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Abstract: The oncogenic properties of heterogeneous nuclear ribonucleoprotein HI (hnRNP HI) *
have been reported, although the tumor-promoting mechanism remains unclear. We herein report
the mechanism underlying colorectal cancer cell progression mediated by hnRNP H1. The growth
of colorectal cancer cells was suppressed by hnRNP HI1 downregulation. A terminal
deoxynucleotidyl transferase dUTP nick-end labeling assay revealed the an’a—apoptotlc effect of
hnRNP H1 in colorectal cancer cells. An RNA immunoprecipitation assay revealed that hnRNP H1
bound to sphmgosme— -phosphate lyase 1 (SGPL1). Reverse transcription-polymerase chiain
reaction revealed the high expression of hnRNP H1 mRNA in colorectal cancer cells and Spearman’s
rank correlation coefficient showed a strong positive correlation between hnRNP H1 mRNA and
SGPL1 mRNA. An siRNA of hnRNP H1 decreased SGPL1 mRNA expression in colorectal cancer -
cells, but not in non-tumorous cells. These findings suggested that hnRNP H1 increased SGPL1
mRNA expression specifically in cancer cells through direct binding. Targeted knockdown of
hnRNP H1 or SGPL1 with siRNAs upregulated p53 phosphorylation and p53-associated molecules,
resulting in cell growth inhibition, while hnRNP H1 upregulated the mRNA of SGPL1 and inhibited
p53 activation, thereby promoting tumor cell growth. This is a novel mechanism underlying
colorectal cancer cell progression mediated by hnRNP H1-SGPL1 mRNA stabilization.
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1. Introduction

Colorectal cancer is one of the most frequent causes of cancer-related death worldwide [1]. The
outcome of colorectal cancer has improved over the past several decades due to the development of
new chemotherapy regimens combining cytotoxic drugs with molecular-targeted therapy. However,
the mortality of advanced colorectal cancer remains high, underscormg the need for novel
therapeutic targets [2].

Heterogeneous nuclear rlbonucleoprotems (hnRNPs) are groups of RNA-binding proteins that’
have RNA recognition motifs in a domain sequence and contribute to multiple aspects of nucleic acid
metabolism [3,4]. The hnRNPs have essential properties related to the maturation, transportation,
stabilization and translation of RNAs and work as a key regulator of the development and
differentiation of tissues and organs in mammalian cells [4]. Previous studies have shown that several
hnRNPs have oncogenic properties, such as the induction of excess cell growth and exertion of an
anti-apoptotic effect [5], but each hnRNP targets different RNAs depending on the cancer type or
origin. Therefore, in order to determine the function of each hnRINP, the mechanisms of each hnRINP
must be investigated in each cancer type and origin.

It has been reported that hnRNP HI, which belongs to the hnRNP family, is highly expressed in
several cancers, including colorectal, head and neck, hepatocellular, pancreatic and laryngeal
carcinomas [3,6,7]. In colorectal cancer cells, a study proposed that hnRNP HI increased the mRINA
and protein expression of a-raf, thereby preventing apoptosis [6]. That study speculated that hnRNP
H1 was involved in the splicing of a-raf mRNA, while direct binding between hnRNP H1 and a-raf
mRNA was not demonstrated. The roles of other target RNAs of hnRNP H1 have been unclear,
* although hnRNP H1 probably binds to multiple RNAs in colorectal cancer.

In the present study, we confirmed the tumor—promotmg effect of hnRNP H1 and selected 10,914
mRNAs that bind to hnRNP H1 based on an immunoprecipitation-transcriptome assay in colorectal
cancer cells. Our functional assay using an siRNA library identified sphingosine-1-phosphate lyase 1
(SGPL1), which is associated with sphingosine-1-phosphate (S1P) degradation, as the target of
hnRNP HI for mediating the tumor-promoting effects. Finally, we found that the p53-related genes
cyclin G2 and CDKNIA were dysregulated in SGPL1-downregulated cells, illustrating a novel
tumor-promoting mechanism involving hnRNP Hl-upregulated SGPL1 mRNA.

