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Abstract
The post-transcriptional of mRNA expression involved in the hepatocellular carcinoma (HCC) pathogenesis and progression need to be further explored. RBPs,
the main undertaker of post-transcriptional regulatory process, has been shown to impact HCC carcinogenesis and progression. However, the role of RBP, RNA-
binding motif 45 (RBM45) in hepatocarcinogenesis and its interaction with its potential target mRNA remains entirely unknown. The expression of RBM45
was significantly increased in HCC and was associated with poor clinicopathological features and clinical outcome of HCC patients. RBM45 promoted HCC
cells growth, invasion, migration and EMT in vitro and in vivo. Mechanistically, RNA immunoprecipitation sequencing (RIP-seq) approach was utilized to
screen the important differentially expressed RBM45 genes in HCC. Furthermore, RIP assay, pull-down assay and mRNA decay assay were carried out to
uncover the effect of RBM45 on its downstream genes. And the results revealed that RBM45 mediated the stabilization of BCL2 and Twist1 mRNA via
respectively binding to their 3`UTR. Further assay results suggested RBM45 promoted HCC growth and metastasis upon BCL2 and Twist1. In short, we
unveiled a novel role of RBM45 in promoting hepatocarcinogenesis via the post-transcriptional regulation of BCL2 and Twist1 expression. The results
proposes that RBM45 may serve as a potential therapeutic target for HCC. 

Highlights
1. RBM45 is up regulated in HCC tissues and may serve as a poor prognostic marker of HCC.
2. RBM45 promotes malignant biological behavior of HCC cells in vitro and in vivo.
3. RBM45 enhanced the stabilization of BCL2 and Twist1 mRNA via respectively binding to their 3`UTR.
4. RBM45 worked as an RNA binding protein and promoted HCC growth and metastasis upon the post-transcriptional regulation of BCL2 and Twist1.

Background
Hepatocellular carcinoma (HCC), one of the most frequently diagnosed cancer in the worldwide with poor prognosis [1, 2], is a genetically complex set of
diseases characterized by high proliferation and invasion. Despite intensive efforts has been made to improve our understanding about the molecular
mechanism of HCC carcinogenesis, HCC patients still face unsatisfied five-year survival. Lack of comprehensive exploration of the molecular mechanisms
underlying HCC may be one of the reasons. The epigenetic mechanisms has been intensively studied in the past few decades, however, the post-
transcriptional of genes involved in the HCC pathogenesis and progression remain need to be further explored.

RNA binding proteins (RBPs), the main undertaker of post-transcriptional regulatory process, are critical in RNA fate determination via regulating RNA splicing,
nuclear export, degradation, stabilization and translation [3]. Recently, RBPs has been implicated as a critical regulator of an important series of cancer-related
genes [4–6]. The dysregulation of RBPs has been shown to impact HCC carcinogenesis and progression [7–9]. RNA-binding motif 45 (RBM45), an RNA-binding
protein with three RNA-recognition motifs (RRMs) [10, 11], was initially identified to contribute to the DNA damage response [12]. Recent studies reveal that
RBM45 is essential for amyotrophic lateral sclerosis, frontotemporal lobar degeneration patients with TDP-43 pathology and Alzheimer's disease [13]. However,
its biological function in human cancers, including HCC, remains largely unknown.

The study confirmed RBM45 promoted hepatic tumourigenesis in vitro and in vivo. RNA immunoprecipitation sequencing (RIP-seq) approach was utilized to
screen the important differentially expressed RBM45 genes to uncover novel regulatory factors important in HCC. The results of RIP and mRNA decay assay
uncovered that RBM45 mediated the stabilization of BCL2 and Twist1 via respectively binding to their 3`UTR. Further assay results suggested both of BCL2
and Twist1 were essential for RBM45 promoted HCC growth and metastasis. Our study unveils RBP RBM45 promoted HCC growth and metastasis via the
post-transcriptional regulation method and proposes that RBM45/BCL2/Twist1 axis may work as a potential therapeutic target in HCC.

