
ll
OPEN ACCESS
iScience

Article
miR-1307 promotes hepatocarcinogenesis by
CALR-OSTC-endoplasmic reticulum protein
folding pathway
Sijie Xie, Xiaoxue

Jiang, Rushi Qin,

..., Liyan Wang,

Yingjie Chen,

Dongdong Lu

ludongdong@tongji.edu.cn

Highlights
miR-1307 inhibits

methyltransferase protein

8

miR-1307 enhances the

expression of CALR

miR-1307 promotes

hepatocarcinogenesis by

CALR-OSTC pathway

Xie et al., iScience 24, 103271
November 19, 2021 ª 2021
The Authors.

https://doi.org/10.1016/

j.isci.2021.103271

mailto:ludongdong@tongji.edu.cn
https://doi.org/10.1016/j.isci.2021.103271
https://doi.org/10.1016/j.isci.2021.103271
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103271&domain=pdf


iScience

Article

miR-1307 promotes hepatocarcinogenesis
by CALR-OSTC-endoplasmic reticulum
protein folding pathway

Sijie Xie,1,2 Xiaoxue Jiang,1,2 Rushi Qin,1,2 Shuting Song,1 Yanan Lu,1 Liyan Wang,1 Yingjie Chen,1

and Dongdong Lu1,3,*

SUMMARY

miR-1307 is highly expressed in liver cancer and inhibits methyltransferase pro-
tein8. Thereby, miR-1307 inhibits the expression of KDM3A and KDM3B and in-
creases the methylation modification of histone H3 lysine 9, which enhances
the expression of endoplasmic-reticulum-related gene CALR. Of note, miR-1307
weakens the binding ability of OSTC to CDK2, CDK4, CyclinD1, and cyclinE and
enhances the binding ability of CALR to CDK2, CDK4, CyclinD1, and cyclinE,
decreasing of p21WAF1/CIP1, GADD45, pRB, and p18, and decreasing of
ppRB. Furthermore, miR-1307 increases the activity of H-Ras, PKM2, and PLK1.
Strikingly, miR-1307 reduces the binding ability of OSTC to ATG4 and enhances
the binding ability of CALR to ATG4. Therefore, miR-1307 reduces the occurrence
of autophagy based on ATG4-LC3-ATG3-ATG7-ATG5-ATG16L1-ATG12-ATG9-
Beclin1. In particular, miR-1307 enhances the expression of PAK2, PLK1,
PRKAR2A, MYBL1, and Trim44 and inhibits the expression of Sash1 and Smad5
via autophagy. Our observations suggest that miR-1307 promotes hepatocarci-
nogenesis by CALR-OSTC-endoplasmic reticulum protein folding pathway.

INTRODUCTION

Several studies have found that miR-1307 is associated with the occurrence and development of various

human diseases. Zheng Yang found that miR-1307-3p was significantly downregulated in the process of

cartilage differentiation (Yang et al., 2018). Balmeh et al. showed that miR-1307-3p could indirectly target

type 2 diabetes gene (Balmeh et al., 2020). Takamura et al. found that miR-1307-3p could target NDRG2

and inhibit osteoclast formation (Takamura et al., 2018). There is abnormal expression of miR-1307-3p in

human cardiac and peripheral adipose-derived mesenchymal stem cells (Ruan et al., 2020). In particular,

miR-1307 plays a role in various cancers. Zheng et al. found that miR-1307-3p inhibited the activation of

Wnt3a/b-Catenin signal, thereby inhibiting the proliferation of colon adenocarcinoma cells (Zheng et al.,

2019). Su et al. confirmed that miR-1307 was upregulated in serum exosomes of ovarian cancer and pro-

posed that miR-1307 was related to tumor stage (Su et al., 2019). Zhou et al. believe that miR-1307 may

play a role in the development of chemoresistance in ovarian cancer (Zhou et al., 2015). Studies have shown

that miR-1307-3p is also associated with chemotherapy-resistant ovarian cancer (Zhou et al., 2019). In con-

clusions, miR-1307 plays a regulatory role in a variety of diseases and tumors; however, its role in liver can-

cer has not been clarified.

Because of the increase of protein synthesis under environmental pressure, proteins in organelles usually

fail to fold, resulting in the accumulation of misfolded proteins. And then it activates the corresponding

protein response to restore homeostasis, which is called UPR (unfolded protein response) (Wang and Kauf-

man, 2016). UPR downstream components strictly control transcription and translation reprogramming to

ensure selective gene expression (Zhao et al., 2020). The overactivation of these three pathways is associ-

ated with tumor formation (Oakes 2020). If endoplasmic reticulum stress is at a high level for a long time,

UPR can promote cell self-extinction (Oakes and Papa, 2015). Cancer cells are subject to a variety of adverse

factors, including gene mutation, hypoxia, and nutritional deficiency, resulting in endoplasmic reticulum

stress and triggering UPR (Moenner et al., 2007). Liu et al. indicated that liver cancer cells under endo-

plasmic reticulum stress released exosomes to upregulate the expression of PD-L1 and then inhibit

T cell function (Liu et al., 2019). Scott et al. confirmed that changing the expression of ER chaperone
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affected the growth of tumor cells (Oakes, 2017). Furthermore, UPR apoptosis pathway was induced by

increasing the levels of C/EBP homologous protein (Deng et al., 2020).

In this study, our studies confirm that miR-1307 has an effect on the malignant proliferation of human liver

cancer cells and reveal the effect of miR-1307 on the signal pathway network in human liver cancer cells.

Importantly, this study reveals the mechanism of miR-1307 on the proliferation of liver cancer cells by

affecting the folding proteins via endoplasmic reticulum and provides new ideas for the treatment of a

variety of cancers.

RESULTS

miR-1307 promotes the growth of liver cancer cell in vitro and in vivo

To investigate the effect of miR-1307 on human liver cancer cells, the pre-miR-1307 (refseq: MI0006444) was

cloned into pVLX-ZsGreen-miRNA-Puro (Figure S1). pLVX-Zsgreen-miR-1307-puro was packaged into a

lentivirus rLV-miR-1307. The human liver cancer cell line Hep3B was infected with rLV-miR-1307. The pos-

itive cells were selected under fluorescence microscope (Figure S2A). miR-1307 precursor and mature miR-

1307 were significantly increased in rLV-miR-1307 group compared with rLV group (Figures 1A, 1B, and

S2B). The cell proliferation ability was significantly increased in rLV-miR-1307 group compared with rLV

group (24 h: p = 0.000000882 < 0.01; 48 h: p = 0.000000169 < 0.01) (Figure 1C). The formation rate of plate

colony was significantly increased in rLV-miR-1307 group compared with rLV group (29.2 G 5.89% versus

78.4 G 5.302%, p = 0.008329 < 0.01, Figure 1Da&b; 17.13 G 5.33% versus 70.87 G 7.52%, p =

0.007499 < 0.01, Figures S3A and S3B). The average weight of xenograft tumor was significantly increased

in rLV-miR-1307 group compared with rLV group (p = 0.0041057 < 0.01) (Figures 1E–1G). HE staining

Figure 1. miR-1307 promotes the growth of liver cancer cells in vitro and in vivo

(A) Northern blotting was used to detect miR-1307 and U6.

(B) Quantitative RT-PCR was used to detect the mature miR-1307 and U6. The values of each group were expressed as mean G SD (n = 3); * *p < 0.01,

*p < 0.05.

(C) CCK8 method was used to determine the cell proliferation ability. The values of each group were expressed as mean G SD (n = 3); * *p < 0.01, *p < 0.05.

(D) The colony forming ability of cells was measured. (a) Photos of plate colonies. (b) Analysis of colony forming ability of cells. The values of each group were

expressed as mean G standard deviation (bar G SD, n = 3); * *p < 0.01, *p < 0.05.

(E) In vivo Hep3B cells were inoculated subcutaneously into BALB/C nude mice for one month.

(F) The xenograft tumor was dissected.

(G) Comparison of tumor size (g). The values of each group were expressed as mean G SD (n = 6); * *p < 0.01, *p < 0.05 respectively.

