional activity of HULC by inhibiting the modification of
H4R3me2/3 to the HULC promoter region. HULC is dysregulated
in many types of cancer and promotes proliferation, invasion, migra-
tion, and angiogenesis of cancer cells.20,39,40 Our study indicates that
miR24-2 enhances the binding of HULC to some molecules, such as
KLF4, c-Myc, Epcam, etc., which enhances the expression of Nanog
and promotes autophagy through downstream signaling pathway.
It can be seen that lncRNA HULC plays a key role in the carcinogen-
esis triggered by miR24-2.

Strikingly, our results demonstrate that the function of miR24-2 is
related to autophagy in hLCSCs. First, miR24-2 increases the expres-
sion and lipidation of the autophagy structural protein LC3 in
hLCSCs. During autophagy, LC3 (LC3-I) in the cytoplasm combines
with phosphatidylethanolamine to form LC3-phosphatidylethanol-
amine conjugate (LC3-II), which is recruited to the autophagosome
membrane. Therefore, the autophagosome marker LC3-II reflects
autophagy activity.41,42 In this study, miR24-2 promotes the expres-
sion of LC3 and the formation of LC3-II, indicating that miR24-2
is involved in the regulation of autophagy and promotes the produc-
tion of autophagy. Second, miR24-2 enhances the interaction between
LC3 and the LC3 cleavage protein ATG4 in hLCSCs. Studies have
shown that ATG4 is essential for autophagy and highly specific.43

During autophagy, LC3 undergoes two steps, namely proteolytic
cleavage of LC3 and delipidation of LC3-PE in autophagosomes,
both catalyzed by ATG4.44 This study suggests that miR24-2 en-
hances the function of ATG4, leads to the cleavage of LC3, and further
forms activated LC3II, which is a key step in the process of autophagy,
further indicating that miR24-2 is involved in the regulation of auto-
phagy. Third, miR24-2 increases the interaction of LC3II with the
activated LC3II processing protein ATG3. ATG3 is an E2-like enzyme
required for LC3 lipidation during autophagy.45When autophagy oc-
curs, ATG3 binds to LC3 and lipidation of LC3 occurs, a process that
is the initial step in autophagy. Thus, this study suggests that miR24-2
may affect the initiation of autophagy through the binding of ATG3
to LC3II. Fourthly, miR24-2 increased the expression of the auto-
phagy marker protein Beclin1, indicating that miR24-2 promotes
autophagy in hLCSCs. It is reported that Beclin1 is a coiled-coil pro-
tein that interacts with Bcl-2 and promotes autophagy.46 In this study,
the expression of Beclin1 was elevated in hLCSCs overexpressing
miR24-2, further confirming that miR24-2 regulates the expression
of Beclin1 to promote autophagy. Finally, miR24-2 enhances PI3K
expression by altering histone modifications such as H4K16Ac,
H4K20me2/3, etc. PI3K plays an important role in autophagy, mem-
brane trafficking, and cell signaling47 and interacts with Beclin1 to
participate in autophagy.48,49 In this study, after knocking down
PI3K in miR24-2 overexpressing hLCSCs, the function of miR24-2
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to promote autophagy was fully abolished, indicating that miR24-2-
dependent PI3K promotes autophagy.

It is worth noting that protein kinases can be involved in most of the
signal transduction in eukaryotic cells and regulate many cellular pro-
cesses.50,51 In this study, miR24-2 affected the expression and func-
tion of several protein kinases, including PKM1, and Src, indicating
that miR24-2 exerts its carcinogenic function at least in part by
altering protein kinase activity in hLCSCs. PKM1 is a protein kinase
that activates glucose catabolism and stimulates autophagy, thereby
enhancing the malignant growth of tumor cells.52 miR24-2-depen-
dent autophagy enhanced the expression and function of PKM1 in
hLCSCs, indicating that PKM1 plays an important role in the carci-
nogenic functions of miR24-2. Furthermore, the function of
miR24-2 is associated with the tyrosine protein kinase sarcoma
gene Src. Studies have shown that the Src kinase family is a class of
non-receptor tyrosine kinases.53 In particular, Src plays a key role
in tumor development and is involved in the regulation of prolifera-
tion, survival, migration, invasion, and metastasis of various tumor
cells.54 In this study, miR24-2-dependent PKM1 promotes the
expression of Src, and knockdown of Src substantially abolishes
the tumorigenic ability of miR24-2, indicating that Src may decide
the oncogenic action of miR24-2 at least in LCSCs.

So far, our study clearly reveals some of the mechanisms by which
miR24-2 plays a carcinogenic role in human LCSCs, but the detailed
mechanisms of specific processes remain to be further studied. These
interesting findings will provide a valuable theoretical basis for the
discovery of liver cancer therapeutic targets and diagnosis markers
based on miR-24-2.

MATERIALS AND METHODS
Bioinformatics Analysis

Bioinformatics analysis was performed by MirTarget scanning soft-
ware, RNA22 software, BLAST tools, miRanda, RNA hybrid and
PicTar, and TCGA miRNA expression profile.

hLCSC Sorting

CD133/CD44/CD24/EpCAM MicroBead Kits were purchased from
Miltenyi Biotec (Boston, USA) and MACS Technology and
performed the operation according to the manufacturer.

Cell Lines, Lentivirus, and Plasmids

hLCSCs were maintained in DMEM (GIBCO BRL Life Technologies)
supplemented with 10% fetal bovine serum (Sigma) in a humidified
atmosphere of 5% CO2 incubator at 37�C. rLV were purchased
fromWu Han viraltherapy Technologies. pCMV-miR was purchased
from Origene (Rockville, MD, USA).

RT-PCR

Total RNA was purified using Trizol (Invitrogen) according to the
manufacturer’s instructions. cDNA was prepared by SuperScript
First-Strand Synthesis System (Invitrogen). PCR analysis was per-
formed according to the manufacturer’s instructions.
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Western Blotting

The samples containing cellular proteins were separated on a 10%
SDS-PAGE and transferred onto a nitrocellulose membrane
(Amersham). The blots were incubated with antibody at 4�C over-
night. Following three washes, membranes were then incubated
with secondary antibody at 4�C overnight. Signals were visualized
by ECL System (Amersham).

CoIP

Cells were lysed in the whole-cell extract buffer A (50 mM pH 7.6
Tris-HCl, 150 mM NaCl, 1% NP40, 0.1mM EDTA,1.0 mM
DTT,0.2 mM PMSF, 0.1 mM Pepstatine,0.1 mM Leupeptine,
0.1 mM Aproine). 500 mL of cell lysates was used in immunoprecip-
itation with antibody. Western blot was performed with another
related antibody.