Results

RBM45 expression was upregulated in HCC and indicated poor prognosis
Compared to the THLE-2 immortalized human liver cells, both mRNA and protein expression levels of RBM45 were markedly up regulated in HCC cell lines
(Fig. 1A). In 120 pairs of HCC samples, the RBM45 mRNA expression in HCC samples was elevated obviously, compared with that in the non-cancerous
samples (Fig. 1B). Consistently, the analysis using Cancer Genome Atlas (TCGA) data also demonstrated RBM45 was increased in tumor tissues than in
normal tissues (Fig. 1C). Figure 1D showed that RBM45 protein expression level was up regulated in HCC samples from 10 HCC patients. IHC assay in HCC
samples also showed that RBM45 was markedly overexpressed in most of HCC tissues (79/120) (Fig. 1E). According to the cut-off value of RBM45 IHC score,
HCC patients were divided into RBM45 -high group and RBM45-low groups. Then, the correlation between RBM45 expression and HCC clinic pathological data
was assessed. Our analysis showed that the increased RBM45 expression was closely associated with microscopic vascular invasion (p < 0.001), advanced
TNM stage in HCC (p < 0.001), poor tumor differentiation (p = 0.002), multiple tumors (p = 0.025) and bigger tumor size (p = 0.019, Table S1). Kaplan-Meier
analysis in 120 clinical samples demonstrated that higher RBM45 in HCC indicated both shorter OS (p = 0.008, Fig. 1F) and DFS (p = 0.001, Fig. 1F). In short,
our results suggest that RBM45 is increased in HCC and indicates poor prognosis for HCC patient.

RBM45 promoted HCC cells growth in vitro and in vivo
We established Huh7 and Hep3B cells with stable overexpression or knockdown of RBM45 via a virus transfection approach. qRT-PCR and western blot were
performed to test the transfection efficiency (Fig. 2A). The results of MTT assays demonstrated Huh7 and Hep3B cells proliferation were enhanced markedly
after RBM45 expression was increased (Fig. 2B). While knockdown of RBM45 resulted in decreased proliferation of Huh7 and Hep3B cells (Fig. 2C). Flow
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cytometry assay (FCM) uncovered increased RBM45 reduced Huh7 and Hep3B cells apoptosis (Fig. 2D), while decreased RBM45 promoted Huh7 and Hep3B
cells apoptosis (Fig. 2E).

In addition, we established THLE-2 cells steadily overexpressing RBM45 via a virus transfection approach (Fig. S1A). MTT assays and Flow cytometry assays
(FCM) also showed the increased

proliferation capacity (Fig. S1B) and decreased apoptosis of THLE-2 cells (Fig.S1C). Furthermore, an HCC xenograft model in nude mice was established to
confirm our results in vivo. Figure 2F showed that xenograft tumors in ov-RBM45 group were markedly larger than those in ov-Ctrl group. The
immunohistochemistry assay demonstrated that RBM45 expression was markedly up regulated in the xenograft tumor tissues in the ov-RBM45 group. These
data demonstrated that RBM45 enhanced HCC growth in vitro and in vivo.

RBM45 promoted invasion and migration of HCC cells in vitro and in vivo
Transwell assays showed the migration (Fig. 3A) and invasion capacity (Fig. 3B) of Huh7 and Hep3B cells were increased markedly after RBM45 expression
was up regulated. While knockdown of RBM45 resulted in decreased migration (Fig. 3C) and invasion (Fig. 3D) of Hep3B and Huh7 cells. In addition, our
results also showed that the overexpression of RBM45 markedly increased the migration and invasion capacity of THLE-2 cells (Fig.S1D). We next evaluated
the function of RBM45 in HCC metastasis in vivo via establishing an HCC xenograft metastasis model in nude mice. The results showed that RBM45
overexpressing increased the number and volume of metastases, suggesting RBM45 increased Hep3B cells lung metastatic capability (Fig. 3E).
Immunohistochemistry assay suggested that RBM45 expression was significantly up regulated in the metastases in the ov-RBM45 group (Fig. 3F). These data
demonstrated that RBM45 enhanced HCC metastasis in vitro and in vivo.

RBM45 increases the expression level of BCL2 and Twist1
We further performed transcriptomic sequencing assay in RBM45 overexpressing group (ov-RBM45) and the control group of Hep3B cells (ov-Ctrl) to screen
the potential target of RBM45. Among the genes with significant changes in RBM45 overexpressing Hep3B cells (Fig. 4A), Twist1 and BCL2 caught our
attention. Previous studies confirmed B-cell lymphoma-2 (Bcl2) is a key anti-apoptotic protein that promotes the survival of HCC cells [14, 15]. Twist1 is well
known as a crucial epithelial mesenchymal transition (EMT) inducing transcription factor that elevated vimentin expression while suppress E-cadherin
expression in HCC [16–18]. Therefore, BCL2 and Twist1 were identified as the downstream target of RBM45 for further analysis, not only because they were the
most significantly up regulated gene in response to RBM45 overexpression, but also as their crucial proliferation and metastasis-associated role in HCC.