2. Results

2.1. inRNP H1 Promoted Cell Progression by Inhibiting Apoptosis in Colorectal Cancer Cells

To assess.the tumor-promoting properties of hnRNP Hi, an siRNA of hnRNP HI1 #1 was
transfected into HCT116, SW480 and SK-CO-1 cells. Cell growth was significantly reduced in HCT116
and SW480 cells transfected with the siRNA of hnRNP H1 #1 compared with cells transfected with
scrambled RNA. The knockdown efficacies by reverse transcription (RT)-polymerase chain reaction
(PCR) and western blotting are also shown in Supplementary Figure S1A,B. In contrast, cell growth
was suppressed to a lesser degree or not at all by the downregulation of hnRNP H1 in HCEC-1CT or
SK-CO-1 cells compared with HCT116 and SW480 cells (Figure 1A). To exclude the off-target effect
of the siRNA of haRNP H1 #1, siRNAs of hnRNP H1 #2 and #3 were transfected into HCT116 cells.
Cell growth was significantly reduced in HCT116 cells transfected with the siRNAs of hnRNP H1 #2
and #3 compared with cells transfected with scrambled RNA (Figure 1B). The knockdown efficacy is
shown in Supplementary Figure S2. These data suggested that cell growthin non-tumorous cells and
some cancer cells was not markedly influenced by hnRNP H1 expression.

To assess the tumor-promoting effect of hnRNP H1 in vivo, HCT116 cells were transplanted into
nude mice, and the siRNA of hnRNP H1 #1 or scrambled RNA was directly injected into the tumor
every day. Tumor growth was signiﬁcantly reduced by treatment with the siRNA of hnRNP H1 #1
(Figure 1C).

To investigate the anti-apoptotic properties of hnRNP H1 in colorectal cancer cells, stalnmg with
the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) procedure was
performed in HCT116 cells (Figure 1D). The number of TUNEL-positive cells were significantly
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increased in HCT116 cells transfected with the siRNA of hnRNP H1 #1, suggesting that hnRNP H1
inhibited the apoptosis of colorectal cancer cells.

These data confirmed that hnRNP H1 exerted tumor—promohng effects by inhibiting tumor cell
apopt051s in colorectal cancer cells.
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Figure 1. Heterogeneous nuclear ribonucleoprotein H1 (hnRNP HI) promoted cell progression
by inhibiting apoptosis in colorectal cancer cells. (A) The sulforhodamine B (SRB ) assay (n=>5) showed
that cell growth was significantly reduced in HCT116 and SW480 cells transfected with an siRNA of
hnRNP H1 compared with those transfected with scrambled RNA. The SRB assay (n=5) showed that
cell growth was suppressed to a lesser degree or not at all by the downregulation of hnRNP HI in
HCEC-1CT or SK-CO-1 cells. (B) The SRB assay (n = 5) showed that cell growth was significantly
~ reduced in HCT116 cells transfected with siRNAs of hnRNP H1 #2 and #3 compared with cells

transfected with scrambled RNA. (C) HCT116 cells were transplanted into nude mice, and the siRNA
of hnRNP H1 #1 or scrambled RNA was injected daily. Tumor growth was significantly reduced by
treatment with the siRNA of hnRNP H1 #1. (D) The number of terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL)-positive cells was significantly higher in HCT116 cells transfected
with the siRNA of hnRNP H1 #1 than in those transfected with scrambled RNA. The error bars show
the standard deviation (SD). * p < 0.05 by Student’s t-test.
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2.2. lnRNP H1 Was Highly Expressed in Colorectal Cancer Cells

To investigate the dysregulation of hnRNP H1 in colorectal cells, the expression of hnRNP H1
was compared between tumorous and non-tumorous cells. An analysis using the UCSC Xena system
(https:-//xena.ucsc.edu/compare—tissue/), which indluded 286 colorectal cancer tissues and 41 normal
colon tissues, revealed the overexpression of hnRNP H1 in colorectal cancer tissues (Figure 2A). RT-
PCR. using our institutional samples, which were collected from 28 normal colon tissues and 32
colorectal cancer tissues, showed the overexpression of hnRNP H1 mRNA in specimens of human
cancerous lesions compared with non-cancerous lesions (Figure 2B). Western blotting showed the
overexpression of hnRNP H1 in azoxymethane (AOM)/dextran sodium sulfate (DSS) carcinogenesis
model mice compared with control mice (Figure 2C). These findings suggested that hnRNP HI was
overexpressed in colorectal cancer. '
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Figure 2. hnRNP H1 was highly induced in colorectal cancer cells. (A) An analysis using the ucsc
Xena system revealed the overexpression of hnRNP H1 in colorectal cancer tissues (n = 286) compared
with normal colon tissues (1 = 41). (B) RT-PCR revealed the overexpression of hnRNP H1 mRNA in
surgically removed specimens of human cancerous lesions (n = 32) compared with non-tumorous
lesions (n = 28). (C) Western blotting showed the overexpression of hnRNP H1 in the colon of
azoxymethane (AOM)/dextran sodium sulfate (DSS) carcinogenesis model mice compared with
control mice. **p < 0.0001, * p < 0.05 by Student’s t-test.

