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Overexpression of PTBP3, a factor involved in alternative splicing, may inhibit the differentiation of leukemia cells. However, its role in gastric cancer differentiation and the specific pathways involved are unclear. In this study, we found that PTBP3 was upregulated in the poorly differentiated gastric cancer tissues. Patients with high levels of PTBP3 expression had significantly shorter survival than those with low PTBP3 expression. In gastric cancer cells, the regulatory effect of PTBP3 on alternative splicing of the Id1 gene was investigated. Following sodium butyrate-induced differentiation of MKN45 cells, the expression of Id1a decreased, but the expression of Id1b increased. RNA interference and overexpression experiments showed that PTBP3 upregulated Id1a expression and downregulated Id1b expression. RNA immunoprecipitation (RIP) assays indicated PTBP3 could interact with Id1. UV cross-linking assays indicated that PTBP3 interacted with the CU rich region of the Id1 gene. Two-hybrid experiments and a gel mobility shift assays found that Id1b had a more potent affinity for Hes1 than Id1a. Chromatin immunoprecipitation (ChIP) assays verified the association of Hes1 and the promoter of PTBP3 gene. Luciferase assays revealed that Hes1 bound the N-box sequence in the PTBP3 promoter. After silencing or overexpression of Hes1, PTBP3 protein expression remained unchanged. Thus, the loss of feedback regulation among PTBP3, Id1, and Hes1 in gastric cancer cells may be one of the causes of inhibited differentiation and malignant proliferation of these cells.
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INTRODUCTION

Alternative splicing of pre-mRNA is a common phenomenon in eukaryotes and an important way to regulate gene expression. In humans, alternative splicing is observed in about 92–94% of genes (1). Abnormal alternative splicing of some genes has been shown in some cancers (2–5). Alternative splicing can be regulated by the SR protein family and the hnRNP protein family (6, 7).

PTBP3 is a member of the hnRNP family. Our previous study indicated that the expression of PTBP3 in gastric cancer was higher than in normal gastric mucosa, and it inhibited the differentiation of MKN45 cells and promoted their proliferation (8). These findings suggested that PTBP3 plays a crucial role in the regulation of gastric cancer cell differentiation, but the specific mechanism is still poorly understood.

Basic helix-loop-helix (bHLH) proteins can be divided into two subgroups: A and B. bHLH proteins of subgroup A are ubiquitously expressed transcription factors, such as E2A and HEB; bHLH proteins of subgroup B have tissue-specificity, such as Hes1, MyoD, dHAND, and HASH-1. These bHLH proteins can form homodimers and heterodimers with each other to recognize the E-box or N-box in a specific gene, which then regulates the differentiation and proliferation of cells (9). Hes1 expression has been found in several gastric cancer cell lines (10). Hes1 is a transcriptional repressor that inhibits the differentiation of cancer cells (11), playing an essential role in the pathogenesis of cancers.

Id1 is a member of the helix loop helix (HLH) trans-acting factor family. It has no DNA binding region and can form heterodimers with bHLH to block its DNA binding, which may affect gene expression, inhibit cell differentiation, and promote cell proliferation (12, 13). In addition, overexpression of Id1 in vitro inhibits the differentiation of a variety of types of cells (14, 15). High expression of Id1 has been confirmed in gastric cancer tissues and cell lines, suggesting that it plays a critical role in the occurrence of gastric cancer (16, 17). Id1 has two alternatively spliced mRNA isoforms, arising from alternative retention of the single intron in the Id1 gene. This leads to two protein isoforms Id1a and Id1b, which have unique 13 and 7 amino acid C-terminal tails, respectively (18). Id1a promotes cell proliferation, but Id1b inhibits cell proliferation and facilitates cell renewal, suggesting opposite biological functions of Id1a and Id1b (19, 20). Whether the transcriptional isoforms of Id1 (Id1a and Id1b) are generated by PTBP3 through alternative splicing, whether PTBP3-induced inhibition of cell differentiation is related to PTBP3-regulated alternative splicing of Id1 as well as the binding of Id1 to bHLH are still unclear.

In this study, we found that PTBP3 can regulate the expression of Id1a and Id1b isoforms via alternative splicing. Furthermore, Id1a and Id1b may differentially bind to Hes1 to inhibit Hes1 activity, which may be related to PTBP3-induced inhibition of cellular differentiation. Our findings contributed to understanding the relationship between alternative splicing and the occurrence and development of gastric cancer.