According to qRT-PCR assays, overexpressed RBM45 did not enhance mRNA expression of BCL2 and Twist1 in HCC cells markedly (Fig. 4B). Consistently,
knockdown of RBM45 could not observably reduce the mRNA expression of BCL2 and Twist1 (Fig. 4C). However, the protein expression levels of BCL2 and
Twist1 were dramatically up regulated in HCC cells (Fig. 4D) or down regulated (Fig. 4E) upon RBM45 overexpression or knockdown, respectively.

RBM45 failed to regulate mRNA expression of BCL2 and Twist1 but regulates BCL2 and Twist1 protein expression in HCC cells, indicating that RBM45
modulated BCL2 and Twist1 in a post-transcriptional manner.

RBM45 directly bound to the 3ʹ-UTR of BCL2 and Twist1 mRNA
We further investigated the stability of BCL2 and Twist1 upon RBM45 expression in HCC cells. The ov-RBM45 and ov-control Huh7 cells were treated with
Actinomycin D (5mg/ml) which could bind to both double-stranded and single-stranded DNA and inhibit RNA polymerase activity, thereby inhibiting DNA-
dependent RNA synthesis for differential times. The results demonstrated that overexpression of RBM45 prolonged the half-life of BCL2 mRNA from 1.98 h to
3.12 h in Huh7 cells. While, the half-life of BCL2 mRNA was reduced from 2.12 h to 1.26 h after RBM45 was decreased in Huh7 cells (Fig. 5A). In addition,
similar results could be found in Hep3B cells (Fig. 5A). As shown in Fig. 5B, overexpression of RBM45 prolonged the half-life of Twist1 mRNA; while RBM45
knockdown shorted the half-life of Twist1 mRNA in Huh7 and Hep3B cells (Fig. 5B). Our results demonstrated that RBM45 promoted BCL2 and Twist1
expression via enhancing its mRNA stability.

To further explore whether RBM45 could directly bind to BCL2 and Twist1 mRNA, we performed RNA immunoprecipitation assay (RIP) and found that BCL2
and Twist1 mRNA were enriched in the RBM45 antibody precipitated complex sample whereas not in IgG (Fig. 5C and 5E). In addition, RNA pull-down results
demonstrated RBM45 interacted with BCL2 and Twist1 3ʹ-UTR (Fig. 5D and 5F). These results uncovered that RBM45 stabilized BCL2 and Twist1 via binding
to their 3ʹ-UTR.

BCL2 is an essential downstream effector of RBM45
To identify whether BCL2 is pivotal for modulating the function of RBM45 on HCC cells proliferation, we carried out a rescue assay. We established Huh and
Hep3B cell lines with RBM45 knockdown stably overexpressing BCL2 (Fig. 6A), and stably silenced BCL2 in Huh7 and Hep3B cells with RBM45 overexpressing
depending a virus transfection pathway (Fig. 6B). MTT assay results showed that BCL2 overexpression reversed inhibiting effect induced by RBM45
knockdown on proliferation of Huh7 and Hep3B cells (Fig. 6C), while BCL2 knockdown inhibited RBM45-induced promoting function on the proliferation of
Huh7 and Hep3B cells (Fig. 6D). In addition, FCM (flow cytometry) assay results suggested that BCL2 overexpression reversed promoting effect induced by
RBM45 knockdown on apoptosis of HCC cells (Fig. 6E), while decreased BCL2 reduced the inhibiting function caused by increased RBM45 on the apoptosis of
HCC cells (Fig. 6F).

Although BCL2 is one of the classical pathways regulating cells apoptosis, we could not ignore that BCL2 has been well known to have a significant impact in
cancer metastasis [19, 20]. Transwell assay experiments were carried out to determine whether BCL2 also acted an important downstream of RBM45, upon
which RBM45 could promote HCC cells migration and invasion. The results showed that BCL2 overexpression reversed inhibiting effect of decreased RBM45
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on Huh7 and Hep3B cells invasion and migration (Fig. S2A and S2B). But knockdown of BCL2 could not markedly inhibit RBM45-induced migration and
migration, while knockdown of both BCL2 and Twist1 could markedly reduce HCC cells migration and invasion capacity (Fig. S2C and S2D).