2.3. hnRNP H1 Upregulated SGPL1 mRNA and Promoted Colorectal Cancer Progression

To identify haRNP Hl-interacting mRNAs, cell lysate of HCT116 cells was immunoprecipitated
using a hnRNP H1 antibody and RNA was extracted from the precipitate. A transcriptome analysis
using RNA extracted from the precipitate revealed that 10,914 mRNAs directly bound to hnRNP HI
(value of fold change > 2, p < 0.05) (Supplementary Table 51). To identify mRNAs with hnRNP H1-
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. regulated expression, a transcriptome analysis was performied in hnRNP Hi1-downregulated cells.
This showed that the expression of 889 mRNAs was significantly changed in hnRNP Hi-
downregulated cells (absolute value of fold change > 2, p < 0.05) (Supplementary Table S2). These
findings along with those from the immunoprecipitation (IP)-franscriptome assay using the hnRNP
H1 antibody and the transcriptome analysis in hnRNP Hi-downregulated cells suggested that the
expression of 591 mRNAs was directly regulated by hnRNF HI (Supplementary Table S3).

Of these 591 mRNAs, 54 apoptosis-related mRNAs were selected because hnRNP HI regulated
apoptosis in colorectal cancer cells (Table 1). To assess the tumor-promoting function of hnRNP HI-
binding mRNAs, these 54 mRNAs were knocked down using the siRNA of each mRNA, 5GPL1
downregulation showed the strongest inhibition of cell growth in HCT116 cells (Figure 3A). RNA
immunoprecipitation combined with RT-PCR confirmed the direct binding of hnRNP H1 and SGPL1
mRNA (Figure 3B). ‘

To confirm the influence of SGPL1 mRNA by hnRNP H1, the expression of SGPL1 mRNA was
assessed in hnRNP Hil-downregulated HCT116 cells: RT-PCR and western blotting showed a
decrease in SGPL1 mRNA and protein expression in hnRNP Hi1-downregulated HCT116 cells (Figure
3C). Conversely, the downregulation of SGPL1 mRNA and protein was not observed in hnRNP H1-
downregulated HECE-ICT cells (Figure 3D), suggesting that hnRNFP HI did not influence the
expression of SGPL1 mRNA and protein in non-tumorous cells. To clarify the relationship between
hnRNP H1-SGPL1 mRNA interaction and the tumor-suppressive effect, SGPL1 was knocked down
in hnRNP Hi-downregulated HCT116 cells. An additional tumor-suppressive effect was not
observed by SGPL1 downregulation (Figure 3E). In addition, to examine whether or not the ectopic
expression of SGPLI rescues hnRNP H1 knockdown-mediated reduction of cell viability, SIP was
added to hnRNP HI-downregulated HCT116 cells. Cell growth was significantly increased in hnRNP
H1-downregulated HCT116 cells with S1P compared to those without SIP (Figure 3F).

These data suggested that hnRNP H1 promoted the growth of colorectal cancer cells, but not
non-cancerous cells, through the upregulation of SGPL1 mRNA.
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Figure 3. hnRNP H1 upregulated sphingosine-1-phosphate lyase 1 (SGPL1) mRNA and promoted
colorectal cancer progression. (A) The SRB assay (1 =5) showed that SGPL1 downregulation resulted
in the strongest inhibition of cell growth‘ in HCT116 cells. (B) RNA immunoprecipitation combined
with RT-PCR (1 = 3) confirmed the direct binding of hnRNP H1 and SGPL1 mRNA. (C) RT-PCR (n =
3) and western blotting (1 = 3) showed the decrease in SGPL1 mRNA and protein in hnRNP H1-
downregulated HCT116 cells. (D) RT-PCR (1 = 3) and western blotting (n = 3) showed that the
downregulation of SGPL1 mRNA and protein was not observed in hnRNP Hi-downregulated HECE-
1CT cells. (E) The SRB assay (1 = 5) showed that an additional tumor-suppressive effect was not
observed by SGPL1 downregulation. (F) The SRB assay (n = 5) showed that cell growth was
significantly increased in the hnRNP Hi-downregulated HCT116 cells with S1P-in a concentration-
dependent manner compared to those without sphingosine-1-phosphate (S1P). The error bars show
the SD. *p < 0.05 by Student’s t-test.