(H) The transplanted tumor tissue sections (4 mm) were performed in anti-PCNA immunohistochemical staining (original registration 3 100).
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showed less high-differentiated cancer cells and more low-differentiation cells in rLV-miR-1307 group than

those in rLV group (Figure S4). PCNA expression was significantly increased in rLV-miR-1307 group

compared with rLV group (Figure 1H). Collectively, miR-1307 promotes growth of liver cancer cells in vivo

and in vivo.

miR-1307 alters transcriptomics, proteomics, and regulatory omics of human hepatoma cells

To explore how miR-1307 affects the epigenetic regulation in human liver cancer cells, the chromatin immuno-

precipitation sequencing with anti-H3K9me2 was preformed. As shown in Figure S5A, the distribution of

H3K9m2modification on 23 pairs of chromosomeswas showed in rLV group and rLV-miR-1307 group. As shown

in Figure S5B, the peak difference of genes between rLV group and rLV-miR-1307 group was shown, including

GCLC, CFTR, WNT16, NA, CYP51A, HECW1, ICA1, KDM1A, RBM6, RAX, KDM4C, CUBN, ARX, KDM4C,

CUBN1, CDC27, CALCR, CREBBP, CDK14, TRPM3, KDM4C, SNX16, etc. As shown in Figure S5C, the visualiza-

tion analysis results of peak difference genes were shown in rLV group and rLV-miR-1307 group, such as,

KDM4C, TBX22, UBE3C, Rad50,HDAC2, PRPC2C,CALN1, Sox5, TUT4, etc.Next, the effect ofmiR-1307on tran-

scriptome of liver cancer cells was analyzed by RNA-Seq. The analysis ofWayne diagram showed that 3,845 dif-

ferential geneswere overlapped in the twogroups, 338 differential genes only appeared in rLV-miR-1307 group,

and 585 differential genes only appeared in rRLV group (Figure S5D). Volcano map analysis showed that there

were 250 upregulated and 300 downregulated genes (Figure S5E). The heat map analysis showed the differen-

tial gene classification (Figure S5F), and the downregulatedgenesmainly includedOSTC,ARF5, LMNA,ATAD2,

RSP5, UBE2M, CAPZB,MCM5, THRA, CKS1B, HBP1, TUBA1C, EFNB2, KDM3A, CCT3, OTUB1, RPLP1, CCNA2,

ELAVL2, MARCKS, TUBB, etc., and the down regulated genes mainly included LMNA, CALR, TUBA1C, CCT3,

CAPZB, MCM5, CKSB1, TUBAC, CCT3, CCNA2, ELAVL2, MARCKS, TUBB, ATP8B2, PPIG, CALR, TPM3, SF3B3,

CAP1, NAA15, SCAF1, TPM3, PSIP1, NAA15, GMPS, SCAF1, PSIP1, GMPS, HOXA5, UBAP2L, TUBA1B, MCM4,

TOP2A, PRCC, PHF6, ASAP1, EHD3, etc.

The effect of miR-1307 on the proteomics of liver cancer cells was analyzed by label-free quantitative pro-

teomics assay. Differential protein volcano map showed that 208 genes were upregulated and 227 genes

were downregulated in 3,335 proteins (Figure S5G). Upregulated proteins mainly include TOP2A, LPR1,

RAB7A, CALU, SP1, CAVIN1, DLD, Rad21, CTCF, JUN, HSPG2, HIST1H2A, CBX, PRKAR, PPP1R7, CAVIN3,

CARMIL, FOXP4, PRKAR, TBK1, FAM20B, DNMT3A, and CDK2AP1, and downregulated proteins mainly

include TUBA1C, TUBB4A, PHB, XPO1, EIF5A, EIF3D, KAT7, PFKL, OGT, MTOR, PFKM, DTBP3, EIF2A,

CDC16, TFAD4, CARM1, UBE4B, CCDCB4, BIN1, EIF3H, SETDB1, PPKCD, and UBASH3B.The interaction

molecular network of the endoplasmic reticulum (ER) regulatory factor CALR was revealed by immunopre-

cipitation with anti-CALR-mass spectrometry analysis. The total CALR binding proteins were analyzed by

10% SDS-PAGE electrophoresis (Figure S5H). Cluster analysis (Figure S5I) and volcano map (Figure S5J)

showed the CALR binding differential protein level, including 168 upregulated proteins and 100 downre-

gulated proteins), e.g. MYH10, TPM3, ENO3, ACLY, DDB1, CALD1, SEC233A, AP2S1, TXN, DDOST, AARS,

ETF1, SDTBN1, etc. CALR binding proteins in two groups were analyzed by domain enrichment analysis.

The types and distribution of domains (Figure S5K) and the enriched domain bubble (Figure S5L) were

plotted. It mainly includes HistoneH3, Histone H4, HistoneH2B, SNF2, bromodomain, Tudor domain,

Sec63 domain, CRF1 domain, MTRA, soluble ligand binding domain, nucleic acid binding, CARM1 N ter-

minal domain, SecY/SEC61-alpha, histone-fold domain, SH2 domain, zinc-finger domain, coatomer

domain, protein kinase domain, 26S proteasome 2B, and catalytic subunit beta. CALR binding proteins

were analyzed by using the StringDB protein interaction database, and the network diagram was con-

structed (Figure S5M). Collectively, these observations suggest that miR-1307 alters transcriptomics, pro-

teomics, and regulatory omics in human liver cancer cells.

miR-1307 inhibits the expression of METTL8

To investigate the effect of miR-1307 on the expression of METTL8, KDM3A, and KDM3B in human liver

cancer cell, firstly, human liver cancer cell line Hep3B was infected with rLV-miR-1307 and rLV, respectively

(Figure S6). Both miR-1307 precursor and mature miR-1307 were significantly increased in rLV-miR-1307

group compared with rLV group (Figures 2A and 2B). Bioinformatics analysis shows that the mature

sequence of miR-1307 binds to the 30-noncoding region (2225-2232) of METTL8 mRNA through eight-

base seed sequence (Figure 2C). The activity of pMirTarget-METTL8 30-UTR-Luc reporter gene was signif-

icantly decreased in rLV-miR-1307 group compared with rLV group (21072.26 G 3042.79 versus 6421.82 G

1053.43, p = 0. 00592 < 0.01) (Figure 2D). The activity of pMirtarget-METTL8 30-UTR(mutant)-Luc reporter

gene was not altered in rLV-miR-1307 group compared with rLV group (27,622.08 G 6506.36 versus
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25752.34 G 2690.37, p = 0.3783 > 0.05) (Figure 2E). Although METTL8 mRNA was not changed in rLV-miR-

1307 group compared with rLV group (Figures 2F and 2G), METTL8 protein was significantly decreased in

rLV-miR-1307 group compared with rLV group (Figures 2H and 2I). Collectively, these results suggest that

miR-1307 targets METTL8 30UTR and inhibits the expression of METTL8 in liver cancer cells.

miR-1307 inhibits KDM3A and KDM3B by reducing METTL8

In view of the inhibition of the expression of METTL8 via miR-1307 in human liver cancer cells, we will

analyze whether miR-1307 affects the expression of KDM3A and KDM3B by reducing METTL8. RIP-seq

Figure 2. miR-1307 targets METTL8 and inhibits METTL8 expression

(A) Total RNA was extracted, and northern blotting was used to detect miR-1307. U6 as internal reference genes.

(B) qRT-PCR was used to detect the mature miR-1307. Each experiment was repeated three times. The values of each group were expressed as mean G SD

(n = 3); * *p < 0.01, *p < 0.05.

(C) Bioinformatics was used to analyze the seed sequence of mature miR-1307 binding to 30UTR of METTL8 mRNA.

(D) The activity of pMirtarget-METTL8 30-UTR-Luc reporter gene was detected. Each experiment was repeated three times. The values of each group were

expressed as mean G SD (n = 3); * *p < 0.01, *p < 0.05.

(E) The activity of pMirtarget-METTL8 30 UTR(mutant) Luc reporter gene.

(F) RT-PCR was used to detect METTL8. b-actin was used as the internal reference gene.

(G) Quantitative RT-PCR analysis. Each experiment was repeated three times. The values of each group were expressed as mean G SD (n = 3); * *p < 0.01,

*p < 0.05.

(H) Western blotting was used to detect METTL8. b-actin was used as internal reference gene.

(I) Gray scan analysis of positive bands. Each experiment was repeated three times. The values of each group were expressed as mean G SD (n = 3);

* *p < 0.01, *p < 0.05.
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analysis showed that the binding ability of METTL8 with KDM3A mRNA, KDM3B mRNA, OGT mRNA,

CDC16 mRNA, CARM mRNA, and SETDB1 mRNA was significantly decreased, and the binding ability of

METTL8 with JUN mRNA, FOXP4 mRNA, CDKAP1 mRNA, PRKAR mRNA, and PPP1R7 mRNA was signifi-

cantly increased in rLV-miR-1307 group compared with rLV group (Figures 3A, S7A and S7B). Thereby,

the KDM3A and KDM3BmRNAwere significantly reduced in rLV-miR-1307 group compared with rLV group

(Figure 3B), and the translational ability of KDM3A and KDM3B was significantly reduced in rLV-miR-1307

group compared with rLV group (Figure 3Ca&b). The expression of METTL8 was significantly decreased in

rLV-miR1307 group compared with rLV group and increased in rLV-miR-1307 + rLV-METTL8 group (Fig-

ure 3D). Although the KDM3AmRNA and KDM3BmRNA were significantly reduced in rLV-miR-1307 group

compared with rLV group, it was not significantly altered in rLV-miR-1307+rLV-METTL8 group compared

with rLV group (Figure 3E). Although the expression of KDM3A and KDM3B were significantly reduced

in rLV-miR-1307 group compared with rLV group, it was not significantly altered in rLV-miR-1307+rLV-

METTL8 group compared with rLV group (Figure 3Fa&b). Collectively, these results suggest that miR-

1307 inhibits the expression of KDM3A and KDM3B by reducing METTL8 in liver cancer cells.

miR-1307 increases the methylation of histone H3 lysine 9 by inhibiting the expression of

KDM3A and KDM3B

Given that miR-1307 inhibits the expression of KDM3A and KDM3B in human liver cancer cells, we will

analyze whether miR-1307 affects the methylation modification of histone H3 at the ninth lysine by inhibit-

ing KDM3A and KDM3B. First, protein immunoprecipitation (IP) analysis showed that the binding ability of

histone H3 to KDM3A and KDM3B was significantly decreased in rLV-miR-1307 group compared with rLV

group (Figure 4A). Although the methylation of histone H3 at the ninth lysine (H3K9me1, H3K9me2,

H3K9me3) was significantly increased in rLV-miR-1307 group compared with rLV group, it was not

Figure 3. miR-1307 inhibits the expression of KDM3A and KDM3B by reducing METTL8 in liver cancer cells

(A) RNA immunoprecipitation (RIP) with anti-METTL8 was performed. RT-PCR was used to detect KDM3A and KDM3BmRNA. IgG RNA immunoprecipitation

was used as negative control.