Twist1 is an essential downstream effect of RBM45
We established Huh and Hep3B cell lines with RBM45 knockdown stably overexpressing Twist1, and found overexpression of Twist1 rescued the function of
RBM45 altering HCC EMT (Fig. 7A).On the other hand, we used a virus transfection pathway to silence Twist1 in Huh7 and Hep3B cells overexpressing
RBM45, and found that decreased Twist1 rescued the function of RBM45 altering HCC EMT (Fig. 7B). Transwell assay indicated that Twist1 overexpression
reversed inhibiting effect of decreased RBM45 on Huh7 and Hep3B cells migration and invasion (Fig. 7C).While Twist1 knockdown impaired RBM45-induced
migration and metastasis of Huh7 and Hep3B cells (Fig. 7D).

MTT assay and FCM assay were performed to analysis whether Twist1 was also essential downstream effect of RBM45 on promoting HCC cells growth. The
results showed that Twist1 overexpression reversed inhibiting effect induced by RBM45 knockdown on proliferation of Huh7 and Hep3B cells (Fig. 7E), and
increased Twist1 reversed promoting effect induced by RBM45 knockdown on apoptosis of HCC cells (Fig. 7G). However, knockdown of Twist1 fail to inhibit
overexpressed RBM45-induced growth of HCC cells, while knockdown of both BCL2 and Twist1 could markedly reduce HCC cells growth capacity (Fig. 7F and
7H).

RBM45 promoted hepatocarcinogenesis upon BCL2 and Twist1 in vivo.

We next carried out further animal experiments to verify experimental results in vitro. The results demonstrated that tumors derived from Huh7 cells with
decreased RBM45 (sh-RBM45 group) were markedly smaller than those in sh-Ctrl group. Tumors derived from Huh7 cells co-transfected with sh-RBM45
vectors and ov-BCL2 vector (sh-RBM45 + ov-BCL2 group) were larger than those in sh-RBM45 group (Fig. 8A). The IHC results shows that RBM45 expression
levels were decreased in the tumor tissues of the sh-RBM45 group and sh-RBM45 + ov-BCL2 group compared with the sh-Ctrl group. The expression of BCL2
and Ki67 was much lower in the sh-RBM45 group than that in the sh-Ctrl group. But compared with that in sh-RBM45 group, BCL2 and Ki67 expression was
increased in the sh-RBM45 + ov-BCL2 group (Fig. 8C and 8E). HCC metastasis xenograft model in nude mice showed that Twist1 knockdown (ov-RBM45 + sh-
Twist1 group) markedly decreased the number and volume of metastases, suggesting Twist1 knockdown attenuated lung metastatic induced by
overexpression of RBM45 (Fig. 8B). IHC assay in the xenograft lung metastases samples showed that RBM45, Twist1, Vimentin expressions were all
increased in the ov-RBM45 group tissue, but the expression of Twist1and Vimentin was markedly recovered in the ov-RBM45 + sh-Twist1 group tumor tissue
(Fig. 8D and 8F). These data highlighted that RBM45 promoted HCC growth and metastasis upon BCL2 and Twist1 in vivo.

Discussion
HCC is one of the most frequently diagnosed cancer worldwide with a poor prognosis. The complicated regulatory network involved in the mechanisms
underlining HCC is not well understood, that may be responsible for the currently limited available therapies. The post-transcriptional of mRNA expression is
one of the most important methods of HCC pathogenesis and progression. In this study, we firstly demonstrated that RBM45 is abnormally increased in HCC
and associated with poor patient outcome. We unveiled RBM45 promoted HCC cells malignant biological behavior via the post-transcriptional regulation of
BCL2 and Twist1 expression. Our results explored the function of RBM45/BCL2/Twist1 axis on HCC hepatocarcinogenesis and progression, providing a novel
insight for the pathogenesis of HCC.

Recently, more and more attention has been paid to RBPs, which were discovered to function as important regulators of the tumorigenesis, growth and
metastasis of human cancers [21–23]. However, the role of the novel RBP RBM45 in hepatocarcinogenesis and its interaction with its potential target mRNA
remains unknown. Our detection results confirms RBM45 promotes HCC cells growth, which further supports the clinical testing results that RBM45 is
increased in HCC tissue and associates with poor outcomes.