RNA Immunoprecipitation

Ribonucleoprotein particle-enriched lysates were incubated with pro-
tein A/G-plus agarose beads (Santa Cruz, Biotechnology, CA)
together with specific antibody for 4 hours at 4�C. Beads were subse-
quently washed four times with 50 mM Tris-HCl (pH 7.0), 150 mM
NaCl, 1 mMMgCl2, and 0.05%NP-40, and twice after addition of 1M
urea. mRNAs were then isolated and purified for RT-PCR according
to the manufacturer’s instructions.

Chromosome Conformation Capture-ChIP

Chromatin bound to the antibody-protein-A/G-Sepharose beads
were resuspended and the ChIP-chromosome conformation capture
(3C) material was detected for long-range interaction with specific
primers according to the manufacturer’s instructions.

Super-EMSA (Gel-Shift)

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

Cells Proliferation CCK8 Assay

The cell proliferation reagent CCK8 was purchased from Roche and
the operation was performed according to the manufacturer’s
instruction.

Colony-Formation Efficiency Assay

Cells were plated on a six-well plate and the DMEM containing 10%
FBS was added into each well of the three replicates. Cell colonies
were stained with Crystal Violet.

Xenograft Transplantation In Vivo

The male athymic BALB/c mice were injected with hLCSCs at the
armpit area subcutaneously. The mice were observed for 4 weeks
and then sacrificed to recover the tumors. The use of mice for this
work was reviewed and approved by the institutional animal care
and use committee in accordance with China National Institutes of
Health guidelines.
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Supplemental Materials and Methods 

Expression plasmid for human miR24-2 

  Human miR24-2 expression plasmidwas purchased from Origene (CAT#: 

SC400297). pCMV-miR vector for miRNA expression clone with GFP as reporter 

expresses microRNA precursors from CMV promoter. The miR24-2 precursor insert 

was cloned between SgfI and MluI site and Neomycin selection marker for stable cell 

establishment. 

 

rLV-U6 -miR24-2 sgRNA-Cas9-ZsGreen Lentiviral 

  Both the vector plasmid pLVX-U6-Cas9-ZsGreen (Wuhan Venuosai Biotechnology 

Co., Ltd.) and the target gene plasmid pUC57-hsa-miR24-2 sgRNA 

(CTCTGCCTCCCGTGCCTACTGAGCTGAAACACAGTTGGTTTGTGTACACTG

GCTCAGTTCAGCAGGAACAGGG) were double-digested, and the large fragment 

of plasmid pLVX-U6-Cas9-ZsGreen and the small fragment of plasmid 

pUC57-has-miR24-2 sgRNA were recovered by 1% agarose gel electrophoresis. The 

two plasmid fragment was then carried out ligation reaction at 16 ° C for 4 hours, and 

the ligation product was transformed into JM109 competent bacterial and cultured 
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overnight. Monoclonal colonies were picked for sequencing verification. The 

recombinant plasmid pLVX-U6-miR24-2 sgRNA-Cas9-ZsGreen was transfected into 

293 T cells to generate a high titer lentivirus containing the gene of interest 

(rLV-Cas9-miR24-2). 

 

Tetracycline (DOX) inducting lentiviral rLV-tet on-miR24-2 

   The expression plasmid pLVX-tet on-Tight-EF1a-ZsGreen and the target gene 

plasmid pUC57-has-miR24-2 were digested with BamHI and NotI, respectively, and 

the large fragment of plasmid pLVX-tet on-Tight-EF1a -ZsGreen and the small 

fragment pUC57-miR24-2 were recovered by 1% agarose gel electrophoresis 

respectively. The two plasmid pLVX-tet on-Tight-EF1a-ZsGreen (BamHI+NotI ) and 

pUC57-miR24-2 (BamHI+NotI ) were carried out the ligation reaction at 22 ° C for 3 

hours and then the ligation products were transformed t into JM109 competent 

bacterial overnight. Monoclonal colonies were picked for sequencing verification. 

The recombinant plasmid pLVX-tet on-miR24-2-Tight-EF1a-ZsGreen containing the 



 3 

gene of interest was transfected into 293 T cells to generate a high titer lentivirus 

containing the gene of interest (rLV-tet on miR24-2). 

 

Expression Lentivirus for human miR675 

   The vector plasmid pLVX-ZsGreen-miRNA-Puro (Wuhan Venuosai 

Biotechnology Co., Ltd.) and the target gene plasmid pUC57-has-miR675 

(MI0005416) were double-digested with BamHI and NotI, respectively, and he large 

fragment of plasmid pLVX-ZsGreen-miRNA-Puro and the small fragment of plasmid 

pUC57-has-miR675 was recovered by 1% agarose gel electrophoresis. The two 

plasmid fragments were performed ligation reaction t at 22 ° C for 3 hours, and the 

ligation product was transformed into JM109 competent bacterial and cultured 

overnight. The monoclonal colonies were picked for sequencing verification, and the 

sequencing primer: ZsGreen-F (5'-GCGACGCCAAGAACCAGAAG-3'). The 

recombinant plasmid pLVX-ZsGreen-miR675-Puro containing the gene of interest 

was transfected into 293 T cells, respectively, generating a lentivirus containing a 

gene of interest at a high titer (rLV-miR675). 
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rLV-U6 –miR675 sgRNA-Cas9-ZsGreen Lentiviral 

  Both the vector plasmid pLVX-U6-Cas9-ZsGreen (Wuhan Venuosai Biotechnology 

Co., Ltd.) and the target gene plasmid pUC57-hsa-miR675 sgRNA 

(CTGTTAATGCTAATCGTGATAGGGGTTTTTGCCTCACTGTGGGCCCTCTCC

GCACCAAGCATTAACAG) were double-digested, and the large fragment of 

plasmid pLVX-U6-Cas9-ZsGreen and the small fragment of plasmid 

pUC57-has-miR675 sgRNA were recovered by 1% agarose gel electrophoresis. The 

two plasmid fragment was then carried out ligation reaction at 16 ° C for 4 hours, and 

the ligation product was transformed into JM109 competent bacterial and cultured 

overnight. Monoclonal colonies were picked for sequencing verification. The 

recombinant plasmid pLVX-U6-miR675 sgRNA-Cas9-ZsGreen was transfected into 

293 T cells to generate a high titer lentivirus containing the gene of interest 

(rLV-Cas9-miR675). 

