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Abstract
B7-H3, an important co-inhibitor, is abnormally highly expressed in a variety of malignancies. The antibodies targeting 
B7-H3 have exhibited beneficial therapeutic effects in clinical trials. Therefore, discovery of the regulatory factors in B7-H3 
expression may provide new strategies for tumor therapy. Here, we investigated the splicing factors involved in the splicing 
of B7-H3. By individual knockdown of the splicing factors in colorectal cancer (CRC) cells, we found that B7-H3 expres-
sion was markedly inhibited by SRSF3 and SRSF8, especially SRSF3. Then we found that both SRSF3 and B7-H3 were 
highly expressed in CRC tissues. Moreover, high-expression of either SRSF3 or B7-H3 was significantly correlated with 
poor prognosis of patients. The expression of B7-H3 mRNA and protein were evidently reduced by SRSF3 silence, but were 
enhanced by overexpression of SRSF3 in both HCT-116 and HCT-8 cells. The results from the RNA immunoprecipitation 
(RIP) assays demonstrated that SRSF3 protein directly binds to B7-H3 mRNA. In addition, we constructed a minigene 
recombinant plasmid for expressing B7-H3 exons 3–6. We found that SRSF3 contributed to the retention of B7-H3 exon 4. 
These findings demonstrate that SRSF3 involves in the splicing of B7-H3 by directly binding to its exon 4 and/or 6. It may 
provide novel insights into the regulatory mechanisms of B7-H3 expression and potential strategies for the treatment of CRC.
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Introduction

CRC is one of the most common gastrointestinal tumors. 
There were 1.8 million new cases of CRC worldwide in 
2018, and 881,000 deaths, accounting for about 10% of the 
total number of cancer deaths in the world [1]. CRC has 

become the third most common cancer in the world, and 
the fatality rate ranks the second. The incidence of CRC 
is closely related to factors such as age, environment, and 
living habits. For instance, 90% of patients with CRC are 
over 50 years of age, and the incidence of urban residents 
is much higher than that of rural residents [2, 3]. With the 
economic development and improvement of living stand-
ards, people’s dietary structure has been improved, lead-
ing to increased incidence of CRC and number of deaths, 
especially the young patients [4]. The high morbidity and 
mortality of CRC have seriously threatened human health. 
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The main treatments for CRC include surgery, chemother-
apy, and radiation therapy. However, the outcomes are still 
not ideal for the patients at advanced stage, eg. metastatic 
CRC [5–7]. In recent years, immunotherapy has become 
an emerging therapy applied in the treatment of CRC [8]. 
Immunotherapy is applied to activate the immune cells in the 
body and enhance the anti-tumor immune response, as well 
as remove residual tumor lesions and inhibit tumor growth.

T cell activation requires the stimulation of dual signals 
generated from the TCR-antigen peptide-MHC molecular 
complex and the co-stimulatory molecules, in which the B7/
CD28 family immune-checkpoint molecules play critical 
roles [9, 10]. The ligands expressed on the surface of anti-
gen-presenting cells or tumor cells can bind to co-stimula-
tory or co-inhibitory receptors on the surface of T cells, and 
promote or hinder the activation and proliferation of T cells, 
thereby regulating the immune response of T cells [11–13].