As post-transcriptional regulation provides an additional level of control that dictates HCC progression, understanding how RBM45 control HCC progression as
a RBPs may provide a new perspective in HCC. In terms of mechanism research, transcriptomic sequencing assay focused our attention on BCL2, a main
player in the intrinsic apoptotic pathway, may be a crucial target of RBM45. The B cell lymphoma/leukaemia − 2 (Bcl-2) is an oncogene that inhibits apoptosis.
Apoptosis-related protein BCL2, belong to BCL family, is upregulated in a variety of human cancers and promotes tumor growth via favoring cancer cells
survival through inhibiting cell death [24–26]. The results of RIP assay and RNA pull-down assay explored RBM45 directly bind to BCL2 3ʹ-UTR. Stability assay
further uncovered RBM45 promoted BCL2 expression via enhancing its mRNA stability, providing a novel understanding of the mechanism by which RBM45
promotes HCC tumorigenesis. Furthermore, BCL2 not only constitute a fundamental part of suppression system against a variety of cell death, but also
increased the resistance of tumorigenic cells to most cytotoxins [27–29]. Thus, our findings may provide a new strategy for inhibiting BCL2 to suppress HCC.

Our data demonstrated the positive correlation between RBM45 and HCC invasion in vitro and in vivo, and identified the posttranscriptional regulatory function
of RBM45 on Twist1 by leading to Twist1 stability via directly binding with its 3`UTR in HCC. Twist1, belong to the basic-helix-loop-helix transcription factor
family, is one of the EMT-induced transcription factors that commonly promotes cells migration and invasion in human cancers [30]. Twist1 has been
confirmed regulates EMT-associated genes via directly binding to their promoters. Numerous studies reveal that Twist1 activated mesenchymal cell
phenotype-associated genes, such as snail and vimentin [31, 32], while Twist1 suppresses the epithelial phenotype-related genes, such as E-cadherin [33]. In
addition, Twist1 involved in causing up regulation of AKT which is important to facilitate cancer metastasis via binding to special pieces of the E box in its
promoter [34]. Our research work unveils that Twist1 was largely up regulated by RBM45 in HCC, and the inhibited migration and invasion induced by
knockdown of RBM45 could be markedly rescued by overexpression of Twist1. In short, this study elucidate the essential role of Twist1 in modulating the
invasion promoting function of RBM45 and provides new insights into the upstream of Twist1 in HCC.
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Since BCL2 and Twist1 interact closely according to previous reports [20], the role of BCL2 in modulating the function of RBM45 on HCC cells migration and
invasion should not be ignored. Our data showed that inhibited migration and invasion induced by decreased RBM45 could be markedly rescued by
overexpression of BCL2 in Huh7 and Hep3B cell lines. That is entirely possible, Sun et al have revealed that Bcl-2 facilitates the nuclear transport of Twist1 as
an important cofactor of Twist1 in HCC [19]. It is suggested that BCL2 is also essential for RBM45 in modulating HCC invasion. This process may be achieved
through co-activation the transcription and up-regulation the expression of Twist1 as the previously reported. However, in HCC cells with overexpressed
RBM45, single knockdown of BCL2 failed to inhibit RBM45-induced migration and migration, while co-knockdown of BCL2 and Twist1 results in the reduction
of HCC cells migration and invasion. The reason maybe though BCL2 was decreased, Twist1 was still positively regulated by overexpressed RBM45, resulting
in Twist1 was still upregulated and continuously promoted the migration and invasion of HCC cells. The previous study reported that the research results of
BCL2 inhibitor showed good activity against cancer cells in vitro and in vivo, but subsequent clinical trials did not show significant efficacy [35, 36]. Combined
with our results, it deserves attention that we should not only focus on the overexpression of BCL2 alone in the treatment of HCC, but also should take
precautions against its upstream RBM45 at the same time.

As Tan et al reported that BCL2 was increased followed Twist1 overexpressed and decreased in the Twist1 knockdown cells, suggesting that BCL2 worked as
an important downstream effector of the FZD7-Twist1 axis[37]. Moreover, Kwon et al uncovered that Twist1 induced resistance to chemical treatment on
gastric cancer cells via the modulation of Akt and Bcl-2 [38]. These results remind us that Twist1 may involve in mediating the function of RBM45 on HCC cells
growth. This study bears out our hypothesis that Twist1 contributes to the oncogenic function of RBM45 in HCC growth as an essential downstream effect.

Our study identified for the first time that RBP RBM45 is abnormally increased in HCC and associated with poor patient outcome. We unveiled RBM45
promoted HCC cells malignant biological behavior by post-transcriptionally increasing the stability of BCL2 and Twist1 via respectively binding to their 3`UTR
mRNA. We also uncovered the significant role of BCL2 and Twist1 in the cancer promoting effect of RBM45 in HCC. The newly identified RBM45
/BCL2/Twist1 axis provides novel therapeutic targets for HCC.