Northern-Western blotting for miRNA RNA samples were separated on 15% 

polyacrylamide/8M urea gel. Soak Hybond-N+ membrane (Amersham Pharmacia, 
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Uppsala, Sweden) in ddH2O for a few seconds and in transfer buffer (0.5X TBE) for 

20 minutes ,and soak two pieces of whatman paper in 0.5XTBE . Separated RNA in 

gel was electro-blotted onto Hybond-N+ membrane (Amersham Pharmacia, Uppsala, 

Sweden). After UV cross-linking and air drying, blotted membrane was prehybridized 

with hybridization buffer at 42 ºC for 60 min, and then hybridized with Biotin-labeled 

antisense miR24-2 probe and incubated at 42 ºC for overnight. The membrane was 

washed 4 times at 42 ºC with 2x SSC and 0.5% SDS and then western blotting with 

anti-Biotin according to the our pervious protocol. 

 

Supplemental Results 

The isolation of human liver cancer cell (hLCSCs)  

   hLCSCs were isolated from human liver cancer cell line Huh7 using 

CD133/CD44/CD24/EpCAM microbeads(Fig.S1A). CD133, CD44, CD24 or 

EpCAM were positively expressed in hLCSCs and not expressed in non-hLCSCs (Fig. 

S1B-D).  
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The knockout of miR-24-2 did not affect the expression of miR-23a and miR-27a 

in liver cancer stem cells 

   We performed the Northern-Wstern blotting in rLV-Cas9 group and rLV-Cas9 –

miR 24-2group and the results showed the there are no significant difference of 

miR-23a(250bp pri-miR-23a,73bp premiR23a, 22bp mature miR23a) between 

rLV-Cas9 group and rLV-Cas9 –miR24-2group(FigureS4A) and there are no 

significant difference of miR-27a(262 bp pri-miR-27a,78bp pre-miR27a, 22bp mature 

miR27a) between rLV-Cas9 group and rLV-Cas9–miR 24-2group 

(FigureS4B).These observations suggest that the knockout of t miR-24-2 did not 

affect the expression of miR-23a and miR-27a.  

miR24-2 accelerates the growth of liver cancer stem cells in vitro and in vivo. 

   The positive rate of BrdU was significantly increased in the pCMV-miR24-2 

group compared with the pCMV-miR group (19.46±2.27% vs 63.49±5.57%, 

P=0.00196) and reduced in the rLV-Cas9-miR24-2 group compared with the 

rLV-Cas9 group (23.12 ± 3.25% vs 7.01 ± 1.02%, P = 0.00777) (Fig. S2D). 
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   Although there was no significant difference in the average scratch width at 0 

hours of scratching among the pCMV-miR group, pCMV-miR24-2 group, rLV-Cas9 

group, and rLV-Cas9-miR24-2 group (P>0.05), the average width ratio of scratches 

(24 hours/0 hours) after 24 hours of scratching was significantly reduced in the 

pCMV-miR24-2 group compared with the pCMV-miR group (0.0975±0.018 vs 0, 

P=0.0056) and increased the rLV-Cas9-miR24-2 group compared to the rLV-Cas9 

group (0.0835 ± 0.0097 vs 0.2437 ± 0.0243, P = 0.00697 < 0.01) (Fig. S2Ea&b) 

  hLCSCs were infected with rLV-tet on-miR24-2, and the positive cells were picked 

up by several times under a fluorescence microscope, and were expanded. In stable 

hLCSCs cell lines , including DOX (0 μg/ml) group, DOX (0.5 μg/ml) group, DOX (1 

μg/ml) group, DOX (2 μg/ml) group, precursor of miR24-2(pre-miR24-2) and the 

mature miR24-2 were significantly increased with increase of DOX concentration, 

and the pri-miR24-2 did not significantly change (Fig. S2Ha-c). The cell growth 

ability was significantly increased with the increase of DOX concentration (P<0.01) 

(Fig.S2I). The colony formation rate was significantly increased with the increase of 

DOX concentration (37.3±3.81% vs 56.63±5.42%, P=0.02109<0.05; 56.63 ±5.42% vs 
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70.15±3.02%, P=0.008446<0.01; 70.15±3.02% vs 87.21±7.41%, P=0.01327<0.05) 

(Fig.S2J). The sphere formation rate was significantly increased with the increase of 

DOX concentration, (15.08±3.45% vs 36.64±4.69%, P=0.00080848<0.01; 

36.64±4.69% vs 55.30±5.33%, P=0.00074095<0.01; 55.30±5.33% vs 69.34±6.78%, 

P=0.0423375< 0.05) (Fig.S2K). The average weight of transplanted tumors in nude 

mice was significantly increased with the increase of DOX concentration (0.32±0.069 

g vs 0.6±0.104 g, P=0.004451<0.01; 0.6±0.104).克 vs 0.82 ± 0.081 g, P = 0.0092314 

< 0.01; 0.82 ± 0.081 g vs 1.31 ± 0.25 g, P = 0.0020429 < 0.01) (Fig. S2La-b). The 

average appearance time of transplanted tumor in nude mice was significantly 

decreased with the increase of DOX concentration (9.83±0.98 days vs 7.33±1.21 days, 

P=0.003374<0.01; 7.33 ± 1.21 days vs 5.67 ± 0.52 days, P = 0.00993 < 0.01; 5.67 ± 

0.52 days vs 5.17 ± 0.75 days, P = 0.037779 < 0.05) (Fig.S2Lc).  Collectively, these 

observations suggest that miR24-2 accelerates the growth of liver cancer stem cells in 

vitro and in vivo. 

miR24-2 targets PRMT7 3 '-UTR and inhibits the expression of the PRMT7 in 

human liver cancer stem cells 
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    In stable rLV-tet on-miR24-2 infected hLCSCs, including  DOX (0 μg/ml) 

group, DOX (0.5 μg/ml) group, DOX (1μg/ml) group, DOX (2 μg/ml) group, 

pre-miR24-2 and the mature miR24-2 were significantly increased with increasing 

DOX concentration, and the pri-miR24-2 did not change significantly (Fig. 

S5Ca-c).Moreover, the binding ability of the mature miR24-2 or AgoII to PRMT7 

3'-UTR was significantly increased with increasing DOX concentration (Fig. S5D) 

and the pEZX-MT-PRMT7 3'-UTR-Luc luciferase reporter gene activity were 

significantly decreased with increasing DOX concentration (P<0.01) (Fig.S5E). In 

addition, the pEZX-MT-PRMT7 3'-UTR (mutant)-Luc luciferase reporter gene 

activity did significantly not change with increasing DOX concentration (Fig.S5F). 