(B) RT-PCR was used to detect KDM3A and KDM3B. b-actin was used as internal reference gene.

(C) (a) The total protein was extracted, and the expression of KDM3A and KDM3B was detected by western blotting. b-actin was used as the internal

reference gene. (b) Gray scan analysis of positive bands. Each experiment was repeated three times. The values of each group were expressed as meanG SD

(n = 3); * *p < 0.01, *p < 0.05.

(D) The expression of METTL8 was analyzed by western blot. b-actin was used as the internal reference gene.

(E) RT-PCR was used to detect KDM3A and KDM3B. b-actin was used as internal reference gene.

(F) (a) The expression of KDM3A and KDM3B was detected by western blotting. b-actin was used as the internal reference gene. (b) Gray scan analysis of

positive bands.

ll
OPEN ACCESS

iScience 24, 103271, November 19, 2021 5

iScience
Article



significantly changed in rLV-miR-1307 + rLV-KDM3A group compared with rLV group (Figure 4Ba&b).

Although the methylation of histone H3 at the ninth lysine (H3K9me1, H3K9me2, H3K9me3) was signifi-

cantly increased in rLV-miR-1307 group compared with rLV group, it was not significantly changed in

rLV-miR-1307+rLV-KDM3B group compared with rLV group (Figure 4Ca&b). Collectively, these results sug-

gest that miR-1307 increases themethylation of histone H3 at the ninth lysine by inhibiting the expression of

KDM3A and KDM3B.

miR-1307 promotes the expression of endoplasmic reticulum regulatory protein CALR via

H3K9me2

Because miR-1307 increases methylation on the ninth lysine of Histone H3 by inhibiting the expression of

KDM3A and KDM3B, we will analyze whether miR-1307 alters the expression of CALR in liver cancer cells by

H3K9me2. First, the binding ability of H3K9me2 and RNA polII to the promoter region of CALR was signif-

icantly increased in rLV-miR-1307 group compared with rLV group (Figure 5A). Although the methylation of

histone H3 at the ninth lysine (H3K9me1, H3K9me2, H3K9me3) was significantly increased in rLV-miR-1307

group compared with rLV group, it was not significantly changed in rLV-miR-1307 + BIX-01294 group (BIX-

01294 is the specific inhibitor of H3K9me2) (Figure 5B). The binding ability of H3K9me2, P300, and RNA polII

to the promoter region of CALR was significantly increased in rLV-miR-1307 group compared with rLV

group; it was not significantly changed in rLV-miR-1307+BIX-01294 group (Figure 5C). The binding ability

of CALR promoter probe to H3K9me2 was significantly increased in rLV-miR-1307 group compared with rLV

group; it was not significantly changed in rLV-miR-1307+BIX-01294 (Figure 5D). The binding ability of CALR

Figure 4. miR-1307 increases the methylation of histone H3 at the ninth lysine

(A) The samples were co-precipitated with anti-histone H3, and the precipitates were analyzed by western blotting with

anti-KDM3A and anti-KDM3B. IgG immunoprecipitation was used as negative control.

(B) (a) Western blotting analysis was performed with anti-K3K9me1, anti-H3K9me2, and anti-H3K9me3. Histone H3 was

used as the internal reference gene. (b) Gray scan analysis of positive bands. Each experiment was repeated three times.

The values of each group were expressed as mean G SEM (n = 3); * *p < 0.01, *p < 0.05.

(C) (a) Western blotting analysis was performed with anti-K3K9me1, anti-H3K9me2, and anti-H3K9me3. Histone H3 was

used as the internal reference gene. (b) Gray scan analysis of positive bands. Each experiment was repeated three times.

The values of each group were expressed as mean G SD (n = 3); * *p < 0.01, *p < 0.05.
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promoter probe to RNApolII was significantly increased in rLV-miR-1307 group compared with rLV group; it

was not significantly changed in rLV-miR-1307 + BIX-01294 (Figure 5E). The binding ability of H3K9me2 and

RNApolII to CALR promoter-enhancer loop was significantly increased in rLV-miR-1307 group compared

with rLV group; it was not significantly changed in rLV-miR-1307 + BIX-01294 (Figure 5G). Although the

CALR promoter luciferase reporter gene activity was significantly increased in rLV-miR-1307 group

compared with rLV group (6560.85 G 773.42 versus 19,112.77 G 2644.07, p = 0.005134 < 0.01), it was

Figure 5. miR-1307 enhances the expression of CALR by depending on H3K9me2

(A) Chromatin immunocoprecipitation (CHIP) analysis was performed by anti-H3K9me2 and anti-RNA polII, respectively. The PCR amplification was

performed by using primers designed according to the DNA of CALR promoter region. IgG CHIP was used as the negative control.

(B) The western blotting was performed by using anti-H3K9me1, anti-H3K9me2, and anti-H3K9me3. Histone H3 was used as the internal reference gene.

(C) The CHIP analysis was performed by anti-H3K9me2 and anti RNA polII, respectively. The PCR amplification was carried out by using primers designed

according to the DNA of CALR promoter region. IgG chip was used as the negative control.

(D) Super-EMSA with CALR promoter probe labeled with biotin (Biotin-CALR) and anti-H3K9me2 and anti-Biotin was performed.

(E) Super-EMSA with CALR promoter probe labeled with biotin (Biotin-CALR) and anti-RNApolII and anti-Biotin was performed.

(F) The binding ability of H3K9me2 and RNApolII with the promoter-enhancer loop of CALR was analyzed by the chromosome configuration capture (3C)-

chromatin immunocoprecipitation (chip).

(G) pEZX-MT-CALR-promoter-Luc activity was detected. Each experiment was repeated three times. The values of each group were expressed as

mean G SEM (n = 3); * *p < 0.01, *p < 0.05.

(H) The transcription ability of CALR was detected by RT-PCR. b-actin was used as the internal reference gene.

(I) Quantitative RT-PCR analysis. Each experiment was repeated three times. The values of each group were mean G SD (n = 3); * *p < 0.01, *p < 0.05.

(J) The translation ability of CALR was detected by western blotting. b-actin was used as the internal reference gene.

(K) Gray scan analysis of positive strip. Each experiment was repeated three times. The values of each group were mean G SD (n = 3); * *p < 0.01, *p < 0.05.
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not significantly changed in rLV-miR-1307+BIX-01294 (6560.85 G 773.42 versus 5870.86 G 970.68,

p = 0.1041 > 0.05) (Figure 5F). Finally, the transcriptional level of CALR was significantly increased in rLV-

miR-1307 group compared with rLV group; it was not significantly changed in rLV-miR-1307+BIX-01294

(Figures 5H and 5I). The expression of CALR was significantly increased in rLV-miR-1307 group compared

with rLV group; it was not significantly changed in rLV-miR-1307 + BIX-01294 compared with rLV group

(Figures 5J and 5K). Collectively, these results suggest that miR-1307 enhances the expression of CALR

by depending on H3K9me2.

miR-1307 alters cyclins via the CALR-OSTC-protein folding pathway

Because miR-1307 promotes the expression of CALR and inhibits the expression of OSTC, we will analyze

whether miR-1307 changes cyclins expression and its interaction via the CALR-OSTC endoplasmic reticu-

lum protein folding pathway in liver cancer. First, co-immunoprecipitation (IP) analysis showed that the

binding ability of OSTC to CDK2, CDK4, CyclinD1, and cyclinE was significantly decreased in rLV-miR-

1307 group compared with rLV group (Figure 6A). The binding ability of CALR to CDK2, CDK4, CyclinD1,

and cyclinE was significantly enhanced in rLV-miR-1307 group compared with rLV group (Figure 6B).