B7-H3 (CD276) is a member of the B7/CD28 family 
[14]. In the beginning, B7-H3 was observed to exhibit a co-
stimulatory effect on the proliferation of CD4+ and CD8+ 
T cells [15]. Recently, numerous studies have shown that 
B7-H3 is a co-inhibitory molecule, which can inhibit the 
activation and proliferation of T cells, reduce the secretion 
of IL-2, IFN-γ and other cytokines, and promote immune 
escape of tumor cells [16]. There are two splicing isoforms 
of B7-H3, in which only 2Ig B7-H3 is expressed in mice, 
while 4Ig B7-H3 is the main expression form in humans. 
B7-H3 mRNA is widely expressed in a variety of tissues 
and cells, such as heart, spleen, thymus, pancreas, prostate, 
small intestine, and colon, but the expression level of B7-H3 
protein is low in the normal tissues [17]. A number of stud-
ies have shown that B7-H3 protein is abnormally highly 
expressed in CRC, prostate cancer, breast cancer, melanoma 
and other malignant tumors, and is closely related to the 
poor prognosis and clinical outcome of cancer patients [18, 
19]. Studies have demonstrated that B7-H3 expression in 
CRC is significantly related to TNM stage, cancer metasta-
sis, and poor patient prognosis. In addition, B7-H3 can pro-
mote tumor angiogenesis through the NF-κB/VEGFA sign-
aling pathway, or up-regulate the expression of Smad1 via 
the PI3K-Akt pathway to promote epithelial-mesenchymal 
transition of CRC cells, or induce the proliferation, metas-
tasis and invasion of tumor cells through the signaling path-
ways including PI3K/AKT/STAT3 and JAK2/STAT3 [18, 
20]. Therefore, targeting B7-H3 can not only enhance the 
anti-tumor immunity, but also inhibit tumor angiogenesis, 
which is expected to become a new target for cancer immu-
notherapy. Indeed, antibodies targeting B7-H3 have entered 
into clinical trials, for instance, Enoblituzumab is at clinical 
phase III.

Alternative splicing is an important mechanism for regu-
lating gene expression and generating proteomic diversity. 
Approximately 90–95% of human genes undergo alternative 

splicing after transcription to produce alternative splice 
isomers [21, 22]. The types of alternative splicing include 
exon skipping, intron retention, mutually exclusive exons, 
variable 5′/ 3′ splicing sites, etc. [23]. There are multiple 
splicing sites on the pre-mRNA [24]. Alternative splicing 
occurs in aspects of cell biology, including proliferation, 
differentiation, cell cycle, metabolism, apoptosis, migration, 
invasion, and angiogenesis [25]. Strict gene splicing is criti-
cal to maintain the homeostasis of body. However, abnormal 
splicing of key genes can promote the occurrence of cancers, 
such as VEGFA, TP53, BCL-X, and PKM [26]. Alterna-
tive splicing is catalyzed by a ribonucleoprotein complex 
called spliceosome, which can bind to versatile splicing sites 
on targets. The spliceosome usually consists of five small 
nuclear ribonucleoprotein particles (U1, U2, U4, U5, and 
U6), hnRNP proteins, SR proteins, and SF proteins. Among 
them, serine/arginine-rich proteins (SRp) and nuclear het-
erogeneous ribonucleoproteins (hnRNP) are highly con-
served proteins [27, 28]. Studies have revealed that several 
SR proteins and hnRNP proteins are highly expressed in 
CRC, lung cancer, and breast cancer [29–31]. Moreover, 
high-expression of these proteins are closely related to the 
occurrence and development of cancers.

In this study, we investigated the splicing factors partici-
pated in the splicing of B7-H3. We first utilized the TCGA 
data to analyze the correlation between splicing factors and 
B7-H3. Then we discovered that SRSF3 was involved in 
the expression of B7-H3 by individual knockdown of splic-
ing factors. Consequently, we employed experiments, such 
as lose- and gain-of-function, RIP, and minigene reporter, 
to figure out that SRSF3 regulated B7-H3 splicing through 
direct binding to B7-H3 exon 4.

Materials and methods

Cell lines and cell culture

Human CRC cell lines HCT-116, HCT-8, and Lovo cells 
were cultured in DMEM medium (Hyclone, USA) contain-
ing 10% fetal bovine serum (FBS; Gibco); SW480, SW620, 
Caco-2, and DLD-1 cells were cultured in RPMI 1640 
medium (Hyclone) containing 10% FBS. The cell lines were 
purchased from ATCC (American Type Culture Collection). 
All cells were cultured in an incubator (Thermo) with con-
stant temperature of 37 °C and 5% CO2.

Tissue samples

The colorectal tumor and adjacent tissues were collected 
from the First Affiliated Hospital of Soochow University. 
The human CRC tissue chips (No.HcolH180su12) were pro-
vided by Outdo Biotech (Shanghai). All the tissues were 
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stained with hematoxylin–eosin and confirmed by patholo-
gists. All tissue-derived patients did not receive chemother-
apy or radiotherapy before surgery. This study was approved 
by the ethics committee of Soochow University, and all 
patients signed the informed consent.