MATERIALS AND METHODS


Tissue Microarray and Immunohistochemistry

The human gastric cancer tissue microarray (HStmA180SUR07, Shanhai Xinchao, China) consisting of 90 gastric adenocarcinoma tissue samples and 90 matched adjacent normal gastric mucosa tissue samples. Immunohistochemistry were performed as previously described (8).



cDNA Microarray and Quantitative Real-Time PCR

The human gastric cancer cDNA microarray (HStmA060CS01, Shanhai Xinchao, China), which contains 30 gastric adenocarcinoma tissue samples and 30 matched adjacent normal gastric mucosa tissue samples. Total RNA was isolated by TRIZOL™ reagent (Invitrogen, Carlsbad, CA, USA) and then reverse transcribed using the Reverse Transcription System (Promega, Madison, WI, USA) according to the manufacture's instruction. Quantitative Real-time PCR was carried out on a Bio-Rad Real-Time PCR system. Gene expression was quantified as the level of indicated genes relative to that of GAPDH.

The sequences of the Real-time primers were as follows:

PTBP3 sense: 5′-TCTCCGTGCCTTCAGTCAGC-3′,

and anti-sense: 5′-GCTTTACGCATCGTCACGC-3′;

GAPDH sense: 5′-GGTCGGAGTCAACGGATTTG-3′,

anti-sense: 5′-ATGAGCCCCAGCCTTCTCCAT-3′.



Cell Culture and Induction of Differentiation

Gastric cancer cell lines MKN45, and HGC27 were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). For drug-induced cell differentiation, NaBU (Sigma, St. Louis, MO, USA) was dissolved in PBS, adjusted to pH 7.2 with NaOH, adjusted to a concentration of 3 mM, and filter sterilized.



Total RNA Extraction

Total RNA was extracted using TRIZOL™ reagent (Invitrogen, Carlsbad, CA, USA) and was reverse transcribed with (dT)n primers and Superscript III Reverse transcriptase (TaKaRa Biotechnology, Dalian, China). The following primer sequences were used:

Id1a sense: 5′-TCAACGGCGAGATCAGC-3′,

anti-sense: 5′-TCGGTCTTGTTCTCCCTCA-3′;

Id1b sense: 5′-TGCCTAAGGAGCCTGGAA-3′,

anti-sense: 5′-CCGCCTGTGAAAACGAGA-3′.



Western Blot Analysis and Antibodies

Total protein extracts were obtained as previously described (21). The following primary antibodies were used: PTBP3 (Thermo Fisher Scientific, USA), Hes1 (Sigma, St. Louis, MO, USA), b-actin (Sigma, St. Louis, MO, USA), Id1a (against residues 142–153 [EAACVPADDRIL], obtained from Shanghai Youke Biotechnology, working concentration: 10 ug/ml), Id1b (against residues 139–149 [LTAEVRSRSDH], obtained from Shanghai Youke Biotechnology, working concentration:10 ug/ml).



Chromatin Immunoprecipitation (ChIP) Assay

MKN45 cells were cross-linked with 1% formaldehyde for 10 min. ChIP assays were performed using the EZ ChIP Kit (Millipore, Bedford, MA, USA), according to the manufacturer's instructions. Anti-rat IgG were used as controls. The primer sequences were as follows:

PTBP3 primer 1 sense: 5′-AGTGCTTGAATTTTCCAAAATGAGC-3′,

anti-sense: 5′-GCCAGATGGAAATGTAGAATATCAA-3;

PTBP3 primer 2 sense: 5′-GGGACTGAGGTTAGATACAG-3,

anti-sense: 5′-ACAAGAAAATCAGGTTCCAG-3;

PTBP3 primer 3 sense: 5′-AGAGGCTGGTCCCTGGACGTGTCAT-3,

anti-sense: 5′-CGGGCCTGCCAGGTTTGAAT-3;

PTBP3 primer 4 sense: 5′-GGGGAGTTGCTGTTTACCGG-3,

anti-sense: 5′-AGCACAAGTCGGGAGACCTC-3.