Although there was no significant change in transcriptional level of PRMT7, the 

translational level of PRMT7 was significantly reduced as the increasing DOX 

concentration (Fig.S5G). Taken together, these results suggest that miR24-2 targets 

PRMT7 3 '-UTR and inhibits the expression of the PRMT7 in human liver cancer 

stem cells. 



 10 

miR24-2 affects the modification of trimethylation of arginine-3 of histone H4 on 

the HULC promoter region specifically 

  We performed the native CHIP with anti-H4R3me2 and anti-H4R3me3 to confirm 

the specific modification of dimethylation and trimethylation of arginine-3 of histone 

H4 on the HULC promoter region. We designed the CHIP primers according to the 

HULC promoter sequence[ AL133261.8 (1..66219)](FigureS6A).  

As shown in FigureS6Ba, the modification of dimethylation of arginine-3 of histone 

H4 on the HULC promoter region of P7-P8 and P9-P10 was significantly decreased in 

rLV-miR24-2 group compared to rLV group and significantly increased in 

rLV-Cas9-miR24-2 group compared to rLV-Cas9 group. And the modification of 

dimethylation of arginine-3 of histone H4 on the HULC promoter region of P5-P6 and 

P11-P12 was not significantly altered in rLV group , rLV-miR24-2group ,rLV-Cas9 

group and rLV-Cas9-miR24-2 group. And there was no the modification of 

dimethylation of arginine-3 of histone H4 on the HULC promoter region of 

P1-P2,P3-P4, P13-P14,P15-P16,P17-P18. Moreover, the real-time native CHIP 

obtained the similar findings(FogureS6Bb). Thus, miR24-2 affects the modification 
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of dimethylation of arginine-3 of histone H4 on the HULC promoter region of P7-P8 

and P9-P10 specifically. 

   As shown in FigureS6Ca, the modification of trimethylation of arginine-3 of 

histone H4 on the HULC promoter region of P7-P8 and P9-P10 was significantly 

decreased in rLV-miR24-2 group compared to rLV group and significantly increased 

in rLV-Cas9-miR24-2 group compared to rLV-Cas9 group. And the modification of 

trimethylation of arginine-3 of histone H4 on the HULC promoter region of P5-P6 , 

P11-P12 and P15-P16 was not significantly altered in rLV group , 

rLV-miR24-2group ,rLV-Cas9 group and rLV-Cas9-miR24-2 group. And there was 

no the modification of dimethylation of arginine-3 of histone H4 on the HULC 

promoter region of P1-P2,P3-P4, P13-P14,P17-P18. Moreover, the real-time native 

CHIP obtained the similar findings(FogureS6Cb). Thus, miR24-2 affects the 

modification of trimethylation of arginine-3 of histone H4 on the HULC promoter 

region of P7-P8 and P9-P10 specifically. 

miR24-2 promotes the expression and maturation of miR675 via Nanog 
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   In hLCSCs infected with rLV-tet on-miR24-2, both pre-miR24-2 and mature 

miR24-2 were increased significantly with increasing DOX concentration 

(Fig.S7Aa&b). In particular, the binding ability of Nanog, H3K9Ac and RNA polII 

to Pri-miR675 promoter cis-elements was significantly increased and the binding 

ability of HDAC4 to Pri-miR675 promoter cis-elements was significantly decreased 

with increasing DOX concentration,respectively(Fig.S7B).Moreover, the binding 

ability did significantly not change among rLV-tet on-miR24-2/DOX (0μg/ml) group, 

rLV-tet on-miR24-2/DOX(2μg/ml)+pGFP-V-RS-Nanog group (Fig. S7C). And the 

binding capacity of RNApolII to pri-miR675 promoter cis-element probe was 

increased significantly as the increasing DOX concentration (Fig. S7Da&b),and the 

binding capacity of RNApolII to the pri-miR675 promoter cis-element probe did 

significantly not change with increasing DOX concentration among rLV-tet 

on-miR24-2 /DOX (0μg/ml) group , rLV-tet on-miR24-2 /DOX (1 μg/ml) 

+pGFP-V-RS-Nanog group, rLV-tet on-miR24-2/DOX (2 

μg/ml )+pGFP-V-RS-Nanog group (Fig. S7Ea&b). The pEZX-MT-Pri-miR675-Luc 

luciferase reporter gene activity was increased with increasing DOX concentration 
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(P<0.05 or P<0.01) (Fig.S7F). However, the luciferase reporter gene activity was 

significantly not changed with increasing DOX concentration among rLV-tet 

on-miR24-2 /DOX (0μg/ml) group, rLV-tet 

on-miR24-2/DOX(1μg/ml)+pGFP-V-RS-Nanog group, rLV-tet on-miR24-2/DOX 

(2μg/ml)+pGFP-V-RS-Nanog group (P>0.05)(Fig.S7G). 

 miR675 targets HDAC3 3’UTR and and inhibits translation of the HDAC3 gene 

in human liver cancer stem cells 

  In hLCSCs infected with rLV, rLV-miR675, rLV-Cas9, and rLV-Cas9-miR675 

respectively, the pre-miR675 and mature miR675 were increased in the rLV-miR675 

group compared with the rLV group and knocked out in the rLV-Cas9-miR675 group 

compared with the rLV-Cas9 group (FigureS8A&B). Bioinformatics analysis 

revealed that the mature sequence of miR675 binds to the 3'-noncoding region (UTR) 

of histone deacetylase 3(HDAC3) mRNA through a 9-base seed sequence (Fig. S8C). 

pEZX-MT-HDAC3 3'-UTR-Luc reporter gene activity was significantly reduced in 

the rLV-miR675 group compared with the rLV group (P=0.003548<0.01) and 

significantly increased in the rLV-Cas9-miR675 group compared to rLV-Cas9 (P = 
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0.0005911< 0.01) (Fig. S8D). Although there was no significant change in the 

transcriptional level of HDAC3 in the rLV-miR675 group or rLV-Cas9-miR675 

groups compared to the control group (Fig. S8E), the expression of HDAC3 was 

significantly reduced in the rLV-miR675 group compared to the rLV group and 

increased in the rLV-Cas9-miR675 group compared to the rLV-Cas9 group (Fig. 