Transfection of siRNAs and plasmids

siRNAs targeting splicing factors were synthesized by 
Genepharma (Suzhou). The Flag-SRSF3 overexpression 
vector containing SRSF3 coding sequence and a flag tag 
was synthesized by GENEWIZ (Suzhou). The siRNAs and 
vectors were transfected into CRC cells using lipofectamine 
2000 (Invitrogen). The cells were collected after 48 h for 
RNA analysis or 78 h for protein detection.

Reverse transcription PCR (RT‑PCR) and quantitative 
PCR (qPCR)

Total cellular RNA was extracted by RNAiso Plus reagent 
(TaKaRa), and was stored in RNase-free tubes. RNA con-
centration and integrity was measured using a NanoDrop 
ND-2000 spectrophotometer (Thermo). About 1000 ng RNA 
were reversely transcripted into cDNA with random primers 
(TaKaRa) and RT-Kit (Thermo). To detect the expression of 
2Ig- and 4Ig-B7-H3, the cDNA fragment containing exons 
3–6 was amplified by PCR using premix Taq™ (TaKaRa) 
and primers (5′-TGG CAT GGG TGT GCA TGT G-3′ and 
5′-CCA CCA GCA GTG CAA TGA G-3; GENEWIZ). To 
measure the expression level of mRNA, qPCR was per-
formed on CFX96 Touch™ real-time PCR system (Bio-
Rad) using SYBR Green Supermix (Bio-Rad) and primers 
(Table S1). GAPDH or β-actin was used as an endogenous 
quantitative control. The data were analyzed using the quan-
tification technique 2−ΔΔCq method.

Immunohistochemistry (IHC)

IHC staining was performed by Outdo Biotech (Shanghai) 
on human CRC tissue chips (No.HcolH180su12). Briefly, 
the tissue chips were deparaffinized in xylene, hydrated in 
ethyl alcohol and washed in tap water. The adjacent sections 
were stained with B7-H3 (#376769; Santa Cruz) or SRSF3 
(#398541; Santa Cruz) antibody and diaminobenzidine in 
an Envision System (Dako). Slides were viewed and imaged 
on a microscope system (Olympus). Two pathologists per-
formed an independent review of the IHC results. The stain 
strength was scored at 0–3, and the stain prevalence was 
scored at 0 (negative), 1 (1–25%), 2 (26–50%), 3 (51–75%), 
or 4 (76–100%). The sample with a product of stain strength 
and stain prevalence > 6 is classified as high-expression 
and ≤ 6 as low-expression.

Western blotting (WB)

Cells or tissues were lysed in RIPA buffer (Beyotime) with 
protease inhibitor, phosphatase inhibitor and EDTA for 1 h 
on ice. After centrifugation at 12,000g, 4 °C for 20 min, the 
protein concentration was determined using BCA Protein 
Assay Kit (Thermo). The proteins were separated on 10% 
SDS-PAGE and then transferred onto PVDF membranes 
(Millipore). After being blocked with 5% skimmed milk in 
TBST for 1.5 h at room temperature, the membranes were 
washed with TBST for three times and incubated with anti-
bodies targeting SRSF3 (#398541; Santa Cruz), B7-H3 
(#376769; Santa Cruz), DDDDK (#166355; Santa Cruz), 
GAPDH (#47724; Santa Cruz), and β-actin (Beyotime) over-
night at 4 °C. The membranes were washed, incubated with 
a horseradish peroxidase-conjugated secondary antibodies 
(Beyotime) diluted at 1:2500 for 1.5 h at room temperature. 
Finally, blots were visualized with enhanced chemilumi-
nescence reaction (Millipore) in ChemiDoc™ MP Imaging 
System (Bio-Rad).