RNA Immunoprecipitation (RIP) Assay

RIP experiments were performed with the Magna RIP RNA-Binding protein immunoprecipitation kit (Millipore, Bedford, MA, USA) according to the manufacturer's instructions. The collected RNAs were subjected to RT–qPCR analysis to quantify the enrichment of PTBP3. Anti-rat IgG were used as controls. The primer sequences were as follows:

Id1 sense: 5′-CATGCGTTCCTGCGGACGAT-3,

anti-sense: 5′-CCGATCGGTCTTGTTCTCCC-3.



Vector Constructs and Dual-Luciferase Reporter Gene Assays

Cells were transfected using Oligofectamine reagent Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA). The coding region of cDNA was cloned into the pcDNA 3.1(+) vector, and the constructs were verified by DNA sequencing. The siRNA sequence of PTBP3 was chemically synthesized. The primer sequences were as follows:

siRNA (PTBP3): 5′-GAGUGAAGAUUAUGUUUAATT-3′;

pcDNA (PTBP3) sense: 5′-CAAGCTTGACACCAGGGGTCTGGACTTA-3′,

anti-sense: 5′-CG GGATCCTATGGTCCAGTTTTAGGAGA-3′;

pGL3-basic (PTBP3) sense: 5′-CCTCGAGTGAGGCAGGAGAATCACTTGAAC-3′, anti-sense: 5′-CAAGCTTTA ACCGCGAGCAGAGGAAGCAG-3′;

pcDNA (Hes1) sense: 5′-TAGCTAGCGG GATCACACAGGATC-3′,

anti-sense: 5′-CCGCTCGAGAAAAGCCTTTACTTT T-3′;

siRNA (Hes1): 5′-CAACACGACACCGGAUAAA-3′;

pcDNA (Id1a) sense: 5′-CCCAAGCTTGCCACCATGAAAGTCGCCAGTGGCAGCACCG-3′,

anti-sense:5′-CCGGAATTCTCAGCGACACAAGATGCGATCGTCC-3′;

pcDNA (Id1b) sense:

5′-CCCAAGCTTGCCACCATGAAAGTCGCCAGTGGCAGCAC CG-3′,

anti-sense:5′-CCGGAATTCCTAGTGGTCGGATCTGGATC
TCACCTCGGCCGTCAGGGCGCTGATCTC-3′.

Dual-luciferase reporter gene assays were performed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA). Cell lysates were assayed for luciferase activity following the manufacturer's protocol (Promega, Madison, WI, USA), using a Centro XS3 LB960 microplate luminometer (Berthold Technologies, Bad Wildbad, Germany). Renilla luciferase activity was normalized to firefly luciferase activity.



UV Cross-Linking Assay

The templates for in vitro RNA synthesis were derived from a minigene containing an Id1 intronic fragment downstream of the T7 promoter. The RNA probes were synthesized by T7 RNA polymerase in the presence of [α-32P]UTP using a Transcription T7 Kit (Takara Biotechnology, Dalian, China). UV cross-linking was performed using 2 pmol 32P- labeled RNA and 50 μg of protein extracts. Proteins and RNA were incubated at 30°C for 30 min in 25 μL of binding buffer (20 mM Hepes pH 7.8, 50 ng yeast tRNA, 25 mM KCl, 2 mM MgCl2, 3.8% glycerol, 0.1 mM EDTA, 2 mM DTT, 1 mM ATP). Reaction mixtures were irradiated with 254 nm UV light for 10 min on ice. The residual RNA was degraded by 100 U/μL RNase A and RNase T1 (Takara Biotechnology, Dalian, China). Then, the samples were denatured and immunoprecipitated with anti-PTBP3. The samples were subject to SDS-PAGE followed by autoradiography. Sizes were determined using prestained markers (Takara Biotechnology, Dalian, China).



Mammalian Two-Hybrid Analysis

Mammalian two-hybrid analyses were performed using a commercially available mammalian two-hybrid system (Promega, Madison, WI, USA), which includes the pACT, pBIND and pG5luc plasmids. The pG5luc reporter plasmid contains five GAL4-binding sites upstream of a minimal TATA box that precedes the firefly luciferase gene. The coding sequences of proteins were also generated by PCR, and cloned into pACT and pBIND at the BamHI/SalI sites. The nucleotide sequence of the inserts was verified by sequence analysis, and expression of all proteins was verified by Western blot analysis.