S8F). These results suggest that miR675 targets HDAC3 3’UTR and and inhibits 

translation of the HDAC3 gene in human liver cancer stem cells 

PI3K knockdown abrogates these actions of miR24-2 for autophagy 

   The expression of PI3K, LC3I and LC3II was significantly increased in the 

pCMV-miR24-2 group compared to the pCMV-miR group. However, there was no 

significant change between the pCMV-miR24-2+pGFP-V-RS-PI3K group and the 

pCMV-miR group(Fig.S11A). The expression of PI3K, LC3I and LC3II were 

significantly increased in the DOX (2 μg/ml) group compared with the DOX (0 μg/ml) 

group. However, the expression of PI3K, LC3I and LC3II was significantly not 

changed in the rLV-tet on-miR24-2+pGFP-V-RS-PI3K/DOX (2μg/ml) group  

compared with the DOX (0 μg/ml) group (Figure S11B). The expression of LC3I and 
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LC3II was significantly increased in the DOX (2 μg/ml) group compared to the DOX 

(0 μg/ml) group. However, there was no significant change in rLV-tet on-miR24-2 + 

pGFP-V-RS-KAT8/DOX(2μg/ml) or rLV-tet on-miR24-2+pcDNA3-SET8 compared 

to the DOX (0 μg/ml) group (Fig.S11C). However, the interaction between the LC3 

and ATG3 was not significantly changed in the pCMV-miR24-2+pGFP-V-RS-PI3K 

group compared to pCMV-miR group (Fig. S11D). The interaction between the LC3 

and ATG3 was significantly increased in rLV-tet on-miR24-2/DOX (2μg/ml) group 

compared to the rLV-tet on-miR24-2/DOX (0 μg/ml) group. However, there was no 

significant change between rLV-tet on-miR24-2+pGFP-V-RS-PI3K/DOX (2μg/ml) 

group and the rLV-tet on-miR24-2/DOX (0 μg/ml) (Fig.S11E). Moreover, the 

expression of the Beclin1 was significantly increased in the pCMV-miR24-2 group 

compared with the pCMV-miR group. However, the expression of the Beclin1 was 

not significantly changed between the pCMV-miR24-2+pGFP-V-RS-PI3K group and 

pCMV-miR group (Fig.S11F). The expression of Beclin1 was significantly increased 

in rLV-tet on-miR24-2/DOX (2μg/ml) group compared to the rLV-tet 

on-miR24-2/DOX (0 μg/ml) group . However, there was no significant change 
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between the rLV-tet on-miR24-2+pGFP-V-RS-PI3K/DOX (2 μg/ml) group and the 

rLV-tet on-miR24-2/DOX group(Figure S11G). The incidence of autophagy was 

significantly increased in the pCMV-miR24-2 group compared with the pCMV-miR 

group (10.39±1.76% vs 45.01±6.96%, P=0.008375<0.01). However, the incidence of 

autophagy was not significantly changed in the pCMV-miR24-2+pGFP-V-RS-PI3K 

group compared to pCMV-miR group (10.39±1.76% vs 5.93±2.29%, P=0.09818>0.05) 

(Fig.S11Ha&b). The incidence of autophagy was significantly increased in rLV-tet 

on-miR24-2/DOX (2μg/ml) group compared to the rLV-tet on-miR24-2/DOX (0 

μg/ml) group (5.58±3.01% vs 41.29±7.02%, P=0.00987011<0.01). However, there 

was no significant change between the rLV-tet on-miR24-2+pGFP-V-RS-PI3K/DOX 

(2 μg/ml) group and rLV-tet on-miR24-2/DOX(0 μg/ml) group (5.58±3.01% vs 

6.85±1.67%, P=0.13632>0.05) (Fig.S11Ia&b). Collectively, these results suggest that 

miR24-2 promotes autophagy dependent on PI3K in human liver cancer stem cells. 

 

Supplemental Figure legends 
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Figure S1 The isolation and identification of human liver cancer stem cell. A. the 

schematic diagram for isolating liver cancer stem cells from Huh7 liver cancer cell 

line using CD133/CD44/CD24/EpCAM microbeads (MicroBeads). B. The 

transcriptional ability of CD133, CD44, CD24, and Epcam was analyzed by reverse 

transcription polymerase chain reaction, and β-actin was used as an internal reference 

gene. C. Western blotting analysis using anti-CD133, anti-CD44, anti-CD24, 

anti-EpCAM, and β-actin as an internal reference gene. D. Comparison of human 

liver cancer stem cells (hLCSCs) and non-liver cancer stem cells (non-hLCSCs) 

isolated from human hepatoma cell Huh7 (bar ± SEM, n = 3), * *, P < 0.01, *, P < 

0.05. 

Figure S2 miR24-2 promotes growth of human liver cancer stem cells. A. The 

pCMV-miR or pCMV-miR24-2 were transfected into and the rLV-Cas9 or 

rLV-Cas9-miR24-2 were infected hLCSCs, respectively, and the positive cells were 

picked under fluorescent microscope and were expanded. The images taken with a 

fluorescence microscope (100×) was showed. B. The miR24-2 was detected by 

DOT-Blotting. U6 was used as an internal reference. C. Back-to-back RT-PCR was 
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used to detect the circular miR24-2. D. Determination of the S phase of hLCSCs cells 

by BrdU staining. a. BrdU stained photograph; b. Percentage of S phase cells. E. The 

wound test . a. Scratch photographs taken at 0 and 24 hours, respectively. b. 

Comparison of the average width of the scratches of the cells. F.4% formalin-fixed, 

paraffin-embedded nude mouse transplanted tumor tissue sections (4 μm) were 

subjected to hematoxylin-eosin (HE) (original magnification × 100). G. 4% 

formalin-fixed, paraffin-embedded nude mouse transplanted tumor tissue sections (4 

μm) were subjected to the immunohistochemical staining of anti-PCNA (original 

magnification × 100). H. a. Northern-western blotting was used to detect the 

miR24-2.U6 serves as an internal reference. b. Dot blotting was used to detect the 

miR24-2. U6 serves as an internal reference. c. mature miR24-2 was detected by 

quantitative RT-PCR. U6 is used as an internal reference.**, P < 0.01, *, P < 0.05. I. 

The cell proliferation ability was determined by the CCK8. **, P < 0.01, *, P < 0.05. J. 

Plate colony formation ability was determined by crystal violet staining. K. The 

sphere formation ability of the cells.**, P < 0.01, *, P < 0.05. L. The hLCSCs were 

inoculated subcutaneously into Balb/C nude mice for 1 month. a. Photograph of 
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transplanted tumors (xenografts). b. Comparison of the size (g) of transplanted tumors 

in nude mice. c. Comparison of time (days) of transplanted tumors in nude mice 

(mean ± SEM, n = 6), **, P < 0.01, *, P < 0.05. 