2.4. SGPL1 mRNA Had Correlation with the Expression of inRNP HI mRNA in Colorectal Cancer Cells

An RT-PCR analysis of the surgically resected samples in our institution showed that SGPL1
mRNA tended to be highly expressed in colorectal cancer tissues (n = 32) compared with normal
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mucosa tissues (n = 28) (p-Value = 0.10, Figure 4A). Spearman’s rank correlation coefficient revealed
strong positive correlation (¢ = 0.736, p~Va1ue < 0.05) between hnRNP H1 mRNA and SGPL1 mRNA
(Figure 4B).

>
=}

mRNA.OLIRRNPHI

Relative expression of SGPL1 mRNA

a4

normal colorectal cancer

MRNA,ol.SGPL1
-—| l——~——— o

Spearman’s rank correlation coefficient p = 0.736, p < 0.05

Figure 4. The expression of SGPL1 mRNA and hnRNP H1 mRNA had a strong positive correlation.
RT-PCR showed that SGPL1 mRNA tended to be highly expressed in colorectal cancer tissues (n =32)
compared with normal mucosa tissues (n = 28, p-Value = 0.01) (A) Spearman’s rank correlation
revealed a strong positive correlation coefficient between hnRNP H1 mRNA and SGPL1 mRNA. (B)
*c by Student’s i-test.

2.5. The Intracellular S1P Expresszon Was not Changed in hnRNP H1- or SGPL1-Downregulated HCT116
Cells.

Previous investigations indicated that SGPL1 degraded the sphingolipid component SIP to
phosphoethanolamine and hexadecenal, and inhibited the proliferation of epithelial cells [8]. To
clarify whether or not upregulated SGPL1 influenced S1P degradation in colorectal cancer cells, the
expression of S1P was assessed in hnRNP H1- or SGPL1-downregulated HCT116 cells by an enzyme-
linked immunosorbent assay (ELISA). The intracellular SIP expression was not changed in hnRNP
HI- or SGPLI-downregulated HCT116 cells (Figure 5), suggesting that upregulated SGPL1 did not
influence sphingolipid metabolism in colorectal cancer cells.

10 1
120 4 .l
100
80 1
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expression of S1P (% of scramble}
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hnRNP H1#1 SGPL1

Figure 5. The expression of S1P in hnRNP H1- or SGPL1- downregulated HCT116 cells as assessed by
ELISA. ELISA (n =3) showed that the intracellular S1P expression was not changed n hnRNP HI- or
SGPL1-downregulated HCT116 cells. The error bars show the SD.

2.6. p53 Activation Is a Key Regulator of Tumor-Promoting Mechanisms Mediating hnRNP H1-S GPL1
mRNA Stabilization

To clarify the mechanism underlying the tumor-suppressive effect of hnRNP H1l-upregulated
' SGPL1, a ¢cDNA array analysis was performed in SGPL1-downregulated cells. A total of 166 mRNAs
were changed, with an absolute value > 2-fold change, and the levels of two cell cycle-related genes,
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CDKNI1A and cyclin G2, were increased in SGPL1-downregulated FICT116 cells (Table 2). Previous
investigations showed that p53 is the main regulator of the expression of CDKNIA and cyclin G2
[9,10]. In addition, SGPL1 is knowr to be associated with cell apoptosis through p53 activation [11].
Western blotting revealed that p53 was significantly activated in SGPL1- as well as hnRNP HI1-
downregulated cells, whereas the amount of p53 did not change (Figure 6A). The tumor-suppressive
effect induced by downregulating hnRNP H1 or SGPL1 was diminished by treatment with the p53
inhibitor, pifithrin-p (Figure 6B). In addition, the tumor-suppressive ‘effect induced by
downregulating hnRNP H1 or SGPL1 was less influential in HCT116 p53+ cells than in HCT116
parental cells (Figure 6C; knockdown efficacy shown in Supplementary Figure 53).