RIP

HCT-116 cells were transfected with Flag-SRSF3/
pcDNA3.1 vectors. Forty-eight hours later, the cells were 
washed twice with 5 ml ice-cold PBS, and were lysed in IP 
buffer with phosphatase inhibitor, protease inhibitor, EDTA, 
DTT, and RNase inhibitor on ice for 30 min, and then were 
collected by centrifugation at 12,000g, 4 °C for 15 min. 
The supernatant of cell lysis were incubated with 2 μg anti-
DDDDK at 4° C for 12 h; then 40 μl protein-A/G beads 
were added and incubated for 2 h. The beads were collected 
by centrifugation and were washed with IP wash buffer for 
five times. The beads were divided into two parts: one was 
added with 2 × SDS loading buffer for WB detection of the 
immunoprecipitated proteins; the other was resuspended 
with RNAiso Plus to extract the immunoprecipitated RNA 
for qPCR assays.

Minigene reporter assay

The minigene recombinant vectors were constructed by 
cloning a genomic DNA fragment containing B7-H3 exons 
3–6 and 100-bp flanking sequence into the pcDNA3.1 
(+) plasmid. The minigene vectors were synthesized by 
GENEWIZ (Suzhou). First the minigene vectors were trans-
fected into HCT-116 cells to test the transcription of the 
minigene vectors. To investigate the effect of SRSF3 on the 
transcription of the minigene vectors, the minigene vectors 
were co-transfected with SRSF3 siRNA or expression vector 
into HCT-116 cells. The transcripts were determined by RT-
PCR with primers (FP1, 5′-AGC ATC CGG GAT TTC GGC 
A-3′; FP2, 5′-GCA CAG CTC TGT CAC CAT CAC-3′; RP1, 



314	 Cancer Immunology, Immunotherapy (2021) 70:311–321

1 3

5′-TGA GCT GTG CCA GGC TGA A-3′; RP2, 5′-TCA TGC 
TGG GCT TCG AGT AGG-3′).

Results

SRSF3 involved in the expression of B7‑H3

To investigate the splicing factors involved in the splicing 
of B7-H3, we first utilized TCGA data to analyze the cor-
relation of B7-H3 expression with the SF- and SR-family 
splicing factors using ChIPBase v2.0 (https​://rna.sysu.edu.
cn/chipb​ase/). Several splicing factors were significantly 
related to B7-H3 expression in TCGA samples (Table S2). 
Then we individually silenced the splicing factors in HCT-
116 cells and measured the expression of B7-H3. The results 

demonstrated that the expression of splicing factors were 
significantly inhibited by siRNAs (Fig. 1a). Moreover, the 
expression of B7-H3 mRNA were evidently suppressed by 
the silence of SRSF3 or SRSF8, especially SRSF3 (Fig. 1b), 
suggesting that SRSF3 might be involved in the splicing of 
B7-H3.

Both B7‑H3 and SRSF3 were highly expressed in CRC​

To explore the roles of B7-H3 and SRSF3 in CRC, we 
detected the expression of B7-H3 and SRSF3 in 87 pairs of 
CRC tissues and adjacent normal tissues using IHC method. 
The results showed that B7-H3 was highly expressed in 
the cytoplasm of cancer cells of 43 CRC tissues, but was 
low or not expressed in the adjacent tissues (Fig. 2a and 
Table S3). B7-H3 expression was significantly correlated 

Fig. 1   The effects of splicing factors on the expression of B7-H3 
mRNA. a The efficiencies of siRNA knockdown were tested in HCT-
116 cells. b The changes in B7-H3 expression upon silence of splic-

ing factors in HCT-116 cells. The cells were transfected with 50 nM 
each siRNA. Data represent mean ± SD. Significance was assessed by 
t test. ***P < 0.001; **P < 0.01; *P < 0.05