Although the interaction between CDK2 and cyclinE was significantly increased in rLV-miR-1307 group

compared with rLV group, it was not significantly altered in rLV-miR-1307 + silibinin (protein misfolding in-

hibitor) group compared with rLV group (Figure 6C). Although the interaction between CDK4 and CyclinD1

was significantly increased in rLV-miR-1307 group compared with rLV group, it was not significantly altered

in rLV-miR-1307 + silibinin (protein misfolding inhibitor) group compared with rLV group (Figure 6D).

Finally, although the expressions of p21WAF1/CIP1, GADD45, pRB, and P18 were significantly decreased

and the expressions of ppRB and PCNA were significantly increased in rLV-miR-1307 group compared with

rLV group, it was not significantly altered in rLV-miR-1307 + silibinin group compared with rLV group (Fig-

ure 6E). Collectively, these results suggest that miR-1307 alters the expression of cyclins p21WAF1/CIP1,

GADD45, P18, pRB, ppRB, and PCNA by CALR-OSTC-protein folding pathway.

miR-1307 enhances the activity of H-ras, PKM2, and PLK1 via the CALR-OSTC-protein folding

pathway

Given that miR-1307 promotes the expression of CALR and inhibits the expression of OSTC, we will analyze

whether miR-1307 alters the activities of H-ras, PKM2, and PLK1 via the CALR-OSTC-protein folding pathway.

First, protein immunoprecipitation (IP) analysis showed that the binding ability of OSTC to H-Ras, PKM2, and

PLK1was significantly decreased in rLV-miR-1307 group comparedwith rLV group (Figure 7A). The binding abil-

ity of CALR to H-Ras, PKM2, and PLK1 was significantly enhanced in rLV-miR-1307 group compared with rLV

group (Figure 7B). The activity of H-ras was significantly increased in rLV-miR-1307 group compared with rLV

group; it was not significantly altered in rLV-miR-1307 + silibinin group compared with rLV group (Figures 7C

and 7D). Although the expression of PKM2 was significantly increased in rLV-miR-1307 group compared with

rLV group, it was not significantly altered in rLV-miR-1307 + silibinin group comparedwith rLV group (Figure 7E).

The activity of PKM2 was significantly increased in rLV-miR-1307 group compared with rLV group

(GlycoPER:2.25 G 0.37 versus 8.62 G 0.58, p = 0.00036 < 0.01; NAD+: 0.57 G 0.08 versus 1.14 G 0.62, p =

0.0084 < 0.01); it was not significantly altered in rLV-miR-1307 + silibinin group compared with rLV group

(GlycoPER:2.25 G 0.37 versus 3.00 G 0.85, p = 0.129 > 0.05; NAD+: 0.57 G 0.08 versus 0.59 G 0.11, p =

0.295 > 0.05) (Figures 7F and 7G). The expression of PLK1 and PKG in rLV-miR-1307 group was significantly

increased in rLV-miR-1307 group compared with rLV group; it was not significantly altered in rLV-miR-1307 +

silibinin group compared with rLV group (Figure 7H). The PLK1 activity was significantly increased in rLV-miR-

1307group comparedwith rLV group (0.31G 0.08 versus 0.93G 0.06, p = 0.00019< 0.01); it was not significantly

altered in rLV-miR-1307 + silibinin group compared with rLV group (0.31G 0.08 versus 0.34G 0.11, p = 0.382 >

0.05) (Figure 7I). Collectively, these results suggest that miR-1307 enhances the activities of H-ras, PKM2, and

PLK1 via the CALR-OSTC-protein folding pathway.

miR-1307 inhibits autophagy and promotes the expression of oncogene dependent on the

endoplasmic reticulum protein folding pathway

Given that miR-1307 enhances the expression of CALR and inhibits the expression of OSTC, we will analyze

whether miR-1307 inhibits autophagy and promotes the expression of oncogene dependent on the endo-

plasmic reticulum protein folding pathway in liver cancer cells. The binding ability of OSTC with ATG4 was

significantly decreased in rLV-miR-1307 group compared with rLV group (Figure 8A). The binding ability of

CALR with ATG4 was significantly increased in rLV-miR-1307 group compared with rLV group (Figure 8B).

Although the binding ability of ATG4 with LC3 was significantly decreased in rLV-miR-1307 group
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compared with rLV group, it was not significantly altered in rLV-miR-1307 + silibinin group compared

with rLV group (Figure 8C). Although the active LC3II was significantly reduced in rLV-miR-1307

group compared with rLV group, it was not significantly altered in rLV-miR-1307 + silibinin group

compared with rLV group (Figure 8D). Although the binding ability of LC3 with ATG3 and ATG7 was signif-

icantly reduced in rLV-miR-1307 group compared with rLV group, it was not significantly altered in rLV-miR-

1307+silibinin group compared with rLV group (Figure 8E). Although the binding ability of ATG5 with

ATG16L1, ATG12, ATG9, and ATG7 was significantly decreased in rLV-miR-1307 group compared with

Figure 6. miR-1307 alters the expression of cyclins by CALR-OSTC-protein folding pathway

(A) The total proteins were extracted and analyzed by co-immunoprecipitation (IP). The samples were

immunoprecipitated with anti-OSTC, and the precipitates were analyzed by western blotting with anti-CDK2, anti-CDK4,

anti CyclinD1, and anti-cyclinE. IgG immunoprecipitation was used as negative control. Western blotting was used to

detect anti-OSTC as input.

(B) The total protein was extracted and analyzed by co-immunoprecipitation (IP). The samples were immunoprecipitated

by anti-CALR, and the precipitates were analyzed by western blotting with anti-CDK2, anti-CDK4, anti CyclinD1, and anti-

cyclinE. IgG co-immunoprecipitation was used as negative control.

(C) Total proteins were extracted and analyzed by co-immunoprecipitation (IP). The samples were co-precipitated with

anti-CDK2, and the precipitates were analyzed by western blotting with anti-cyclinE.

(D) Total proteins were extracted and analyzed by immunoprecipitation (IP). The samples were co-precipitated with anti-

CDK4, and the precipitates were analyzed by western blotting with anti-cyclinD1.

(E) Western blotting analysis was performed with anti-p21waf1/CIP1, anti-GADD45, anti-p18, anti-pRB, anti-ppRB, and

anti-PCNA. b-actin was used as the internal reference gene.
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Figure 7. miR-1307 enhances the activities of H-ras, PKM2, and PLK1 via the CALR-OSTC-protein folding pathway

(A) The total protein was extracted and analyzed by immunoprecipitation (IP). The samples were co-immunoprecipitated with anti-OSTC, and the

precipitates were analyzed by western blotting with anti-H-Ras, anti-PKM2, and anti-PLK1. IgG immunoprecipitation was used as negative control.

(B) The samples were co-immunoprecipitated with anti-CALR, and the precipitates were analyzed by western blotting with anti-H-Ras, anti-PKM2, and

anti-PLK1.

(C) The expression of H-ras was analyzed by western blot. b-actin was used as the internal reference gene.

(D) The activity of H-ras was analyzed. The total protein was extracted, and then anti-GST was used for GST pull-down analysis.

(E) The expression of PKM2 was analyzed by western blot. b-actin was used as the internal reference gene.

(F) The activity of PM2 was analyzed. Each experiment was repeated three times. The values of each group were expressed as mean G SEM (n = 3); *

*p < 0.01, *p < 0.05.

(G) The activity of PKM22 (NAD +) was analyzed. Each experiment was repeated three times. The values of each group were expressed as meanG SD (n = 3);

* *p < 0.01, *p < 0.05.
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rLV group, it was not significantly altered in rLV-miR-1307 + silibinin group compared with rLV group (Fig-

ure 8F). Although the expression of Beclin1 was significantly decreased in rLV-miR-1307 group compared

with rLV group, it was not significantly altered in rLV-miR-1307 + silibinin group compared with rLV group

(Figure 8G). In autophagy LC3 HiBiT-reporter assay (the autophagy rate was inversely proportional to LC3

HiBiT-reporter value), although the autophagy rate was significantly reduced in rLV-miR-1307 group

compared with rLV group (52.26 G 11.0 versus 319.59 G 23.77.p = 0.000404 < 0.01), it was not significantly

altered in rLV-miR-1307 + silibinin group compared with rLV group (52.26 G 11.0 versus 66.53 G

19.24.p = 0.208 > 0.05) (Figure 8H). Although the incidence rate of autophagy was significantly reduced

in rLV-miR-1307 group compared with rLV group (13.15 G 1.59% versus 2.15 G 0.81%, p = 0.00085 <

0.01), it was not significantly altered in rLV-miR-1307 + silibinin group compared with rLV group

(13.15 G 1.59% versus 11.64 G 3.34%, p = 0.233 > 0.05) (Figure 8Ia&b). Although the expressions of

PAK2, PLK1, PRKAR2A, MYBL1, and Tim44 were significantly increased and the expressions of Sash1 and

Smad5 were decreased in rLV-miR-1307 group compared with rLV group, it was not significantly altered

in rLV-miR-1307 + SMER28(autophagy activator) group compared with rLV group (Figure 8J). Although

the expressions of PAK2, PLK1, PRKAR2A, MYBL1, and Tim44 were significantly increased and the expres-

sions of Sash1 and Smad5 were decreased in rLV-miR-1307 group compared with rLV group, it was not

significantly altered in rLV-miR-1307 + Flubendazole (autophagy activator) group compared with rLV group

(Figure 8K). Collectively, these results suggest that miR-1307 inhibits autophagy and promotes the expres-

sion of oncogene dependent on the endoplasmic reticulum protein folding pathway.