Methods Or Materials And Methods

Clinical tissues
Clinical tissues were collected from 120 HCC patients who accepted operative treatment between February 2013 and February 2014 at The Second Affiliated
Hospital of Xi’an Jiaotong University. The samples were kept in liquid nitrogen for the following detection. The clinicopathological features of the HCC patients
was shown in Table. S1.The cutoff value of RBM45 expression was 2.01 according to Receiver operating characteristic analysis.

Immunohistochemistry
The Immunohistochemistry assay were carried out follow the steps as our previously reported [7]. The anti-RBM45, anti-BCL2, anti-Twist1, anti-Ki67, anti-E-
cadherin and anti-Vimentin primary antibodies, as well as the secondary anti‑rabbit antibody were all purchased from Beijing Biosynthesis Biotechnology co.,
LTD.

RNA isolation, reverse transcription and quantitative realtime PCR (qRT-PCR)
Total RNA was isolated from tissue samples or cells using RNeasy reagent (Qiagen, Shanghai, China). A reverse transcription kit (Takara, Otsu, Shiga, Japan)
was then used to reverse transcribe RNA samples into cDNA for qRT-PCR. qRT-PCR was performed as previous described [7].

Cell culture and transfection
The cell lines used in this study, including HepG2, Hep3B, Huh7, MHCC-97H, SMMC-7721 and THLE-2 were all bought from FuHeng Cell Center (Shanghai,
China). They were routinely cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM, Wisent, China) with 10% fetalbovine serum (FBS, Gibco).
The lentivirus vectors used to overexpress RBM45, BCL2, Twist1 and these control vector, as well as RBM45, BCL2 and Twist1 specific sh-RNA vector were
bought from Genepharma (Shanghai, China). After the cells seeded in 6-well plates reached 30%-40% confluence, the transfection processes were carried out
followed the manufacturer’s instructions. Then, the next assays were performed after 48 h.

Western blotting
The protein samples were extracted from HCC cells or tissues using lysis Buffer (CST, MA).

Western blotting assay was carried out as described previously [7]. The primary antibodies used in this study including anti-Twist1 (#46702; 1:1000), anti-E-
cadherin (#3195; 1:200), anti-Vimentin (#574S; 1:200), were bought from Cell Signaling Technology, Inc. Anti-BCL2 (ab196495;1:1000), GAPDH antibody
(ab6922; 1:200) and anti-RBM45 (AV41154; 1:500), were purchased from Abcam and Sigma-Aldrich, respectively.

MTT assay
HCC cells (100 cells/well) in 100 µl medium were added into 96-well plates. At the indicated times (24, 48 and 72 h), the HCC cells in each well was incubated
with 10 µl MTT solution at 37℃.After 4 hours, the medium was replaced by new medium with 200 µl dimethyl sulfoxide. At last, the results was detected
under a plate reader at a 492 nm wavelength.

Flow cytometry
The HCC cells were counted and added into 6-well plates according to 3×105 cells per well, and the cells were treated in groups. Annexin-v /PI double-stained
cells were cultured for 24h, and apoptosis was detected by BD LSRFortessa (BD Biosciences).Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Cell migration assays
A total of 2×104 HCC cells in 200 µl FBS-free DMEM were seeded onto the top chamber of the Transwell Chambers (Millipore, Bedford, Massachusetts, USA).
DMEM with 10% FBS was treated into the bottom chamber. After 48 h, HCC cells failed to invaded trough the membrane were removed. HCC cells successfully
invaded through the membrane and adhered to the underside of the membrane were successively fixed by methanol and stained with crystal violet solution. At
last, the cells invaded through the membrane were counted in 10 random fields under a microscope.

Cell invasion assays
The steps are the same as above, except 50 µg Matrigel bought frome Becton Dickinson Bioscience (Bedford, USA) was covered onto the top surface of the
membrane before the HCC cells were seeded onto the membrane.

mRNA decay assay
HCC cells and actinomycin D (Sigma, St. MO, USA) were added into 6-well plates. BCL2 and Twist1 RNA expression were detected by qRT-PCR at 1, 2, 3, 4, 5, 6
h or 2, 4, 6, 8, 10, 12 h (according to the length of half-life) after treated with indicated vectors.