https://rna.sysu.edu.cn/chipbase/
https://rna.sysu.edu.cn/chipbase/
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with the age (P = 0.029; Table S3) and short overall survival 
(P = 0.025; Fig. 2b) of CRC patients. We also found that 
SRSF3 was highly expressed in the cytoplasm of cancer cells 
of 52 CRC tissues, but was lowly expressed in the adjacent 
tissues (Table S4). The expression of cytoplasmic SRSF3 
was closely related to lymph node metastasis (P = 0.007) 
and TNM stage (P = 0.017), as well as the expression of 
B7-H3 (P = 0.001), p53 (P = 0.018), and Ki67 (P < 0.001). 
Furthermore, high-expression of cytoplasmic SRSF3 was 
significantly related to the poor prognosis of CRC patients 
(P = 0.030; Fig.  2c). Additionally, SRSF3 was highly 
expressed in the nucleus of cancer cells of 61 CRC tissues 
and 8 adjacent tissues, and was low expressed in the cellular 
nucleus of the other tissues (Table S5). The expression of 
nuclear SRSF3 was markedly related to lymph node metas-
tasis (P < 0.001), TNM stage (P < 0.001), and the expres-
sion of Ki67 (P = 0.004). High-expression of nuclear SRSF3 

was also apparently correlated with short overall survival of 
patients (P = 0.021; Fig. 2d). Further analysis demonstrated 
that the tumor stage, lymph node metastasis, TNM stage, 
MSH6, and MSH2 were significantly related to the overall 
survival of the patients (Table 1). 

SRSF3 expression was positively correlated 
with B7‑H3 in CRC​

To further investigate the relationship between B7-H3 and 
SRSF3, we employed WB to detect the expression of B7-H3 
and SRSF3 in 12 pairs of tumor and adjacent normal tis-
sues. We found that both B7-H3 and SRSF3 were highly 
expressed in 9/12 tumor tissues (Fig. 3a). Also, we meas-
ured the expression of B7-H3 and SRSF3 proteins in seven 
CRC cell lines including HCT-116, HCT-8, Caco-2, DLD-
1, SW480, SW620, and Lovo. We observed a significantly 

Fig. 2   The expression and clini-
cal significance of B7-H3 and 
SRSF3 in CRC. a IHC stains 
of cytoplasmic B7-H3 and 
cytoplasmic and nuclear SRSF3 
in the tumor and normal tissues. 
b–d The significant correla-
tion between poor prognosis 
of CRC patients and the highly 
expressed B7-H3 in cytoplasm 
(b) or SRSF3 in cytoplasm (c) 
or nucleus (d)
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positive relationship between the expression of B7-H3 and 
SRSF3 (r = 0.608; Figs. 3b and S1). Moreover, the gene 
microarray data (GEO IDs: GDS4718, GDS4382, and 

GSE41657) [32–34] demonstrated that the mRNA expres-
sion of both B7-H3 and SRSF3 were significantly upregu-
lated in the carcinoma tissues as compared with the normal 
tissues (Fig. S2A-C), and the expression of B7-H3 mRNA 
was positively correlated with SRSF3 in the carcinoma tis-
sues (Fig. 3c–e).

SRSF3 positively regulated B7‑H3 expression in CRC​

To test the effect of SRSF3 on B7-H3 expression, we 
silenced or overexpressed SRSR3 expression in HCT-
116 and HCT-8 cells by transfecting with siRNA and 
expression vector, respectively, and then detected the 
expression of B7-H3 mRNA by RT-PCR or protein by 
WB. The results demonstrated that the expression level 
of SRSF3 protein was obviously attenuated by siRNA but 
was elevated by the expression vector in both HCT-116 
and HCT-8 cells (Fig. 4a). Moreover, the expressions of 
B7-H3 mRNA and protein were markedly suppressed by 
SRSF3 siRNA in HCT-116 and HCT-8 cells (Fig. 4a). 
Meanwhile, the expressions of B7-H3 mRNA and protein 
were apparently enhanced by SRSF3 expression vector in 
HCT-116 and HCT-8 cells (Fig. 4a). However, two bands 

Table 1   The relationship between the factors and overall survival of 
CRC patients

Variables HR 95% CI P value

Cytoplasmic B7-H3 1.844 1.066–3.190 0.025
Cytoplasmic SRSF3 1.865 1.049–3.316 0.030
Nuclear SRSF3 2.196 1.104–4.370 0.021
Sex 0.803 0.471–1.370 0.421
Age 1.230 0.720–2.102 0.448
Grade 3.714 2.155–6.401 0.000
T stage 1.697 0.977–2.949 0.061
N stage 2.523 1.696–3.754 0.000
M stage 2.372 0.846–6.647 0.101
TNM stage 2.190 1.465–3.273 0.000
MSH6 0.106 0.042–0.267 0.000
MSH2 0.212 0.120–0.372 0.000
Ki67 0.745 0.426–1.304 0.302
p53 0.975 0.572–1.664 0.927