Both CALR knockdown and excessive OSTC abrogate the carcinogenic function of miR-1307

in liver cancer

Given that miR-1307 inhibits autophagy and promotes the expression of oncogene dependent on the

CALR-OSTC-endoplasmic reticulum protein folding pathway, we will analyze whether both CALR knock-

down and excessive OSTC influence the carcinogenic function of miR-1307 in liver cancer. miR-1307 pre-

cursor and mature miR-1307 were significantly increased in rLV-miR-1307 group, rLV-miR-1307 + pGFP-

V-RS-CALR group, rLV-miR-1307 + rLV-OSTC group compared with rLV group, respectively (Figures 9A

and 9B). CALR was significantly increased in rLV-miR-1307 group and rLV-miR-1307 + rLV-OSTC group

and decreased in rLV-miR-1307 + pGFP-V-RS-CALR group compared with rLV group, respectively. OSTC

was significantly decreased in rLV-miR-1307 group and rLV-miR-1307 + pGFP-V-RS-CALR group and

increased in rLV-miR-1307 + rLV-OSTC group compared with rLV group, respectively (Figure 9C). Although

the proliferation ability was significantly increased in rLV-miR-1307 group compared with rLV group (24 h:

p < 0.01; 48 h: p < 0.01), it was not significantly altered in rLV-miR-1307 +pGFP-V-RS-CALR group, rLV-miR-

1307 + rLV-OSTC group compared with rLV group, respectively (24 h: P > 0.05; 48 h: P > 0.05) (Figure 9D).

Although the colony formation ability was significantly increased in rLV-miR-1307 group compared with rLV

group (30.59 G 3.50% versus 62.01 G 5.58%, p = 0.001 < 0.01), it was not significantly altered in rLV-miR-

1307+pGFP-V-RS-CALR group, rLV-miR-1307 + rLV-OSTC group compared with rLV group, respectively

(30.59 G 3.50% versus 26.33 G 2.32%, p = 0.1196 > 0.05; 30.59 G 3.50% versus 33.41 G 9.01%, p =

0.331 > 0.05) (Figure 9E). Although the average weight of xenograft tumor was significantly increased in

rLV-miR-1307 group compared with rLV group (0.409 G 0.104 g versus 0.953 G 0.121 g, p =

0.0000000086 < 0.01), it was not significantly altered in rLV-miR-1307 +pGFP-V-RS-CALR group, rLV-miR-

1307 + rLV-OSTC group compared with rLV group, respectively (0.409 G 0.104 g versus 0.331 G 0.144

g, P > 0.01; 0.409 G 0.104 g versus 0.378 G 0.046 g, p = 0.21727 > 0.05) (Figure 9G). Although the average

appearance time of xenograft tumor was significantly decreased in rLV-miR-1307 group compared with

rLV group (10.5 G 1.9 days versus 6.3 G 1.06 days, p = 0.0000679 < 0.01), it was not significantly altered

in rLV-miR-1307 +pGFP-V-RS-CALR group, rLV-miR-1307 +rLV-OSTC group compared with rLV group,

respectively (10.5 G 1.9 days versus 9.3 G 1.77 days, P > 0.05; 10.5 G 1.9 days versus 9.8 G 2.25 days,

p = 0.128 > 0.05) (Figure 9H). Although the poorly differentiated tumor cells were significantly decreased

in rLV-miR-1307 group compared with rLV group, it was not significantly altered in rLV-miR-1307+pGFP-V-

RS-CALR group, rLV-miR-1307+rLV-OSTC group compared with rLV group, respectively (Figure S8A). The

expression of PCNA was significantly decreased in rLV-miR-1307 group compared with rLV group; it was

not significantly altered in rLV-miR-1307+pGFP-V-RS-CALR group, rLV-miR-1307+rLV-OSTC group

Figure 7. Continued

(H) The expression of PLK1 and PKG was analyzed by western blot. b-actin was used as the internal reference gene.

(I) PLK1 kinase activity was analyzed by cell Plk1 kinase activity quantitative detection kit. Each experiment was repeated three times. The values of each

group were expressed as mean G SEM (n = 3); * *p < 0.01, *p < 0.05.
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compared with rLV group, respectively (Figure S8B). Collectively, these results suggest that both CALR

knockdown and excessive OSTC abrogate the carcinogenic function of miR-1307 in liver cancer cells.

DISCUSSION

In this study, our studies confirm that miR-1307 has an effect on the malignant proliferation of human hepatoma

cells and indicate the effect of miR-1307 on the signal pathway network of human liver cancer cells from the

perspective of epigenetic regulation omics, transcriptomics, and proteomics (Figure 9I). Furthermore, this study

reveals the mechanism of miR-1307 on the proliferation of liver cancer cells by affecting the folding function of

endoplasmic reticulum protein and provides new ideas for the treatment of a variety of cancers.

miR-1307 promotes human hepatocarcinogenesis

In this study, miR-1307 can significantly promote the growth of hepatoma cells in vitro and in vivo, including cell

proliferation, colony forming ability, and tumorigenesis in nude mice. Tang et al. showed that miR-1307

Figure 8. miR-1307 inhibits autophagy and promotes the expression of oncogene dependent on the endoplasmic reticulum protein folding

pathway

(A) The total protein was extracted and analyzed by immunoprecipitation (IP). The samples were co-precipitated with anti-OSTC, and the precipitates were

analyzed by western blotting with anti-ATG4. IgG immunoprecipitation was used as negative control.

(B) The samples were co-precipitated with anti-CALR, and the precipitates were analyzed by western blotting with anti-ATG4.

(C) The samples were co-immunoprecipitated with anti-ATG4, and the precipitates were analyzed by western blotting with anti-LC3.

(D) The western blotting with anti-LC3. b-actin was used as the internal reference gene.

(E) The samples were co-precipitated with anti-LC3, and the precipitates were analyzed by western blotting with anti-ATG3 and anti-ATG7.

(F) The samples were co-immunoprecipitated with anti-ATG5, and the precipitates were analyzed by western blotting with anti-LC3, anti-ATG12, anti-

ATG16l1, and anti-ATG9.

(G) Western blotting with anti-beclin1. b-actin was used as the internal reference gene.

(H) Autophagy LC3 HiBiT-reporter assay. The values of each group were expressed as mean G SD (n = 3); * *p < 0.01, *p < 0.05.

(I) (a) Adenovirus Red-cherry-GFP-LC3 was infected, and autophagy was monitored. Autophagy was observed by fluorescence microscope (red marker

cherry-LC3). (b) The incidence rate of autophagy was compared. Each experiment was repeated three times. The values of each group were expressed as

mean G SEM (n = 3); * *p < 0.01, *p < 0.05.J&K. Western blotting analysis was performed using anti-PAK2, anti-PLK1, anti-PRKAR2A, anti-MYBL1, anti-

Trim44, anti-Sash1, and anti-Smad5. b-actin was used as the internal reference gene.
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promotes the occurrence of colorectal cancer by interfering with dicer recruitment (Tang et al., 2015). Studies

have confirmed that miR-1307 is upregulated in colorectal cancer, breast cancer, and hepatocellular carcinoma

and plays a role in promoting tumor development by regulating its downstream targets TUSC5, Smyd4, and

DAB2IP in different cancers (Yue et al., 2020). Yang et al. found that miR-1307 promoted the proliferation

and migration of colorectal cancer cells by inhibiting PRRX1 (Yang et al., 2020). Du et al. demonstrated that

miR-1307-5p targeted TRAF3 and activated NF-kB/MAPK pathway to promote the proliferation of lung adeno-

carcinoma (Du et al., 2020). Qi et al. demonstrated that miR-1307 could promote the proliferation of prostate

cancer by targeting FOXO3a (Qiu andDou, 2017).Our results are consistentwith the reports and further suggest

that miR-1307 can promote the malignant progression of human liver cancer.

miR-1307 affects histone methylation in human liver cancer cells

In this study, anti-H3K9me2-chromatin immunoprecipitation sequencing analysis reveal the effect of miR-

1307 on the epigenetic regulation in human liver cancer cells. miR-1307 changed the methylation of H3K9

Figure 9. Both CALR knockdown and excessive OSTC abrogate the carcinogenic function of miR-1307 in liver cancer

(A) The precursor and mature miR-1307 were detected by northern blot. U6 was used as the internal reference gene.