The luciferase assays were performed according to the manufacturer's recommendation. Approximately 48 h after each transfection, the luciferase activity was detected and normalized by Renilla activity.



Electrophoretic Mobility Shift Assay

Using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA), pcDNA (Hes1), pcDNA (Id1a), or pcDNA (Id1b) was transfected into gastric cells. After 48 h, the cells were harvested in lysis buffer, and DNA binding reactions were carried out in a total volume of 25 μL. Increasing amounts of cell extract from Id1a or Id1b plasmid-transfected cells were mixed with extracts from Hes1-transfected cells for 10 min at room temperature, after which a labeled N-box oligonucleotide probe was added for a further 15 min at room temperature. In order to increase the specific binding activity, we designed the probe containing the canonical N-box (5′-CACAAG-3′). Cell extracts from untransfected cells were used as a negative control. The binding buffer consists of 20 mM HEPES (pH 7.5), 5 μg/mL aprotinin, 50 mM KCl, 1 mM dithiothreitol, 1 mM EDTA, 4% glycerol, 1 μg of dl-dC. The binding reactions were then subjected to electrophoresis in a 6% polyacrylamide gel. The gels were dried, and the labeled complexes were detected by autoradiography.



Xenotransplantation and Analysis of Tumors

All animal experiments were approved by the Animal Ethics Committee of Longhua Hospital. Approximately 1.0 × 107 MKN45-pSliencer and MKN45-PTBP3 knockdown stable cells in 100 μL serum-free medium were implanted in the subcutaneous tissue of the right abdominal wall of female severe combined immunodeficient mice (7–8 week old, one tumor per mouse, n = 6 mice per group). Mice were sacrificed after 6 weeks, and tumors were collected. Samples of each tumor were snap-frozen in liquid nitrogen and then processed for further histologic analysis.



Statistical Analysis

Statistical analysis was performed using SPSS 18.0 software. Variables were expressed as means ± SD. Comparisons between Kaplan-Meier curves were performed using the long-rank test. Correlations were determined by Pearson correlation. All other comparisons were analyzed by unpaired two-tailed Student's t-test. P < 0.05 were considered statistically significant.




RESULTS


Increased Expression of PTBP3 Is Positively Associated With Poor Differentiation and Poor Prognosis in Gastric Cancer

Our previous study has shown that in gastric cancer tissues, PTBP3 protein was overexpressed (8). To further confirm these results and clarify the clinical significance of PTBP3, we first used immunohistochemistry to screen the expression of PTBP3 in adjacent normal tissues, well and poorly-differentiation of gastric cancer tissues by immunohistochemistry. Immunohistochemistry analysis showed that PTBP3 was up-regulated in the poorly-differentiation of gastric cancer tissues (Figure 1A). After testing the mRNA expression of PTBP3 in tissue samples from gastric cancer patients, we found PTBP3 level in the poorly-differentiation of gastric cancer tissues were significantly higher (Figure 1B). Kaplan–Meier survival analysis showed that gastric cancer patients with high PTBP3 expression had a worse outcome than those with low PTBP3 expression (P = 0.028, Figure 1C). These results imply that PTBP3 may play an important role in the regulation of gastric cancer differentiation.


[image: Figure 1]
FIGURE 1. Increased PTBP3 expression was associated with poor survival in gastric cancer. (A) Representative images and quantitative IHC analysis of PTBP3 expression in normal gastric mucosa tissue, well and poorly-differentiation of gastric cancer tissue. Scale bar, 50 μm. (B) PTBP3 mRNA levels (log2 intensity) in well and poorly-differentiation of gastric cancer tissue. (C) Kaplan–Meier analysis of overall survival in patients with variable PTBP3 expression. *P < 0.01.




Influence of NaBU-Induced Differentiation of Gastric Cancer Cells on the Expression of Id1a, Id1b, PTBP3, and Hes1

NaBU (sodiumbutyrate) is a recognized differentiation inducer, which can induce the differentiation of many kinds of tumor cells, such as gastric cancer cells (22). To investigate changes in the expressions of PTBP3, Id1a, Id1b, and Hes1 in the differentiation of gastric cancer cells, NaBU was used as a differentiation-inducing agent in the MKN45 gastric cancer cell lines. NaBU at 3 mM inhibited cell growth to a certain extent, and these cells showed common characteristics of differentiation, such as reduced nucleus/cytoplasm (N/C) ratio and regular nuclei. Moreover, Id1a expression was downregulated over time, accompanied by upregulated expression of Id1b (Figure 2A). Changes in the mRNA expressions of Id1b and Id1a were similar to their protein expressions (Figures 2B,C). The protein expressions of PTBP3 and Hes1 were downregulated over time. These findings suggest that the expression of these genes changes during the induced differentiation of gastric cancer cells.