Fig. 3   The relationship between the expression of B7-H3 and SRSF3 
in CRC. a WB results of B7-H3 and SRSF3 in colorectal normal (N) 
and tumor (T) tissues. b Positive correlation between the expression 
of B7-H3 and SRSF3 proteins in CRC cell lines. c–e Positive corre-

lation between the expression of B7-H3 and SRSF3 mRNA in CRC 
tissues. The gene microarray data were collected from GEO Datasets 
with IDs of GDS4718, GDS4382, and GSE41657, respectively
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were observed in the B7-H3 blots. Further investigation 
showed that only one truncated band was detected in the 
blots of PNGase F-digested B7-H3, indicating that the two 
bands in the B7-H3 blots were originated from multiple 
glycoforms of B7-H3 (Fig. S4).

SRSF3 directly bond to B7‑H3 mRNA

To investigate whether SRSF3 is directly involved in the 
splicing of B7-H3 mRNA, RIP experiments were performed 
to analyze the binding of SRSF3 protein to B7-H3 mRNA in 
CRC cells. Since the TP53 and CCDC50S genes have been 

Fig. 4   The effect of SRSF3 on B7-H3 splicing in CRC. a The effect 
of SRSF3 on the expression of B7-H3 mRNA and protein in HCT-
116 and HCT-8 cells. The cells were transfected with 50 nM SRSF3 
siRNA or 200  ng Flag-SRSF3 vectors. b RIP analysis of the bind-
ing of SRSF3 protein to the mRNA of B7-H3, TP53, and CCDC50S. 
The expression B7-H3, TP53, and CCDC50S mRNA were deter-
mined by qPCR assays. Data represent mean ± SD. Significance was 
assessed by t test. **P < 0.01; ***P < 0.001. c The schematic diagram 
of B7-H3 mRNA and minigene. The B7-H3 mRNA contains ten 
exons. Two binding-sites of SRSF3 were predicted on the exons 4 and 

6. The exons 3–6 were constructed into pcDNA3.1 vectors. Two for-
ward primers (FP1 and FP2) and two reverse primers (RP1 and RP2) 
were designed to amplify the transcripts of minigene. d The gel elec-
trophorgrams of PCR amplicons of the transcripts in HCT-116 cells. 
The cells were transfected with 200 ng minigene vectors for 48 h. e 
The schematic diagram and sizes of transcripts in figure d. f The gel 
electrophorgrams of PCR amplicons of the minigene transcripts in 
HCT-116 cells. The cells were co-transfected with 200 ng minigene 
vectors and 50 nM SRSF3 siRNA or 200 ng Flag-SRSF3 vectors for 
48 h. NC, negative control; M, DNA marker; bp, base pair
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identified as direct targets of SRSF3 [35, 36], we used the 
TP53 and CCDC50S mRNA as positive controls. We first 
lysed the cells and mixed the cell lysis solution with SRSF3 
antibody on magnetic beads. An irrelevant IgG was used as 
negative control. Next, the beads/antibody/SRSF3/mRNA 
complexes were pulled down for determination of SRSF3 
protein, B7-H3, CCDC50S, and TP53 mRNA. The WB 
results demonstrated that SRSF3 protein was specifically 
pulled down by the beads (Fig. 4b). Moreover, the results 
of qPCR assays showed that B7-H3, TP53, and CCDC50S 
mRNAs were also pulled down by the beads (Figs. 4b and 
S3). These findings indicate that SRSF3 protein directly 
binds to B7-H3 mRNA.