Figure S3 miR24-2 knockout identification. The DNA was isolated from hLCSCs 

stable infected with rLV-Cas9- miR24-2. The miR24-2 gRNA-intron fragment was 

analyzed by polymerase chain reaction, and β-actin was used as an internal reference 

gene. No band was shown if miR24-2 was knocked out. Positive miR24-2 knockout 

cell lines:2#,3#,6#,8#,11#,14#,15#,16#. 

Figure S4 A.The Northern-Wstern blotting analysis of miR23a  in rLV-Cas9 group 

and rLV-Cas9–miR24-2 group. B. The Northern-Western blotting analysis of miR27a  

in rLV-Cas9 group and rLV-Cas9–miR24-2 group 

Figure S5  miR24-2 targets PRMT7 and inhibits HULC in human liver cancer 

stem cells.  A. a. Northern-Western blotting was used to detect the miR24-2. U6 as 

an internal reference gene. b. Quantitative reverse transcription polymerase chain 

reaction ( RT-PCR) was used to detect the miR24-2.U6 was used as an internal 

reference gene. B. The pEZX-MT-PRMT7 3'UTR(mutante)-Luc dual luciferase 
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reporter gene activity was tested. C.a. The miR24-2 was detected by Northern –

Western blotting. U6 serves as an internal reference gene. b. Dot blotting was used to 

detect the miR24-2. GAPDH is used as an internal reference gene. c. The RT-PCR 

was performed to detect the mature miR24-2. U6 as an internal reference. D. The 

binding ability of the mature miR24-2, AgoII to PRMT7 3'-uncoding region (3'-UTR) 

was analyzed by RNA pulldown combined with RNA immunoprecipitation (RIP). E. 

The pEZX-MT-PRMT7 3'-UTR-Luc luciferase reporter gene activity was detected. F. 

The pEZX-MT-PRMT7 3'-UTR (mutant)-Luc luciferase reporter gene activity was 

detected . **, P < 0.01, *, P < 0.05. G. The PRMT7 was detected by RT-PCR and 

Western blotting. β-actin was used as an internal reference. 

Figure S6 miR24-2 affects the modification of trimethylation of arginine-3 of histone 

H4 on the HULC promoter region specifically. A. the native CHIP primers were 

designed according to the HULC promoter sequence[ AL133261.8 (1..66219)].  

B .the modification of dimethylation of arginine-3 of histone H4 on the HULC 

promoter region was analyzed by native CHIP. C. B .the modification of 



 21 

trimethylation of arginine-3 of histone H4 on the HULC promoter region was analyzed 

by native CHIP. 

Figure S7 miR24-2 promotes expression and maturation of miR675 in stable 

human liver cancer stem cell lines (hLCSCs) infected with rLV-tet on-miR24-2 . 

A. rLV-tet on-miR24-2-infected stable human liver cancer stem cell lines (hLCSCs) 

were treated with different concentrations of DOX (0 μg/ml, 0.5 μg/ml, 1 μg/ml, 2 

μg/ml), and then the total RNA was extracted. miR24-2 was detected by Northern 

blotting. U6 serves as an internal reference gene. b. mature miR24-2 was detected by 

quantitative reverse transcription polymerase chain reaction (RT-PCR). U6 is used as 

an internal reference gene. Each experiment was repeated three times. Each group of 

values is expressed as mean ± standard deviation (mean ± SEM, n = 3), **, P < 0.01, 

*, P < 0.05. B. Chromosome immunoprecipitation (CHIP) was performed using 

anti-Nanog, anti-HDAC4, anti-H3K9Ac, and anti-RNA polII. The polymer isolated 

and purified from the CHIP precipitate was used as a template, and polymerase chain 

reaction (PCR) amplification was carried out using a primer designed according to the 

Pri-miR675 promoter. IgG CHIP was used as a negative control; the DNA retained 
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before chromatin immunoprecipitation was used as a template, and the product 

amplified by the primer designed by the Pri-miR675 promoter was used as an internal 

reference (INPUT). C. Stable human hepatoma stem cell lines (hLCSCs) infected 

with rLV-tet on-miR24-2 (rLV-tet on-miR24-2 group) and rLV-tet on-miR24-2 

infection + pGFP-V-RS-Nanog Transfected stable human hepatoma stem cell lines 

(hLCSCs) (rLV-tet on-miR24-2+pGFP-V-RS-Nanog group) were treated with 

different concentrations of DOX (1 μg/ml, 2 μg/ml). The binding ability of Nanog, 

HDAC4, H3K9Ac and RNA polII to the cis-miR675 promoter cis element was 

analyzed by chromatin immunoprecipitation (CHIP). D. a. The Super-DNA-protein 

complex gel Migration assay (Super-EMSA) using Biotin-labeled pri-miR675 

promoter cis-element probe (Biotin-pri-miR675 promoter cis-element) and anti-RNA 

polII. Super-EMSA with IgG as a negative control, nucleoprotein-free EMSA and 

EMSA with excess cold probe as a system reference. b. Grayscale scan analysis of 

positive bands. E.a .The binding ability of RNApolII to the pri-miR675 promoter 

cis-element probe was analyzed using a Super-gel migration assay via biotin-labeled 

pri-miR675 promoter cis-element probe (Biotin-pri-miR675 promoter cis-element) 
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and anti-RNA polII, anti-Biotin. b. Grayscale scan analysis of positive bands. F. The 

stable human liver cancer stem cell lines (hLCSCs) infected with rLV-tet on-miR24-2 

were treated with different concentrations of DOX (0 μg/ml, 0.5 μg/ml, 1 μg/ml, 1.5 

μg/ml, 2 μg/ml).The pEZX-MT-Pri-miR675-Luc luciferase reporter gene plasmid 

carrying the pri-miR675 promoter was transfected into the above five stable liver 

cancer stem cell lines, and the activity of the luciferase reporter gene was detected 48 

hours later. G. The stable human liver cancer stem cell lines (hLCSCs) infected with 

rLV-tet on-miR24-2 (rLV-tet on-miR24-2 group) and rLV-tet on-miR24-2 + 

pGFP-V-RS-Nanog were treated with different concentrations of DOX (0 μg/ml, 1 

μg/ml, 2 μg/ml). The pEZX-MT-Pri miR675-Luc luciferase reporter plasmid carrying 

the pri-miR675 promoter was transfected into the above stable liver cancer stem cell 

lines, and the activity of the luciferase reporter gene was detected 48 hours later. Each 

experiment was repeated three times. Each group of values is expressed as mean ± 

standard deviation (mean ± SEM, n = 3), **, P < 0.01, *, P < 0.05. 