[image: Figure 2]
FIGURE 2. Expression of Id1a, Id1b, PTBP3, and Hes1 in the differentiating gastric cancer cells. (A) Western blot analysis of Id1a, Id1b, PTBP3, and Hes1 expressed in NaBU-treated MKN45 cells. The cells were treated with 3 mM NaBU for 6–72 h. (B) RT-PCR was performed to display the relative levels of Id1a and Id1b mRNAs in NaBU-treated MKN45 cells. (C) The map showed the primer sites for RT-PCR. Id1a and Id1b proteins differ at the C-terminus due to differential splicing of the 239 bp intron (sequence from NCBI).




PTBP3 Upregulates Id1a Expression and Downregulates Id1b Expression Through Binding to the CU-Rich Region of Id1 Intron

To determine whether PTBP3 can regulate the expression of Id1 isomers through alternative splicing, we overexpressed or silenced PTBP3 in MKN45 and HGC27 cells. After transfection of pcDNA (PTBP3) vector or siRNA (PTBP3), the expression of Id1a and Id1b in MKN45 and HGC27 cells were detected. Our results showed that PTBP3 overexpression upregulated Id1a expression, but downregulated Id1b expression. Conversely, PTBP3 silencing downregulated Id1a expression but upregulated Id1b expression (Figure 3A). Importantly, a xenotransplantation model was used. We found the tumors exhibited higher Id1b expression which from PTBP3 knockdown mice than those from control mice (Figure 3B). PTBP3 is an alternative splicing factor, which plays an alternative splicing role by binding to mRNA. RIP assays indicated that PTBP3 could combine with Id1 mRNA (Figure 3C). This suggested that PTBP3 may upregulate Id1a expression and downregulate Id1b expression through alternative splicing.


[image: Figure 3]
FIGURE 3. PTBP3 modulates Id1 alternative splicing via binding to its intronic region. (A) Immunoblots showed Id1a and Id1b protein expression levels after altering the PTBP3 expression level in two gastric cancer cells. (B) Western blot analysis of Id1a, Id1b, and PTBP3 expressed in mouse tumors from different PTBP3 knockdown and pSliencer vector-transfected mice. (C) RIP experiments were performed using the PTBP3 antibody to immunoprecipitate (IP) in total-cell extracts of MKN45 cells, and relative enrichment was determined by reverse transcription PCR (upper panel) and quantitative real-time PCR (lower panel). The results are expressed as the mean ± S.D. of three independent experiments. ***P < 0.001. (D) UV cross-linking was performed using 2 pmol 32P-labeled RNA and 50 μg of protein extracts. The immunoprecipitates were subjected to SDS–PAGE followed by autoradiography (upper panel), and the samples were immunoprecipitated with anti-PTBP3 (lower panel). The negative control (Ctr) only has the same amount of protein extracts.


Our previous study suggested that PTBP3 can bind to the CU-rich region of the CAV1 intron to regulate the expression of CAV1 splicing isomers (23). To investigate whether PTBP3 also can regulate the expression of Id1 splicing isomers by binding to the CU-rich region of Id1 intron, We performed UV cross-linking experiment for further examination. Radiolabeled intron of Id1 RNA which contains wild type fragment (WT, contains CCUU rich elements) or a CU mutation fragment (MU, contains CCCC elements) were mixed with protein extracts, then, sequence-specific binding of protein was tested by UV cross-linking, and the radiolabeled RNA crosslinked to the proteins was visualized (Figure 3D upper panel). As shown in Figure 3D, the band indicating RNA-protein interaction was present in both the WT and MU groups, but the optical density in the WT group was higher than that observed for the MU group. This finding suggests that PTBP3 can interact with the WT Id1 gene but not with the MU Id1 gene. Our data indicate that PTBP3 upregulates Id1a expression and downregulates Id1b expression through binding to the CU-rich region of Id1 intron.