SRSF3 regulated the splicing of B7‑H3 mRNA

To further explore the regulatory role of SRSF3 on B7-H3 
mRNA, we used the online software RBPmap (https​://rbpma​
p.techn​ion.ac.il) to predict the binding-sites of SRSF3 on 
B7-H3. We found there were two binding-sites (CCC​UAC​
U) at the 5′-terminal of exons 4 and 6 (Fig. 4c). Thus, we 
constructed a minigene recombinant plasmid by cloning 
the DNA fragment containing exons 3–6 and 100-bp flank-
ing sequence into pcDNA3.1 (+) vector (Fig. 4c). Then the 
minigene recombinant plasmids were transfected into HCT-
116 cells, and RT-PCR assays were performed with prim-
ers on exons 3–6 (Fig. 4c) to detect the transcripts. Three 
amplicons (724-, 248-, and 70-bp) were produced by FP1 
and RP2, three amplicons (472-, 335-, and 157-bp) were 
produced by FP1 and RP1, and an amplicon with the size 
of 404 bp was produced by FP2 and RP2 (Fig. 4d). Further-
more, the PCR products with the lengths of 724 bp, 472 bp, 
404 bp, 335 bp, 248 bp, and 157 bp were sequenced. Based 
on the sizes and sequences of the PCR products, we specu-
lated that at least five kinds of transcripts were presented in 
the cells transfected with the minigene recombinant plas-
mids, including the skipping of exon 4 and/or 5 and the 
retention of intron 3 or 5 (Fig. 4e). Next, we co-transfected 
the minigene plasmids with SRSF3 siRNA or expression 
plasmid into HCT-116 cells, and then detected the tran-
scripts in the cells by RT-PCR. The results demonstrated 
that the amount of 472- and 404-bp products were reduced 
by knockdown of SRSF3, but were elevated by overexpres-
sion of SRSF3 (Fig. 4f).

Discussion

In this study, we discovered that both B7-H3 and SRSF3 
were highly expressed in CRC tissues and were positively 
correlated with the poor prognosis of patients. SRSF3 posi-
tively regulated the expression of B7-H3 mRNA and protein 
in CRC cells. Further investigation demonstrated that SRSF3 

involved in the splicing of B7-H3 through directly binding 
to B7-H3 mRNA.

In recent years, immunotherapy has been widely used in 
the treatment of various cancers including CRC due to its 
advantages of less side effects, obvious therapeutic efficacy, 
and ability to treat metastatic lesions. In particular, the suc-
cessful treatment with immune-checkpoint inhibitors in mel-
anoma has promoted the research of immunotherapy in CRC 
[37]. Currently, US FDA has approved the antibody drugs, 
such as ipilimumab, pembrolizumab, and nivolumab, for 
the treatment of CRC. However, the patients with pMMR/
MSI-L phenotype accounting for 95% of CRC cases cannot 
benefit from these drugs [38]. Thus the inhibitors of TIM3, 
LAG3, and TIGIT, as well as the agonists of CD137, ICOS, 
CD40L, and CD27 are contending clinical trials for the treat-
ment of CRC [37, 39]. B7-H3, a crucial member of immune-
checkpoint molecules, has also been identified as a potential 
immunotherapeutic target for CRC. Numerous studies have 
shown that B7-H3 is evidently overexpressed in CRC and is 
closely related to the prognosis of patients [17]. In this study, 
we also found that B7-H3 was markedly overexpressed in 
CRC tissues and cell lines. Moreover, high-expression of 
B7-H3 is closely related to tumor TNM stage, lymph node 
metastasis, and overall survival of patients.

Up to now, several studies have reported the regulatory 
mechanisms of B7-H3 expression in tumors. At the tran-
scriptional level, BRD4 promoted the expression of B7-H3 
mRNA in pancreatic cancer [40]. An immunoglobulin tran-
script ILT4 induced B7-H3 expression through PI3K/AKT/
mTOR signaling in non-small cell lung cancer and conse-
quently resulted in immunosuppression of tumors [41]. At 
the post-transcriptional level, in addition to miR-29 [42], 
we previously identified miR-143 as an inhibitor of B7-H3 
expression by directly binding to its 3′-UTR in CRC [43]. 
Moreover, both in vivo and in vitro experiments have con-
firmed that these miRNAs exert anti-tumor activities by sup-
pressing B7-H3 expression. In addition, other studies have 
shown that the expression of B7-H3 in tumors is positively 
correlated with the density of tumor infiltrating FOXP3+ 
regulatory T cells, and is induced by CD40-activated den-
dritic cells or CagA oncoprotein of Helicobacter pylori in 
gastric cancer [44–46]. However, little is known about the 
splicing process of B7-H3 expression.