These findings suggested that hnRNP Hi-upregulated SGPL1 inhibited p53 phosphorylation
and thus promoted colorectal cancer cell progression.
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Figure 6. siRNA of hnRNP H1 or SGPL1 upregulated p53 phosphorylation and inhibited cell growth,
(A) Western blotting (1 = 3) revealed that phosphorylated p53 was significantly increased in hnRNP
H1- and SGPL1-downregulated cells, whereas p53 did not change. (B) The SRB assay (1= 5) revealed .
that the tumor-suppressive effect induced by downregulating haRNP H1 or SGPL1 after 72 h in
cultured HCT116 cells was diminished by treatment with the p53 inhibitor, pifithrin-p. (C) The SRB
assay (1 = 5) revealed that the tumor-suppressive effect induced by downregulating hnRNP H1 or
SGPL1 was less influential in HCT116 p53~- cells than in HCT116 parental cells (C). The error bars
show the SD. * p < 0.05 by Student’s t-test.

3. Discussion

The present study showed that hanRNP H1 promoted colorectal cancer cell progression by
-inhibiting cell apoptosis and by binding to and stabilizing SGPL1 mRNA in colorectal cancer cells.
The downregulation of hnRNP H1 or SGPL1 dramatically reduced the growth of colorectal cancer in
vitro and in vivo, showing SGPL1 to be a novel binding partner and mediator of the tumor-promoting
effect of hnRNP Hi. Notably, we found that hnRNP H1 downregulation did not influence the
expression of SGPL1 mRNA in non-tumorous cells, suggesting that hnRNP H1-induced upregulation
of SGPL1 mRNA was cancer-specific and might be a new target of cancer therapy.

‘
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SGPL1 is a membrane-bound enzyme that irreversibly degrades S1P by cleaving it into
hexadecenal and phosphoethanolamine [8,12,13]. Sphingolipid metabolites, including ceramide,
sphingosine and S1P, have emerged as bioactive signaling molecules that regulate cell movement,
differentiation, survival, inflammation, angiogenesis, calcium homeostasis and immunity [14].
Ceramide is considered to be responsible for antiproliferative responses, such as the inhibition of cell
growth and induction of apoptosis, while S1P has opposite functions, including the promotion of
cancer cell growth and angiogenesis, based on the sphingosine rheostat or ceramide-51P rheostat
theory [8,12,15,16]. In line with the sphingolipid rheostat theory, previous reports showed that SGPL1
was downregulated in colon cancer, leading to S1P accumulation in neoplastic intestinal tissues [11].
The SGPL1 expression and activity were also significantly reduced in adenomas and colitis-
associated cancer in the mouse model compared to the control model [11,17]. These findings
suggested that SGPL1 might serve an anti-oncogenic role in mice models [8]. However, in contrast to
these previous findings, the upregulation of SGPL1 and no increase in SIP levels were recently
reported in human colon cancer tissues [18]. In addition, there has been no report describing an
increase in S1P levels in human colon cancer tissues. Our results also showed that S1P expression
wasnot changed, whereas the S1P-cleaved enzyme SGPL1 was upregulated, in colorectal cancer cells.
These data highlight the novel role of SGPL1 in tumor progression that differs from its role in
sphingolipid metabolism. '

We comprehensively analyzed the changes in mRNA expression in SGPL1-downregulated cells
using a transcriptome analysis and identified 166 mRNAs with more than twofold changes in their
expressions. Of these mRNAs, CDKNIA and cyclin G2 were identified as apoptosis-associated
mRNAs with expressions regulated by phosphorylated p53 [9,10]. Subsequently, we found that
phosphorylated p53 was significantly increased in hnRNP H1- and SGPL1-downregulated cells. In
fact, the growth of HCT116 and SW480 cells was significantly decreased by the inhibition of hnRNP
H1, suggesting that hnRNP H1 played a pivotal role in the growth of these two cell lines. In contrast,
the growth of SK-CO-1 was not changed wtien hnRNP H1 was knocked down. It has been reported
that the growth of SK-CO-1 does not depend on the p53 pathway [19], which is closely influenced by
hnRNP H1 knockdown, thus suggesting that hnRNP H1 knockdown inhibited the growth of cells
depending on the p53 pathway. Taken together, these findings suggest that the hnRNP Hl-induced
stabilization of SGPL1 inhibited p53 activation, leading to the dysregulation of cell cycle and
apoptosis in colorectal cancer cells,