The Affinity of Id1b for Hes1 Is More Potent Than That of Id1a

The Id1 coding sequence consists of two exons: the 5′ exon of 426 bp, including the HLH region, and the 3′ exon of 42 bp. These exons are separated by an intron of 239 bp. From the sequence of the introns, Id1b is generated by skipping the 5′ splice donor signal following the first exon. This skipping adds 24 bp to the translatable sequence (Figure 4A). These 24 bp encode the 7 C-terminal amino acids, which are unique to Id1b, followed by a stop codon. Therefore, the Id1a and Id1b proteins are identical in the amino acids encoded by the first exon, which includes the HLH domain. Id1a and Id1b are different only at the extreme C-terminus: splicing produces Id1a, which contains 13 amino acids encoded by the second exon, while failing to splice to produce Id1b, which contains 7 different C-terminal amino acids from the intron (18).
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FIGURE 4. The affinity of Id1b for Hes1 is more potent than that of Id1a. (A) The Id1 coding sequence consists of two exons: the 5′ exon of 426 bp, including the HLH region, and the 3′ exon of 42 bp. These exons are separated by an intron of 239 bp. From the sequence of the introns, Id1b is generated by skipping the 5′ splice donor signal following the first exon. This skipping adds 24 bp to the translatable sequence. (B) Mammalian two-hybrid analysis of the ability of Id1a or Id1b to dimerize with bHLH transcription factors. Cells were transfected with the indicated plasmids and assayed for luciferase production at 48 h post-transfection. The value is normalized to Renilla luciferase activity. All error bars are mean ± S.D., n = 3. *P < 0.05, compared with GAL4-Id1a. (C) Electrophoretic mobility shift assays to identify differential Id1a and Id1b protein interaction. The assays were performed with increasing amounts (20, 30, 40, 50, 60 μg) of cell extracts from Id1a- or Id1b-transfected cells, then mixed with a constant amount cell extracts from Hes1-transfected cells. The same amount of cell extracts from untransfected cells (Ctr) was used as a negative control.


To investigate possible differences in the functions of Id1a and Id1b, the two-hybrid analysis was employed to examine the binding activity of each to E2A, Hes1, HAND2, and MyoD. The pACT plasmids expressing the bHLH transcription factor and VP16 fusion protein and pBIND plasmids expressing Id1a or Id1b and the GAL4 fusion protein were prepared. Measurements of the luciferase activity following transfection revealed that no changes with binding of GAL4-Id1a or GAL4-Id1b to VP16-E2A, VP16-HAND2, and VP16-MyoD. However, the binding of GAL4-Id1b to Hes1 significantly increased luciferase activity as compared to the binding of GAL4-Id1a to Hes1 (P < 0.05, independent sample t-test). This indicates that Id1a and Id1b have distinct affinities to Hes1 only; the affinity of Id1b is more potent than that of Id1a (Figure 4B).

To further confirm the difference in the binding activity of Id1a and Id1b to Hes1, electrophoretic mobility shift assays (EMSAs) were employed. A 32P-labeled oligonucleotide probe containing an N-box was mixed with the extract of Hes1-transfected cells and then with an extract of Id1a- or Id1b-transfected cells. The results showed that the binding of Hes1 to the oligonucleotide containing N-box was reduced gradually with an increase in the concentration of Id1a or Id1b (20, 30, 40, 50, and 60 μg). After mixing with the extract of Id1b-transfected cells, the binding of Hes1 to N-box was reduced dramatically. Thus, both Id1a and Id1b bind Hes1, which inhibits the binding of Hes1 to the N-box in a dose-dependent manner. As compared to Id1a, Id1b has a more potent interaction with Hes1 (Figure 4C).



Hes1 Interacts With the N-Box of the PTBP3 Promoter to Inhibit Its Activity but did not Affect PTBP3 Protein Expression

Hes1 is an important transcriptional repressor and can bind to the N-box to inhibit the expression of target genes (24, 25). Analysis of the PTBP3 promoter showed that it contains a typical N-box sequence (5′-CACAAG-3′). To investigate whether Hes1 combined with PTBP3, we performed ChIP assays with four pairs of PTBP3 primers that designed near the predicted binding sites of Hes1. We found a strong binding of Hes1 on PTBP3 promoter. The ChIP assays verified the association of Hes1 and the promoter of PTBP3 (Figure 5A).