RNA immunoprecipitation (RIP assay)
RIP assay was carried out follow the protocal of the Magna Immunoprecipitation Kit (Millipore, Billerica). A total of 2 × 107 HCC cells were lysed by Lysis
Buffer. Then magnetic beads embedded with antibodies against RBM45 (Sigma-Aldrich) or mouse IgG (Millipore) was added into the cell lysates. After
incubated at 4°C for 12h with continuous rotation, the mixture were added with proteinase K to remove proteins. After reversed transcribed using a High-
Capacity cDNA Reverse Transcription Kit (ThermoFisher), the transcripts were detected by qRT-PCR.

RNA pull-down
The fragments, including 3ʹ -UTR, CDS and 5ʹ -UTR were amplified by PCR. After prepared by PCR, the biotinylated RNA probes were extracted using the
mixture of chloroform and phenol. A total of 150g HCC cells lysate were incubated with 500ng biotinylated transcripts at 37℃ for 2 h with continuous
rotation. Streptavidin-conjugated Dynabeads (Invitrogen) were used to isolate the mixture. At last, the protein was collected and measured by Western blotting.

Animal model assays
Animal model assays in this study were carried out under the guidelines of Experimental Animal Ethical Committee of Xi'an Jiaotong University. Nude mice
(male, aged 5 weeks, weighing 13–15 g) were bought from the Animal Center of Xi’an Jiaotong University and feed in a standard specific-pathogen-free
environment. For the xenograft tumor model, 5 nude of mice per conditions was used in each experiment, 1×107 indicated HCC cells were inoculated into the
right flank of the mice. The tumor volume was calculated with the formula length×width2×0.5 every 3 days. After about one month, the mice were sacrificed
and the xenografts were surgically removed. For the tumor metastasis model, 1×107 indicated HCC cells were inoculated into the lateral tail veins of mice.
After 4 weeks, the mice were sacrificed, the number of nodules in the lung was observed using monitoring of the luciferase signals.

Statistical analysis
The statistical analyses in this study was performed using version 19.0 of SPSS statistical software, and the results are expressed as a mean ± standard
deviation. *p༜0.05 with a two-sided test was defined as statistically significant. The data between 2 two groups was evaluated using t-test, the difference
among multiple groups was tested using one‑way analysis (ANOVA with Dunnett’s test). The correlation between RBM45 expression and clinicopathological
features of HCC patient was analyzed using Chi‑square tests (χ2). The overall survival and disease-free survival of HCC patients were assessed using Kaplan-
Meier method (the log-rank test).

Abbreviations
RBPS
RNA Binding Protein
RBM45
RNA-binding motif 45
HCC
Hepatocellular Carcinoma
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Overall Survival
DFS
Disease free survival
BCL2
B-cell lymphoma-2
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Figure 1

Increased RBM45 expression in HCC and its association with poor prognosis. A. RBM45 expression levels in various human HCC cell lines and the THLE-2
immortalized human liver cells. B. The expression of RBM45 in 120 samples was analyzed by qRT-PCR. C. Analysis of RBM45 mRNA expression in normal
tissue and HCC tissues using data from the TCGA database. D. RBM45 expression in HCC tissues was increased compared with that in the paired distant
noncancerous tissues in ten HCC patients by western blot analysis. E. The expression of RBM45 in samples was analyzed by an immunohistochemistry assay
(magnification 200×). F. Comparison of OS and DFS between HCC patients with high and low RBM45 expression levels using data of 120 clinical samples.
*p<0.05, **p<0.01.

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 10/16

Figure 2

RBM45 promoted HCC growth. A. RBM45 expression was significantly increased following the transfection of the ov-RBM45 vectors into Huh7 and Hep3B
cells; RBM45 expression was decreased after the transfection of RBM45 -shRNAs into Huh7 and Hep3B cells. B. MTT assay showed that RBM45
overexpression promoted Huh7 and Hep3B cells proliferation. C. MTT assay showed that RBM45 knockdown inhibited Huh7 and Hep3B cells proliferation. D.
Overexpression of RBM45 reduced Huh7 and Hep3B cells apoptosis. E. Inhibition of RBM45 promoted Huh7 and Hep3B cells apoptosis. F. Increased RBM45
promoted HCC xenograft tumor growth. G. IHC assay showed RBM45 expression in the xenograft tumor tissue in different groups (magnification, 200×).
*p<0.05, **p<0.01.
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Figure 3

RBM45 promoted HCC metastasis. A.B. Transwell assay showed that RBM45 overexpression promoted HCC cells migration and invasion. C.D. Transwell
assay showed that RBM45 knockdown inhibited HCC cells migration and invasion. The invaded cells were quantified by counting the cells in 10 random fields
(magnification 200×). Data are presented as the mean ± SE of three independent experiments. E. RBM45 overexpression promoted the lung metastatic
capability of HCC cells. F. IHC assay showed RBM45 expression in metastatic xenograft model tissue in different groups (magnification, 200×). *p<0.05,
**p<0.01.
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Figure 4