Figure S8 miR675 targeted histone deacetylase HDAC3 in human liver cancer 

stem cell line. A. human liver cancer stem cell line (hLCSCs) was infected with 
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lentivirus rLV-miR675, lentivirus rLV, rLV-Cas9-miR675 and rLV-Cas9, 

respectively.Positive cells were screend and expanded. Then, total cellular RNA was 

extracted, and the miR675 in these four stable cell lines were detected by Northern 

blotting, U6 was used as an internal reference gene. B. Quantitative reverse 

transcription polymerase chain (RT-PCR) was used to detect the miR675 in these four 

stable cell lines, and U6 was used as an internal reference gene. C. Bioinformatics 

analysis of mature miR675 seed sequence binding to HDAC3 mRNA 3'-coding 

sequence (UTR) using MirTarget scanning soft software and BLAST tools. D. The 

pEZX-MT-HDAC3 3'-UTR-Luc luciferase reporter plasmid was transfected to the 

human liver cancer stem cell line hLCSCs and then the pEZX-MT-HDAC 

3'-UTR-Luc dual luciferase reporter gene activity was detected. Each experiment was 

repeated three times. Each group of values is expressed as mean ± standard deviation 

(mean ± SEM, n = 3), **, P < 0.01, *, P < 0.05. E. Reverse transcription polymerase 

chain reaction (RT-PCR) was used to detect the transcriptional capacity of HDAC3 in 

these four stable cell lines, and β-actin was used as an internal reference gene. F. 
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Western blotting was used to detect the translational capacity of PRMT7 in these four 

stable cell lines, and β-actin was used as an internal reference gene. 

FigureS9 miR24-2 enhances PI3K and affects autophagy in human liver cancer 

stem cells. A. chromosome immunoprecipitation(CHIP) with anti-H4K16Ac and 

anti-H3K20me2 were performed . B. The pGL4-PI3K-Luc luciferase reporter gene 

activity of the luciferase reporter gene was detected .**, P < 0.01, *, P < 0.05. C. The 

RT-PCR analysis was performed . β- actin serves as an internal reference gene. D. 

Western blotting with anti-PI3K was performed. β-actin as an internal reference gene. 

E. The RT-PCR was ued to detect PI3K . β-actin was used as an internal reference 

gene. F. Western blotting was performed using anti-PI3K. β-actin was used as an 

internal reference gene. G. The co-immunoprecipitation with anti-LC3 and the 

precipitate was analyzed by Western blotting with anti-ATG4.H. Western blotting 

was performed using anti-LC3.β-actin was used as an internal reference gene. I. The 

co-immunoprecipitation with anti-ATG3. J. Western blotting with anti-Beclin1. K. 

The infection of adenovirus rAd-Cherry-GFP-LC3 can monitor the autophagy through 

fluorescence microscopy directly. The occurrence of autophagy was observed (red 
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marker Cherry-LC3). L. a. Infection of adenovirus rAd-Cherry-GFP-LC3 can monitor 

the autophagy directly by fluorescence microscopy (red marker Cherry-LC3). b. 

Comparison of the incidence of autophagy. **, P < 0.01, *, P < 0.05. 

Figure S10 miR24-2 affects expression. of PI3K dependent 

HDAC3-H4K16Ac-H4K20me2 in human liver cancer stem cells. A.a. The binding 

ability of H3K20me2 to the PI3K promoter cis-element probe was determined by 

Super-DNA-protein complex gel migration assay (Super-EMSA) using Biotin-labeled 

PI3K promoter cis-element probe (Biotin-PI3K promoter cis-element) and 

anti-H4K20me2, anti-Biotin. IgG super-EMSA was used as a negative control, EMSA 

without nucleoprotein and EMSA with excess cold probe were used as system 

reference, and the hybridization band of cis element of Biotin-PI3K promoter and the 

amount of nucleoprotein added were used as INPUT. b. Grayscale scan analysis of 

positive bands. B. a. The stable human liver cancer stem cell lines (hLCSCs) infected 

with rLV-tet on -miR24-2 and rLV-tet on-miR24-2+pcDNA3-HDAC3 were treated 

with different concentrations of DOX (0 μg/ml, 1 μg/ml, 2 μg/ml). The nuclear 

protein was extracted and the binding ability of RNApolII to the PI3K promoter 



 27 

cis-element probe was determined by Super-gel migration. Super-DNA-protein 

complex gel migration assay (Super-EMSA) using Biotin-labeled PI3K promoter 

cis-element probe (Biotin-PI3K promoter cis-element) and anti-RNApolII, anti-Biotin 

IgG super-EMSA was used as a negative control, EMSA without nucleoprotein and 

EMSA with excess cold probe were used as system reference, and the hybridization 

band of cis element of Biotin-PI3K promoter and the amount of nucleoprotein added 

were used as INPUT. b. Grayscale scan analysis of positive bands. C. The 

pGL4-PI3K-Luc luciferase reporter gene plasmid was transfected into these stable 

liver cancer stem cell lines, and the activity of the luciferase reporter gene was 

detected 48 hours later. Each experiment was repeated three times. Each group of 

values is expressed as mean ± standard deviation (mean ± SEM, n = 3), **, P < 0.01, 

*, P < 0.05. D. The reverse transcription polymerase chain reaction (RT-PCR) using 

PI3K primers, and β-actin was used as an internal reference gene. E. The stable 

human liver cancer stem cell lines (hLCSCs) infected with rLV-tet on-miR24-2 + 

pGFP-V-RS-KAT8 , rLV-tet on-miR24-2 + pcDNA3-SET8 were treated with 

different concentrations of DOX (0μg/ml, 2μg/ml), and reverse transcription 
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polymerase chain reaction (RT-PCR) was performed using PI3K primers. β-actin as 

an internal reference gene. F. Western blotting with anti-PI3K, anti-KAT8, anti-SET8, 

anti-H4K16Ac and anti-H4K20me2, β-actin as internal Reference gene. G. Western 

blotting with anti-PI3K, anti-KAT8, anti-SET8, anti-H4K16Ac and anti-H4K20me2. 

β-actin is used as an internal reference gene. 