[image: Figure 5]
FIGURE 5. Hes1 represses the activity of the PTBP3 promoter but did not affect PTBP3 protein expression. (A) MKN45 cells were cultured and lysates were subjected to ChIP assay. Four paired primers were designed near the predicted binding sites of Hes1. The ChIP assays verified the association of Hes1 and the promoter of PTBP3 gene. The results are expressed as the mean ± S.D. of three independent experiments. **P < 0.01, ***P < 0.001 vs. anti-IgG. (B) The 5′-upstream promoter region (1,098 bp) was inserted into the pGL3-basic plasmid. Reporter activity was also analyzed after transfection of pcDNA (Hes1) into gastric cancer cells. All error bars are mean ± S.D., n = 3. *P < 0.05. (C) Cells in Si-NC group were transfected with non-targeting siRNA as a negative control. In Si-Hes1 group, cells were treated with Hes1 siRNA. The pcDNA-NC group refers to cells transfected with a blank vector. The pcDNA-Hes1 group refers to cells transfected with Hes1-overexpressing plasmids. After 48 h following transfection, total proteins were extracted, and Hes1 and PTBP3 protein expression were measured. Hes1 expression has no influence on PTBP3 expression in MKN45 and HGC27 cells.


To explore the effect of Hes1 on the activity of the PTBP3 promoter, the PTBP3 promoter was inserted into the pGL3-basic vector, which together with a Hes1 expression plasmid pcDNA (Hes1) was transfected into MKN45 cells. MKN45 cells transfected with pGL3-basic alone served as a control. Dual luciferase reporter gene assays showed that the luciferase activity was significantly lower when Hes1 was overexpressed than in the control group (P < 0.05, independent sample t-test). This suggested that Hes1 overexpression inhibits the activity of the PTBP3 promoter (Figure 5B).

To further investigate the influence of Hes1 on PTBP3 expression, siRNA (Hes1) was used to silence Hes1 expression in MKN45 and HGC27 cells, and PTBP3 protein expression was detected by Western blot assays. As shown in Figure 5C, the expression of PTBP3 protein remained unchanged after Hes1 silencing. In addition, Hes1 overexpression failed to alter the expression of PTBP3. These results indicated that Hes1 expression has no influence on the expression of PTBP3 in gastric cancer cells.




DISCUSSION

Gastric cancer is the third leading cause of cancer-related death worldwide. Gene abnormalities involved in the regulation of cell differentiation and proliferation play an important role in the development of gastric cancer.

Alternative splicing, a post-transcriptional modification, is an important mechanism for controlling gene expression. Alternative splicing and the resultant protein isoforms with distinct functions are key mechanisms underlying the functional diversity of the proteome (26). Disorders of alternative splicing play an essential role in the pathogenesis of cancers.

The polypyrimidine tract binding protein 1 (PTBP1) is an extensively studied member of the hnRNP protein family (27). PTBP1 has two paralogue proteins: nPTB/PTBP2 (neural PTB) and PTBP3 (polypyrimidine tract binding protein 3). PTBP2 was first identified in neurons (28), but PTBP3 was first found in hematopoietic cells (29). In recent years, there is evidence showing that PTBP2 and PTBP3 are also expressed in many other tissues (30, 31). PTBP1, PTBP2, and PTBP3 proteins share >70% amino acid sequence identity, display similar protein structure and have four RNA recognition motifs (RRM) (7). The molecular function and biological effects of PTBP3 are less understood as compared to PTBP1 and PTBP2 (32).

Initially, it was found that PTBP3 overexpression inhibited NaBU-induced differentiation of leukemic cells (k562 cells). Therefore, PTBP3 was initially named regulator of differentiation 1 (ROD1) (29). We found that the expression of PTBP3 was higher in gastric cancer than in normal gastric mucosa, inhibition of PTBP3 could induce apoptosis of gastric cancer cells and cell cycle arrest (33). Our previous study also indicated that after PTBP3 silencing in gastric cancer cells, the cells showed the characteristics of differentiation, the nucleus/cytoplasmic ratio decreased, the nucleus became regular, and the nucleolus decreased. In addition, the levels of serum LDH and ALP decreased significantly. The growth of tumor xenografts was inhibited when PTBP3 gene was silenced. The results suggested that PTBP3 may have an effect on the proliferation and differentiation of gastric cancer cells (8). These findings suggest that PTBP3 plays a key role in the regulation of gastric cancer cell differentiation, but the specific mechanism is still unclear.