To investigate the splicing process of B7-H3, we first 
utilized the TCGA data to analyze the correlation between 
the expression of splicing factors and B7-H3. By indi-
vidually silenced the splicing factors in HCT-116 cells, 
we found that the expression of B7-H3 mRNA was dra-
matically reduced by SRSF3, suggesting that SRSF3 might 
be involved in B7-H3 splicing. Thereafter, we provided 
solid evidences to support the conclusion that B7-H3 is 
spliced by SRSF3 in CRC. First, both B7-H3 and SRSF3 
were highly expressed in CRC tissues and cell lines. 
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High-expression of B7-H3 and SRSF3 was positively asso-
ciated with poor prognosis of CRC patients. Moreover, the 
expression of B7-H3 protein in CRC tissues and cell lines 
was significantly positively related to SRSF3. This was 
also supported by the published data (GEO IDs: GDS4718, 
GDS4382, and GSE41657). Second, the expressions of 
B7-H3 mRNA and protein were evidently suppressed by 
knockdown of SRSF3, but were markedly enhanced by 
overexpression of SRSF3 in both HCT-116 and HCT-8 
cells. Third, the RIP results demonstrated that SRSF3 
protein directly bond to B7-H3 mRNA. Final, minigene 
reporter experiments were performed to further confirm 
that SRSF3 participated in the splicing of B7-H3 mRNA 
by binding to exon 4 and/or 6.

More and more studies have demonstrated that dysregu-
lation of splicing factors leads to abnormal splicing of 
genes and consequent occurrence of various diseases. For 
instance, SRSF3, an important member of the SR pro-
tein family, is significantly upregulated in various cancers 
including CRC [31, 47, 48]. SRSF3 has been identified 
as a key regulator in the splicing of TP53, CD44, RAC1, 
FOXM1, KLF6, HER2, MDM4, MAP4K4, and PKM 
[47–49], and is closely related to the proliferation, migra-
tion, and invasion of tumor cells [35]. In this study, we 
found that SRSF3 was overexpressed in the cytoplasm and 
nucleus of CRC cells and was significantly correlated with 
lymph node metastasis, TNM stage, and the expression of 
B7-H3, p53, and Ki67, as well as poor prognosis of CRC 
patients. Moreover, SRSF3 participated in the splicing of 
B7-H3, which broadened our understanding of the immune 
regulatory roles of SRSF3.

 Although a positive correlation was observed between 
B7-H3 and SRSF4, but not SRSF5 and SRSF8 in TCGA 
colon cancer samples, B7-H3 mRNA was apparently down-
regulated by SRSF8 silence and upregulated by knockdown 
of SRSF4 and SRSF5. However, the regulatory mechanisms 
mediated by these splicing factors are still required to be fur-
ther investigated. For instance, whether or not there is a syn-
ergic effect of SRSF8 and SRSF3 on the splicing of B7-H3. 
Two isoforms of B7-H3, 2Ig B7-H3 and 4Ig B7-H3, have 
been detected in CRC cells, but the splicing factors involved 
in the alternative splicing of B7-H3 are still unknown. In 
addition, the effects of SRSF3 on the proliferation, migra-
tion, and invasion of tumor cells are also worthy to be fur-
ther studied. Nevertheless, we discovered that a splicing 
factor SRSF3 involved in the splicing of B7-H3 mRNA in 
CRC cells. Mechanistic studies demonstrated that SRSF3 
spliced B7-H3 mRNA by directly binding to its exon 4 and/
or 6. These findings provide novel insights into the regula-
tory mechanisms of B7-H3 expression and regulatory roles 
of SRSF3 in tumor immune evasion, which offers potential 
therapeutic strategies for the treatment of CRC.
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