(B) The mature miR-1307 was detected by RT-PCR. U6 was used as the internal reference gene.

(C) The CALR and OSTC were detected by western blotting. b-actin is used as internal reference.

(D) The proliferation ability was determined by CCK8. * *p < 0.01 and *p < 0.05.

(E) The colony formation ability of the cells was measured.

(F) The picture of xenograft tumor.

(G) Comparison of the size of xenograft tumors in nude mice.

(H) The appearance time (days) of xenograft tumors in nude mice was compared. The mean G SEM (n = 10); * *p < 0.01 and *p < 0.05.

(I) Molecular mechanism of miR-1307 promoting the development of liver cancer.
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on some genes, such as Wnt16, KDM1A, RAX, CDC27, CALCR, CREBBP, CDK14, TRPM3, KDM4C, Tbx22,

Ube3c, Rad50, HDAC2, PRPC3C, CALN1, SOX5, TUT4, etc. These genes play an important role in tumor-

igenesis and development. Recent studies have shown that CDK14 is highly expressed in osteosarcoma,

breast cancer, liver cancer, and other cancers (Li et al., 2019a, 2019b, 2019c). Ube3c can promote the

growth and metastasis of cancer and plays an important role in cancer progression (Tao et al., 2017).

SOX5 is related to the progress of liver cancer, prostate cancer, lung cancer, and other cancers (Li et al.,

2019a, 2019b, 2019c). Our results suggest that miR-1307 may affect the epigenetics to regulate the expres-

sion of genes related to hepatocarcinogenesis.

miR-1307 affects transcriptomics of human liver cancer cells

RNA sequencing analysis showed that miR-1307 had a certain effect on the transcriptomics of human

hepatoma cells. It was found that miR-1307 overexpression led to upregulation of some genes, such as

CALR, LMNA, ATAD2, TUBA1C, CCT3, CAPZB, MCM5, CKSB1, CCNA2, ELAVL2, MARCKS, TUBB,

ATP8B2, PPIG, CALR, SF3B3, PSIP1, GMPS, SCAF1, MCM4, TOP2A, PRCC, etc. Studies have confirmed

that CALR is upregulated in breast cancer cells, non-small-cell lung cancer, and other cancer cells. The

expression of calreticulin in stromal area of malignant tissues was significantly higher than that of the former

(Zamanian et al., 2016). CCNA2 is involved in the proliferation, invasion, and differentiation of tumor cells (Li

et al., 2019a, 2019b, 2019c). Some downregulated genes were found, such as OSTC, ARF5, RPS5, UBE2M,

THRA, HBP1, EFNB2, KDM3A, OTUB1, ASC22D1, RPLP1, FBL, ACP1, NTN1, KCNAB2, MBTPS1, SDHA,

SERPINH1, SLC6A9, MAN1A1, PRLHR, PPP2R5C, etc. KDM3A can promote the migration and invasion

of tumor cells in breast cancer, cervical cancer, Ewing sarcoma, and neuroblastoma (Dandawate et al.,

2019). Netrin 1 plays a key role in the migration, differentiation, and apoptosis of nerve cells. Studies

have shown that the plasma concentration of Netrin 1 increases in patients with breast cancer, renal cancer,

liver cancer, and other cancers (Li et al., 2020a, 2020b, 2020c, 2020d).

miR-1307 affects proteomics of human liver cancer cells

In this study, label-free quantitative proteolytic peptidemass spectrometry analysis revealed that miR-1307

changed the proteomics of human hepatoma cells. Among them, 208 genes were upregulated, and 227

genes were downregulated. The upregulated proteins include TOP2A, LPR1, RAB7A, CALU, SP1, CAVIN1,

DLD, Rad21, CTCF, JUN, HSPG2, HIST1H2A, CBX, PRKAR, PPP1R7, CAVIN3, CARMIL, FOXP4, PRKAR,

TBK1, FAM20B, DNMT3A, CDK2AP1, etc. It is found that RAB7ARab GTPases is a key regulator of mem-

brane transport in the endomembrane system, and Rab7 is a key regulator of endosome biogenesis and

maturation (Wang et al., 2019). Upregulation of calumenin (CALU) is associated with increased cell migra-

tion and metastasis in lung cancer and colon cancer (Nasri Nasrabadi et al., 2020).The downregulated pro-

teins include TUBA1C, TUBB4A, PHB, XPO1, EIF5A, EIF3D, KAT7, PFKL, OGT, MTOR, PFKM, DTBP3,

EIF2A, CDC16, TFAD4, CARM1, UBE4B, CCDCB4, BIN1, EIF3H, SETDB1, PPKCD, UBASH3B, etc.

CARM1 is a protein arginine methyltransferase, which enhances the transcriptional activation of nuclear re-

ceptors by interacting with p160 and cAMP response element binding protein (CBP) (Porta et al., 2019).

KAT7 lysine acetyltransferase 7, also known as HBO1 andMYST2, is a member of theMYST family and tends

to acetylate histones at H4K5, H4K12, and H3K14 (Jie et al., 2020).

In addition, GO enrichment analysis of differential proteins was mostly involved in DNA-directed RNA po-

lymerase II, transferase complex, protein methylation, snRNA processing, cell migration, and Ras GTPase

binding and activity. KEGG signaling pathway enrichment of different proteins was mostly involved in

mucin type O-glycan biosynthesis, cell cycle, calcium signaling pathway, Ras signaling pathway, PI3K

signaling pathway, and autophagy. Studies have shown that autophagy plays a dynamic role in tumor in-

hibition or promotion in different environments and stages of cancer development (Li et al., 2020a,

2020b, 2020c, 2020d). Overexpression of miR-1307 affects the expression levels of many proteins that

play an important role in tumor development, which may be the reason that miR-1307 affects the malignant

proliferation of hepatoma cells.

miR-1307 affects the interaction of molecular network of CALR

In this study, the effect of miR-1307 on the interaction molecular network of endoplasmic reticulum regu-

latory factor CALR was revealed by using anti-CALR immunoprecipitation protein-mass spectrometry. The

results showed 168 upregulated and 100 downregulated CALR binding proteins. The important ones

include MYH10, TPM3, ENO3, ACLY, DDB1, CALD1, SEC233A, AP2S1, TXN, DDOST, AARS, ETF1,

SDTBN1, etc. Studies have shown that TPM3 encodes a member of actin-binding protein tropomyosin
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family, which provides stability for actin, and its gene mutation may lead to its oncogene function (Janco

et al., 2019). DDOST gene encodes the component of oligosaccharide transferase complex, which cata-

lyzes the transfer of high mannose oligosaccharides to asparagine residues on new peptides in rough

endoplasmic reticulum (Harada et al., 2019).

In addition, GO enrichment analysis showed that the CALR binding proteins were mainly involved in

calmodulin binding, oligosaccharyl transfer complex, peptidyl amino acid domain, and DNA binding.

KEGG pathway enrichment analysis showed that the CALR binding proteins were mainly involved in nucle-

oside exercise, arginine and proline metabolism, ATP-dependent RNA helicase, dipeptidyl peptidase3,

and erbB signaling pathway. Calmodulin binding protein is called calmodulin binding protein, which is

involved in many cellular processes, including development of cancer (Sharma and Parameswaran,

2018). It is suggested that miR-1307 affects the interaction protein network of CALR in human hepatoma

cells, which may promote the occurrence and development of live cancer.

The function of miR-1307 is related to CALR and OSTC

CALR is a pleiotropic and highly conserved molecule and is recognized as UPR effector protein. OSTC is a

noncatalytic subunit of oligosaccharide transferase complex, also known as DC2. In this study, we found

that the mature sequence of miR-1307 could bind to the 30-noncoding region (2225-2232) of methyltrans-

ferase protein 8 (METTL8) mRNA through eight-base seed sequences, targeting METTL8 3’-UTR and inhib-

iting the translation ability of METTL8 (a member of methyltransferase-like protein family). miR-1307 in-

hibited the expression of KDM3A and KDM3b by reducing METTL8. KDM3A can promote the migration

and invasion of breast cancer, cervical cancer, and neuroblastoma (An et al., 2019).

Moreover, miR-1307 reduced the methylation of histone H3K9 by inhibiting the expression of KDM3A and

KDM3B. miR-1307 promotes the binding ability of P300 and RNA pol II to the promoter region of endo-

plasmic reticulum regulatory protein CALR by H3K9me2, which further promotes the transcription and

translation of CALR. In addition, this study shows that miR-1307 can inhibit the expression of OSTC in hep-

atoma cells. In particular, rescued test confirmed that the endoplasmic-reticulum-pathway-related genes,

CALR and OSTC, play an important role in the carcinogenic function of miR-1307. Therefore, it is specu-

lated that miR-1307 may change the function of endoplasmic reticulum, induce protein misfolding, and

change gene expression and function dependent on CALR and OSTC.

miR-1307 affects cellular cyclins dependent on CALR-OSTC-endoplasmic reticulum protein

folding pathway

The imbalance of cell-cycle process will lead to uncontrolled cell proliferation and eventually to tumor

occurrence. CDK4/6 and CyclinD1 (CCND1) form a complex of phosphorylated retinoblastoma protein

(RB) and separate it from E2F transcription factor, thus promoting cell cycle. If the process is out of control,

cancer will be caused (Alvarez-Fernandez and Malumbres, 2020). CCND1, as a cancer gene, can promote

the proliferation of cancer cells (Zhang, 2020; Tadesse et al., 2020).