RBM45 increases the expression level of BCL2 and Twist1. A. Heat map of log2-transformed fold changes in the genes with the most dramatic changes upon
RBM45 overexpression. B. C. The expression of RBM45, BCL2 and Twist1 in Huh7 and Hep3B cells were analyzed by qRT-PCR. D.E. The expression of RBM45,
BCL2 and Twist1 in Huh7 and Hep3B cells were analyzed by western blot. *p<0.05, **p<0.01.
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Figure 5

RBM45 directly bind to the 3ʹ-UTR of BCL2 and Twist1 mRNA. A. B. The half-life of BCL2 and Twist1 mRNA was increased after RBM45 overexpression and
reduced after RBM45 knockdown in Huh7 and Hep3B cells. C. RIP assays showed that RBM45 directly bound to BCL2 mRNA. D. RNA pull-down results
showed that RBM45 was directly associated with the 3
UTRofBCL2mRNA. E. RIPassaysshowedtR̂BM45directlybound → Twist1mRNA. F. RNApl

̲
- downrest

̲
sshowedtR̂BM45wasdirectlyassociated

UTR of Twist1 mRNA. *p<0.05, **p<0.01.
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Figure 6

RBM45 promoted HCC cells proliferation upon BCL2. A.B. The expression of RBM45 and BCL2 in Huh7 and Hep3B cells were analyzed by qRT-PCR and
western blot assays (**p<0.01). C. Overexpression of BCL2 rescued the effect of decreased RBM45 on Huh7 and Hep3B cells proliferation (*p<0.05, **p<0.01,
sh-RBM45 vs. sh-Ctrl; #p<0.05, ##p<0.01, sh-RBM45 +ov-BCL2 vs. sh-RBM45). D. Knockdown of BCL2 rescued the effect of increased RBM45 on Huh7 and
Hep3B cells proliferation (*p<0.05, **p<0.01, ov-RBM45 vs. ov-Ctrl; #p<0.05, ##p<0.01, sh-RBM45 +ov-BCL2 vs. sh-RBM45). E. Overexpression of BCL2 rescued
the effect of decreased RBM45 on Huh7 and Hep3B cells apoptosis (*p<0.05). F. Knockdown of BCL2 rescued the effect of increased RBM45 on Huh7 and
Hep3B cells apoptosis (*p<0.05).
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Figure 7

Twist1 is an essential downstream effector of RBM45. A. Overexpression of Twist1 rescued the function of RBM45 altering HCC EMT (**p<0.01). B.
knockdown of Twist1 rescued the function of RBM45 altering HCC EMT (**p<0.01). C. Overexpression of Twist1 rescued the effect of decreased RBM45 on
HCC cell migration and invasion ability (**p<0.01). D. Knockdown of Twist1 rescued the effect of increased RBM45 on HCC cell migration and invasion ability
(**p<0.01). E.G. Overexpression of Twist1 rescued the function of RBM45 altering HCC cells proliferation and apoptosis (*p<0.05, **p<0.01, ov-RBM45 vs. ov-
Ctrl; #p<0.05, ##p<0.01, ov-RBM45 +sh-BCL2+sh-Twist1 vs. ov-RBM45). F.H. Co-knockdown of BCL2 and Twist1 instead of single knockdown of Twist1
rescued the effect of increased RBM45 on HCC cells proliferation and apoptosis (**p<0.05).
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Figure 8

RBM45 promoted hepatocarcinogenesis upon BCL2 and Twist1 in vivo. A. Decreased RBM45 inhibited HCC xenograft tumor growth (*p<0.05, **p<0.01), while
BCL2 overexpression counteracted the inhibiting effect of sh-RBM45 (#p<0.05, ##p<0.01). B. Increased RBM45 promoted lung metastatic capability of Huh7
cells in vivo (**p<0.01), while Twist1 knockdown counteracted the effect of RBM45 (**p<0.01). C.E. IHC assay showed RBM45, BCL2 and Ki67 expression in
xenograft tumor tissue in different groups (magnification, 200×). D.F. IHC assay showed RBM45, Twist1, Vimentin and E-cadherin expression in metastatic
xenograft model tissue in different groups (magnification, 200×) (*p<0.05).
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