In the present study, we found that PTBP3 was upregulated in the poorly differentiated gastric cancer tissues. Patients with high levels of PTBP3 expression had significantly shorter survival than those with low PTBP3 expression. NaBU can induce the differentiation of many types of cancer cells and has been regarded as a widely accepted differentiation-inducing reagent (34). MKN45 cells were induced to differentiate with NaBU and the expressions of Id1a, Id1b, PTBP3 and Hes1 (proteins closely related to the differentiation of gastric cancer cells) were detected. In our study, the protein expression of Id1a decreased over time, accompanied by a gradual increase of Id1b. The changes in mRNA expression of Id1a and Id1b were similar to those of their proteins, indicating that Id1a expression declines, but Id1b expression increases with the progression of cell differentiation. Previous studies have also found that the protein expression of Id1a in gastric cancer cells was downregulated with cell differentiation, but the mRNA expression remained unchanged (17). This might be ascribed to the design of different primers for Id1a and Id1b. This also implies that there is a post-translational regulation of Id1. In addition, our results also showed that the protein expression of PTBP3 was reduced gradually over time after NaBU treatment, suggesting that it is related to the regulation of gastric cancer differentiation. Moreover, the protein expression of Hes1 progressively decreased over time, which is consistent with Hes1-induced inhibition of cancer cell differentiation (11). The regulatory effects of Hes1 might be mediated through the Notch signaling pathway (35).

The carcinogenesis of cells is closely related to abnormal proliferation and differentiation of these cells. Id proteins are important inhibitors of cellular differentiation and were first cloned from the cDNA library of murine erythroleukemia (MEL) cells. They share a helix-loop-helix (HLH) structure (36). A total of four Id proteins have been identified: Id1, Id2, Id3, and Id4 (37, 38). Id1 is widely expressed in a variety of human cancers and inhibits cell differentiation, promotes the occurrence, and development of cancers (39–41).

In this study, RNA interference and gene overexpression were employed to confirm that PTBP3, a protein involved in the alternative splicing, could regulate the expression of Id1a and Id1b. We showed that PTBP3 positively regulates the expression of Id1a, but negatively regulates Id1b expression. Further cross-linking analyses confirmed that PTBP3 could bind to the CU-rich region in the intron of the Id1 gene to upregulate Id1a expression and downregulate Id1b expression. Two-hybrid analysis and EMSAs revealed that Id1a and Id1b had distinct affinities to the Hes1 protein; the binding activity of Id1b to Hes1 is more potent than that of Id1a. Id1a and Id1b have different structures at their C-termini (42), which might contribute to the different affinities for Hes1. Thus, PTBP3 overexpression may upregulate Id1a expression and downregulate Id1b expression to attenuate the inhibition of Hes1 activity, which indirectly increases the activity of Hes1, leading to the inhibition of cancer cell differentiation. We confirmed that Hes1 could bind the N-box sequence in the PTBP3 promoter and inhibit its activity. This implies that Hes1 may repress the transcription of PTBP3. However, after silencing or overexpressing Hes1 in MKN45 and HGC27 cells, the protein expression of PTBP3 remained unchanged. PTBP3 expression inversely correlated with Id1b expression and had no correlation with Hes1 in gastric cancer tissues.

Our results indicated that PTBP3 can regulate the expression of Id1a and Id1b isoforms via alternative splicing. Id1a and Id1b may differentially bind to Hes1 to inhibit Hes1 activity, which may be related to PTBP3-induced inhibition of cellular differentiation. Although Hes1 inhibited the activity of the PTBP3 promoter, it failed to impact the protein expression of PTBP3, showing the complexity of gene expression regulation in gastric cancer cells. Thus, in gastric cancer, the loss of feedback regulation among Id1a, Id1b, and Hes1 may be a major cause of malignant transformation (Figure 6). Our findings are helpful to understand the relationship between alternative splicing and the occurrence and development of gastric cancer.


[image: Figure 6]
FIGURE 6. Schematic depicting PTBP3 induced inhibition of differentiation of gastric cancer cells through alternative splicing of Id1. The loss of feedback regulation among Id1a, Id1b, and Hes1 may be a major cause of malignant transformation.
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