In this study, miR-1307 weakened the binding ability of OSTC with CDK2, CDK4, CyclinD1, and cyclinE and

enhanced the binding ability of CALR with CDK2, CDK4, CyclinD1, and cyclinE, thus enhancing the interaction

between CDK2 and cyclinE and CyclinD1 in liver cancer cells, which resulted in a significant decrease of

p21waf1/cip1, GADD45, pRB, and P18 expression and a significant increase of ppRB and PCNA. P21WAF1/

CIP1 is a major member of p53-dependent cell-cycle arrest induced by DNA damage (Zohny et al., 2019). How-

ever, Hep3B is a p53-null cell line, and P21WAF1/CIP1 was upregulated in Hep3B independent on P53. The

combination treatment of p53-null HL-60 cells with DNA-damaging agent CLB andHDACIs NaBu and TSA trig-

gered upregulated p21(WAF1/CIP1) expression (Kwa et al., 2019). p21(WAF1/CIP1) expression predicts

outcome in p53-null ovarian carcinoma (Rose et al., 2003). p53-independent p21(WAF1/CIP1) expression causes

genomic instability by deregulating replication licensing (Galanos et al., 2016). P21(CIP1/WAF1) blocks pacli-

taxel-induced G2M arrest and attenuates mitochondrial injury and apoptosis in p53-null human leukemia cells

(Ahmed et al., 2004). Furthermore, knockout GADD45a can significantly eliminate G2/M cell-cycle stagnation

and cell death induced by endoplasmic reticulum stress (Li et al., 2020a, 2020b, 2020c, 2020d). GADD45a plays

a protective role in the development of tumor (Pietrasik et al., 2020). The deletion of RBgene and the deletion of

expression of pRB are often observed in cancer such as esophageal squamous cell carcinoma (Wang et al.,

2012). P18 has the function of tumor suppressor and also shows the inhibitory activity of PD-1/PD-L1 (Tang

et al., 2020). PCNA has been reported to be highly expressed in many cancers, such as non-small-cell lung
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cancer, breast cancer, etc. (Ye et al., 2020). It is suggested thatmiR-1307 changes the expression of cyclin-related

proteins pRB, PCNA, p21waf1/cip1, GADD45, P18, and ppRB dependent on CALR-OSTC-endoplasmic reticu-

lum protein folding pathway.

miR-1307 affects the activity of oncoproteins and protein kinases through endoplasmic

reticulum protein folding pathway

In this study, we found that miR-1307 reduced the binding ability of OSTC with H-ras, PKM2, and PLK1;

enhanced the binding ability of CALR with H-ras, PKM2, and PLK1; and increased the expression ability

of H-ras, PKM2, and PLK1 and their activities in hepatoma cells. However, it was found that the above ef-

fects of miR-1307 were abolished after the addition of protein misfolding inhibitor. Carcinogenic Ras mu-

tations have three isotypes: HRAS, KRAS, and NRAS, which are the background of many tumorigenesis (Ku-

mazaki et al., 2020). PKM2 is highly expressed in a variety of human tumor cells, which provides favorable

conditions for the survival, growth, and diffusion of tumor cells (Nandi and Dey, 2020). PLK1 is overex-

pressed in a variety of human cancers, which can directly participate in the cell-cycle regulation of tumor

cells (Goroshchuk et al., 2020). These results suggest that miR-1307 affects the activities of oncoproteins

and protein kinases (H-ras, PKM2 and PLK1) via the CALR-OSTC-endoplasmic reticulum protein folding

pathway, thus promoting the progress of HCC.

miR-1307 inhibits autophagy via endoplasmic reticulum protein folding pathway, which

affects oncogenes and tumor suppressor genes

Our results show that miR-1307 affects autophagy by CALR-OSTC-endoplasmic reticulum protein folding

pathway. First, miR-1307 reduced the binding ability of OSTC with ATG4 and enhanced the binding ability

of CALR with ATG4. However, protein misfolding inhibitors abolished these effects. Most studies have

shown that ATG4B is more efficient in regulating autophagy through ATG8 substrate (Yang et al., 2021).

ATG4B may play an important role in the occurrence and development of cancer (Fu et al., 2019).

The experimental results showed that miR-1307 reduced the binding ability of ATG4 with LC3 and the acti-

vation ability of LC3 in hepatoma cells, thus weakening the binding ability of LC3 to ATG3 and ATG7 and

further inhibiting the interaction among ATG5, ATG16L1, ATG12, ATG9, and ATG7. Moreover, the protein

misfolding inhibitor eliminated the above effects. LC3 is a soluble microtubule-associated protein, which

can be used as a positive reference for autophagy (Yang et al., 2015). Studies have shown that LC3 expres-

sion in hepatocellular carcinoma is significantly upregulated (Ye et al., 2021). ATG5 encodes a protein that

binds to autophagy protein 12 and regulates the differentiation of mesenchymal stem cells (Li et al., 2020a,

2020b, 2020c, 2020d). ATG16L1 is a part of the protein complex required for autophagy, and its gene poly-

morphism is related to the occurrence of a variety of cancers, such as thyroid cancer and gastric cancer

(Reuken et al., 2019). ATG12 can promote autophagy by forming covalent complexes with other autophagy

mediators such as ATG5 (Yoo et al., 2018). Studies have shown that ATG9 regulates the polymerization of

ENA and profilins (Kiss et al., 2020). miR-1307 inhibits autophagy by affecting autophagy-related proteins

through the CALR-OSTC-endoplasmic reticulum protein folding pathway.

In addition, the autophagy inhibitor miR-1307 increased the expression of PAK2, PLK1, PRKAR2A, MYBL1,

and Trim44 and inhibited the expression of Sash1 and Smad5. It has been reported that miR-4779 inhibits

the growth of cancer cells by targeting PAK2 and CCND3 (Koo and Kwon, 2018). Mybl1 and Myb gene re-

arrangement is a biomarker of tracheobronchial adenoid cystic carcinoma (Pei et al., 2019). PRKAR2A is a

camp-dependent type II regulatory subunit of protein kinase, and studies have shown that its expression is

related to colorectal cancer, adipocyte differentiation, and other processes (Spracklen et al., 2019). It was

found that the mRNA expression level of Trim44 in most malignant tumor tissues was higher than that in

corresponding normal tissues (Xiao et al., 2020). Sash1 is an adaptor and signal transduction protein, which

is considered as a tumor suppressor (Ilnitskaya et al., 2020). Smad5 is involved in the proliferation of cancer

cells and the internalization of extracellular matrix in tumor microenvironment (He et al., 2020; Xu et al.,

2020; Zhu et al., 2020). These results suggest that miR-1307 inhibits autophagy through endoplasmic retic-

ulum protein folding pathway, promotes the expression of oncogenes (PAK2, PLK1, PRKAR2A, MYBL1,

Trim44), suppresses the expression of tumor suppressor genes (Sash1, Smad5) in hepatoma cells, and ul-

timately promotes the malignant proliferation of hepatoma cells.

In summary, this study confirmed that miR-1307 could significantly enhance the malignant proliferation

ability of human hepatoma cells and revealed that miR-1307 could alter the expression of some genes,
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especially some endoplasmic-reticulum-pathway-related genes such as CALR and OSTC. These results

provide a theoretical basis for further study of the detailed molecular mechanism of miR-1307 promoting

the occurrence and development of liver cancer.