Figure S11 miR24-2 increases autophagy dependent on phosphatidylinositol 

3-kinase (PI3K) to in human liver cancer stem cells. A. The human livrer cancer 

stem cell lines (hLCSCs) transfected with pCMV-miR,pCMV-miR24-2 and 

pCMV-miR24-2+pGFP-V-RS-PI3K ,respectively, the total protein in the cell line was 

stabilized, and Western blotting was performed using anti-LC3 and anti-PI3K, and 

β-actin was used as an internal reference gene. B. Stable human liver cancer stem cell 

lines (hLCSCs) infected with rLV-tet on-miR24-2 and rLV-tet on-miR24-2 + 

pGFP-V-RS-PI3K, respectively,  were treated with different concentrations of DOX 

(0 μg/ml, 2 μg/ml), and then total cellular proteins were extracted, and Western 

blotting was performed using anti-LC3 and anti-PI3K, and β-actin was used as an 

internal reference gene. C.The human liver cancer stem cell line infected with rLV-tet 
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on-miR24-2 and rLV-tet on -miR24-2 infection + pGFP-V-RS-KAT8 or 

pcDNA3-SET8 were treated with different concentrations of DOX (0 μg/ml, 2 μg/ml), 

and then total cellular proteins were extracted, western blotting was performed using 

anti-LC3, and β-actin was used as an internal reference gene. D. The experimental 

samples were co-immunoprecipitated with anti-ATG3, and the precipitates were 

analyzed by Western blotting with anti-LC3. IgG co-immunoprecipitation was used as 

a negative control, and the sample before coprecipitation was subjected to Western 

blotting with anti-ATG3 as INPUT. E. Stable human liver cancer stem cell lines 

(hLCSCs) infected with rLV-tet on-miR24-2 and rLV-tet on-miR24-2 infection + 

pGFP-V-RS-PI3K, respectively were treated with different concentrations of DOX (0 

μg/ml, 2 μg/ml), then the total protein of the cells was extracted.The experimental 

samples were co-immunoprecipitated with anti-ATG3, and the precipitate was 

immunoblotted with anti-LC3. IgG co-immunoprecipitation was used as a negative 

control, and the sample before coprecipitation was subjected to Western blotting with 

anti-ATG3 as INPUT. F. human liver cancer stem cell lines (hLCSCs) transfected 

pCMV-miR pCMV-miR24-2 and pCMV-miR24-2+pGFP-V-RS-PI3K,respectively. 
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Western blotting was performed using anti-Beclin1, and β-actin was used as an 

internal reference gene. G. Stable human liver cancer stem cell lines (hLCSCs) 

infected with rLV-tet on-miR24-2 and rLV-tet on-miR24-2 infection+ 

pGFP-V-RS-PI3K were treated with different concentrations of DOX (0 μg/ml, 2 

μg/ml)  and  then total cellular proteins were extracted.Western blotting was 

performed using anti-Beclin1, and β-actin was used as an internal reference gene. H. a. 

Human liver cancer stem cell lines (hLCSCs) transfected with pCMV-miR , 

pCMV-miR24-2, and pCMV-miR24-2+pGFP-V-RS-PI3K ,respectively. The infection 

of the adenovirus rAd-Cherry-GFP-LC3 was able to monitor the autophagy directly 

by fluorescence microscopy (red marker Cherry-LC3). b. Comparison of the 

incidence of autophagy in cells. Each experiment was repeated three times. Each 

group of values is expressed as mean ± standard deviation (mean ± SEM, n = 3), **, P 

< 0.01, *, P < 0.05. I.a .human liver cancer stem cell lines (hLCSCs) infected with 

rLV-tet on-miR24-2 and rLV-tet on-miR24-2 + pGFP-V-RS-PI3K,respectively were 

treated with the concentration of DOX (0μg/ml, 2μg/ml).The adenovirus 

rAd-Cherry-GFP-LC3, which can monitor autophagy, was directly infected, and then 
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the autophagy occurred after cell starvation was directly observed by fluorescence 

microscope (red marker Cherry-LC3). b. Comparison of the incidence of autophagy in 

cells. Each experiment was repeated three times. Each group of values is expressed as 

mean ± standard deviation (mean ± SEM, n = 3), **, P < 0.01, *, P < 0.05. 

 

Figure S12 4% formaldehyde-fixed, paraffin-embedded transplanted tumor tissue 

section (4 μm) was subjected to hematoxylin-eosin (HE) (original magnification × 

100). 

 

Figure S13  The molecular mechanism that miR24-2 promotes malignant 

growth of liver cancer stem cells. miR24-2 enhances the expression and function of 

the tyrosine protein kinase sarcoma gene Src in liver cancer stem cells and promotes 

the malignant growth of liver cancer stem cells. First, the mature sequence of 

miR24-2 binds to the protein arginine methyltransferase 7 (PRMT7) mRNA 3' 

noncoding region (UTR) and thus inhibits the translational ability of the PRMT7 gene. 

Then, miR24-2 inhibited the bi- (tri)methylation of histone 4 arginine by reducing 
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PRMT7 (H4R3me2 and H4R3me3), significantly reducing the binding capacity of 

H4R3me2 and H4R3me3 to HULC promoter, promoting HULC expression. 

miR24-2-dependent HULC promoted the binding of C-myc, Epcam and KLF4 to the 

Nanog promoter in human hepatoma stem cells, and promoted its transcriptional 

activity and expression. Moreover, miR24-2 inhibits the expression of histone 

deacetylase HDAC3 in human hepatoma stem cells through miR675, and promotes 

the acetylation of lysine at position 16 of Histone H4 in human liver stem cells, and 

relies on the 16th lysine of Histone H4. The acetylation modification of the acid 

inhibits the methylation modification of the 20th lysine of Histone H4. Moreover, 

miR24-2 increased histone H4K16Ac and attenuated the binding ability of 

H4K20me2 to enhance expression of PI3K. Subsequently, miR24-2 is dependent on 

PI3K to enhance the expression of autophagy structural protein LC3 and its 

interaction with the cleavage protein ATG4. Thereby, LC3 is further matured into 

activated LC3II, and the interaction between LC3II and processing protein ATG3. 

Then miR24-2 enhances the interaction between PKM1 and autophagosome 

functional protein P62, and enhances the protection of PKM1 by autophagy of liver 
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cancer stem cells, and inhibits the degradation of PKM1.Interestingly, miR24-2 

promotes the binding of PKM1 to the tyrosine protein kinase sarcoma gene Src 

promoter and enhances the the expression of Src. Moreover, the Src gene plays an 

important role in the malignant growth of human liver cancer stem cells triggered by 

miR24-2. 

 

Supplemental Figure  
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