Limitations of the study

In the study presented here, we provide comprehensive evidences that miR-1307 can significantly enhance

the malignant proliferation ability of human liver cancer cells and revealed that miR-1307 could alter the

expression of some genes, especially some endoplasmic-reticulum-pathway-related genes such as

CALR and OSTC. However, we will further explore this mechanism and provide novel ideas for the research

of liver cancer.
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Anti-OSTC Invitrogen Cat#PA5-95894

Experimental models

Hep3B cell line ATCC N/A

Athymic Balb/c mice SLAC SYXK2009-002

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

rLV-miR1307 Venuosai N/A

Ad-cherry-GFP-LC3 Beyotime Cat#C3011

pLVX-miR-1307 Venuosai N/A

pGFP-V-RS Origene Cat#TR30007

pMirTarget Origene Cat#PS100062

Chemicals, peptides, and recombinant proteins

DMEM BIOAGRIO Cat#LD1111-500

PBS BIOAGRIO Cat#LS2041-500

0.25%Trypsin-EDTA BIOAGRIO Cat#LT1721

Fetal bovine serum BIOAGRIO Cat#S1001-500

CCK8 BIOAGRIO Cat#CK192-500

Trizol TIANGEN Cat#DP424

Tris-HCl/SDS (PH6.8) Sangon Cat#SD8022

Tris-HCl/SDS (PH8.8) Sangon Cat#SD8021

Crystal Violet Sangon Cat#524-62-9

SDS-PAGE gel (10%) Epizyme Cat#PG112

PIPA lysate Beyotime Cat#P0013

Protein loading buffer Beyotime Cat#P001513

Lipofectamine2000 Invitrogen Cat#P/LS2887

Cocktail inhibitor Beyotime Cat#B14011

Protein A/G agarose santa cruz Cat#sc-2003

Nitrocellulose membrane Beyotime Cat#FFN08

BIX-01294 MCE Cat#935693-62-2

Flubendazole Selleck Cat#SJ00206711979

Critical commercial assays

RT-PCR kit TIANGEN Cat#KR106-02

miR qPCR kit TIANGEN Cat#FP411-01

miR RT kit TIANGEN Cat#KR211-01

DAB kit Beyotime Cat#P0202

ECL kit Share-Bio Cat#sb-wb012

CHIP assay kit Beyotime Cat#2078

BCA assay kit Beyotime Cat#P0012

Luciferase assay kit Beyotime Cat#RG027

EMSA/ gel shift kit Beyotime Cat#GS002

Autophagy LC3 hibit reporter assay kit Promega Cat#GA1040

Oligonucleotides

Pre-miR-1307 primers: GENEWIZ N/A

F:5’CAUCAAGACCCAGCUGAGUC-3’

R:5’GTCACCAGAACAAGAGCTGA-3’

Mature miR-1307 primer: GENEWIZ N/A

F:5’ACTCGGCGTGGCGTCGGTCGTG-3’

METTL8 primers: GENEWIZ N/A

F:5’- TCCCGTGCTAAAGGTACTGC -3’

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dongdong Lu (ludongdong@tongji.edu.cn). Address: Tongji University School of Life Sci-

ence and Technology, Shanghai (200092), China.

Materials availability

This study did not generate new unique reagents.

Data and code availability

No custom code, software, or algorithm were used in this research. This study did not generate new code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line: human liver cancer cell line Hep3B cell line (ATCC).

Athymic Balb/c mice: SLAC (SYXK2009-002).

All methods were carried out in ‘‘accordance’’ with the approved guidelines. All experimental protocols

‘‘were approved by’’ a Tongji university institutional committee. Informed consent was obtained from all

subjects. The study was reviewed and approved by the China national institutional animal care and use

committee.

METHODS DETAILS

Expression Lentivirus for human miR-1307

The vector plasmid pLVX-miR-ZsGreen-Puro (Wuhan Venuosai Biotechnology Co., Ltd.) and the target

gene plasmid pUC57-has-miR-1307 was double-digested with Spel and NotI, respectively, and the large

fragment of plasmid pLVX-miR-ZsGreen-Puro and the small fragment of plasmid pUC57-has- miR-1307

was recovered by 1% agarose gel electrophoresis. The two plasmid fragments were performed ligation re-

action at 22 � C for 3 hours, and the ligation product was transformed into JM109 competent bacterial and

cultured overnight. The recombinant plasmid pLVX-miR-1307- ZsGreen-Puro containing the gene of inter-

est was transfected into 293 T cells, respectively, generating a lentivirus containing a gene of interest at a

high titer (rLV-miR-1307).

RT-PCR

cDNAwas prepared by using oligonucleotide (dT), random primers, and a SuperScript First-Strand Synthe-

sis System. PCR analysis was performed according to the manufacturer. b-actin was used as an internal

control.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R:5’- CTCCACAGCTCCAGAAGCAA -3’

KDM3A primers: Sangon N/A

F:5’- CCTCCTGAACTGCAGAAGCA -3’

R:5’- CAACCTGTCTGTGTGGCTCA -3’

KDM3B primers: GENEWIZ N/A

F:5’- TGCTGTTCGCGGACACTG -3’

R:5’- ACCCATTGGCATCTGACAGG -3’

CALR primers: GENEWIZ N/A

F:5’- ACGATGAGGCATACGCTGAG -3’

R:5’- ATCCACCCCAAATCCGAACC -3’
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Western Blotting Proteins were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) and transferred onto a nitrocellulose membranes. And then blocked in 10% dry

milk-TBST (20mM Tris-HCl [PH 7.6], 127mM NaCl, 0.1% Tween 20) for 1 h at 37�C. Following three washes

in Tris-HCl pH 7.5 with 0.1% Tween 20, the blots were incubated with antibody (appropriate dilution) over-

night at 4�C. Signals were visualized by enhanced chemiluminescence plus kit (Beyotime Biotechnology).

RNA immunoprecipitation (RIP)

Ribonucleoprotein particle-enriched lysates were incubated with protein G/A-plus agarose beads (Santa

Cruz) together with antibody or normal rabbit IgG for 4 hours at 4�C. Beads were subsequently washed.

RNAs were isolated and then RT-PCR.

Super-RNA-EMSA

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 (Beyotime Biotechnology) modified according to the manufac-

turer’s instructions.

CHIP assay

Cells were cross-linked with 1% (v/v) formaldehyde (Sigma) for 10 min at room temperature and stopped

with 125 mM glycine for 5 min. Crossed-linked cells were washed with phosphate-buffered saline, resus-

pended in lysis buffer, and sonicated for 10 min in a SONICS VibraCell to generate DNA fragments. Chro-

matin extracts were diluted 6-fold with dilution buffer, pre-cleared with Protein-A/G-Sepharose beads, and

immunoprecipitated with specific antibody on Protein-A/G-Sepharose beads. After washing, elution and

de-cross-linking, the ChIP DNA was detected by PCR.

Autophagy LC3 inhibit reporter assay

The autophagy LC3 inhibit reporter vector (autophagy LC3 hibit reporter contains human LC3b, N-terminal

hibit tag, and the intermediate ‘‘spacer’’ region that enhances the reporter gene specificity in autophagy

pathway) was transfected into cells, and stable cell lines were screened. At the density of 20000 cells per

well, the transfected autophagy LC3 inhibit reporter cells were placed on all white 96 well plates. After

the cells attached overnight, the luminescence signal wasmeasured. The stronger the luminescence signal,

the lower the autophagy.

Autophagy detection by adenovirus infection

The cells were infected with rAd-cherry-GFP-LC3 and autophagy was observed 24 hours later according to

the manufacturer operation manual of Beyotime Biotechnology company.

Cell colony-formation efficiency assay

cells were plated in six wells and incubated in a humidified atmosphere of 5% CO2 incubator at 37
�C for

10 days. For visualization, colonies were stained with 0.5% Crystal Violet (Sangon) in 50% methanol and

10% glacial acetic acid. Colonies were counted using a dissecting microscope by MacBiophotonics

ImageJ.

Tumorigenesis test in vivo

Four-weeks male athymic Balb/c mice were maintained in the Tongji university animal facilities approved

by the China Association for accreditation of laboratory animal care. athymic Balb/c mice per group were

injected at the armpit area subcutaneously with cells. The mice were observed over 4 weeks for tumor for-

mation. The mice were then sacrificed and the tumors recovered. The wet weight of each tumor was deter-

mined for each mouse. A portion of each tumor was fixed in 4% paraformaldehyde and embedded in

paraffin for histological examination.

Chip-Seq

CHIP sequencing analysis with anti-H3K9me2 was performed according to according to the manufacturer

operation manual (Novogene Co., Ltd., Beijing Nuohe Zhiyuan Technology Co., Ltd.)
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RNA sequencing analysis

RNA sequencing analysis was performed according to according to the manufacturer operation manual

(Novogene Co., Ltd., Beijing Nuohe Zhiyuan Technology Co., Ltd.)

Mass spectrometric analysis

Mass spectrometric analysis of enzyme hydrolyzed peptides of protein without label free was performed

according to according to the manufacturer operationmanual (Novogene Co., Ltd., Beijing Nuohe Zhiyuan

Technology Co., Ltd.)

Immunoprecipitation protein mass spectrometry

Immunoprecipitation protein mass spectrometry analysis with anti-CALR was performed according to ac-

cording to the manufacturer operation manual (Novogene Co., Ltd., Beijing Nuohe Zhiyuan Technology

Co., Ltd.)

RIP-sequencing analysis

RIP-sequencing analysis with anti-METTL8 was performed according to according to the manufacturer

operation manual (Novogene Co., Ltd., Beijing Nuohe Zhiyuan Technology Co., Ltd.)

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Each value was presented as meanG standard error of the mean (SEM) unless otherwise noted, with a min-

imum of three replicates. The results were evaluated by SPSS22.0 statistical soft (SPSS Inc Chicago, IL) and

Student’s t-test was used for comparisons, with p < 0.05 or p < 0.01 considered significant.
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