In the present study, HCT116 p537- cells were used to validate the knockdown effect of hnRNP
H1. The growth-suppressing effect of the downregulation of hnRNP H1 or SGPLI was diminished in
p53 null HCT116 cells. However, the suppressive effects were not completely repressed in p53- cells,
suggesting that other pathways were associated with cell growth promoted by hnRNP H1-SPGPLI.
A previous study identified a-raf mRNA as a target of hnRNP H1 using a transcriptome analysis in
hnRNP Hl-downregulated cells [6]. The study showed that the expressions of a-raf mRNA and
protein were increased in colorectal cancer DLD-1 cells, following the inactivation of the pro-
apoptotic MST2 and then preventing apoptosis. The authors speculated that hnRNP H1 was involved
in the splicing of a-raf mRNA because hnRNP HI is a splice factor, which is required for the correct
transcription and expression of a-raf. However, the direct binding between hnRNP HI and a-raf
mRNA was not demonstrated in this study. We also examined the expression of a-raf mRNA in
hnRNP Hi-downregulated cells and identified small, non-significant changes (approximately 1.5-
fold reductions) in the mRNA (data not shown). Our RNA immunoprecipitation combined with RT-
PCR assay confirmed the direct binding of hnRNP H1 and SGPL1 mRNA, and our transcriptome
analysis in hnRNP H1-downregulated cells subsequently showed that hanRNP H1 contributed to the
increase in SGPL1 expression. Finally, in SGPL1-downregulated cells, tumor cell apoptosis was
induced, and the effect of hnRNP siRNA was negated, clearly indicating that hnRNP H1 function
was mediated by SGPL1.

In conclusion, the present study demonstrated that hnRNP Hi-induced stabilization of SGPL1
mRNA promoted tumor progression through the inkibition of p53 phosphorylation in colorectal
cancer cells, but not in non-tumorous cells. This suggests that the hnRNP H1-SGPL1 mRNA
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interaction might be a novel therapeutic target of colorectal cancer treatment. Further analyses are
needed to identify the mechanism underlying the cancer-specific hnRNP HI-SGPL1 mRNA
interaction, such as pre- and/or post-transcriptional alterations of nRNP H1 and/or SGPL1, and to
identify other pathways. associated with cell growth promoted by hnRNP H1-SPGPLI, including
microRNAs and long-ncRNA pathways.

4, Materials and Methods

4.1. Cell Culture

The human colon cancer cell lines (HCT116 and SW480, purchased from ATCC; HCT116‘
parental and isogenic HCT116 p537 sublines, purchased from Horizon) and the human colon
* epithelial cell line (HCEC-1CT, purchased from Evercyte) were grown in McCoy’s 5A medium
(HCT116), Roswell Park Memorial Institute 1640 medium (SW480), high-glucose Dulbecco’s
Modified Eagle’s medium (SK-CO-1) and ColoUp medium (HCEC-1CT) supplemented with 10%
(v/v) fetal bovine serum (FBS), 2 mM of L-glutamine, 50 U/mL of penicillin and 50 pg/mL of
streptomycin in a humidified atmosphere of 5% CQz. The cells were plated at a density of 105
cells/cm?.

4.2. Human Colorectal Specimens of Colorectal Cancers and Normal Colons

Twenty-eight colorectal cancer patients from ‘Asahikawa Medical University Hospital were
enrolled in this study. After therapeutic surgical resection, 32 samples of colorectal cancer were
collected from the cancerous lesions and 28 samples of normal colonic mucosa were collected from
the non-tumorous lesions. RNA was collected from formalin-fixed paraffin-embedded (FFPE)’
samples of the 32 cancerous lesions and 28 non-cancerous lesions using the RecoverAll Total Nucleic
Acid Isolation Kit for FFPE (Thermo Fishér Scientific KX., MA, USA). Written informed consent was
obtained from all patients and the ethics committee of Asahikawa Medical University gave its
approval for this study.

4.3, Protein Extraction

The cells were lysed for western blottmg and immunoprecipitation using the NP-40 cell lysis
buffer (Thermo Fisher Scientific, MA, USA) containing RNasin (Promega, W1, USA) and a complete
protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis, IN, USA).

44, Western Blotting

Equal amounts of protein were resolved using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (12.5%), blotted to a nitrocellulose membrane and then blocked in
phosphate-buffered saline (PBS) with 0.05% (v/v) Tween-20 (T-PBS) containing 1% (w/v) bovine
serum albumin. Fach blot was incubated overnight at 4 °C with primary antibodies. Primary
antibodies for hnRNP H1 (ab10374) and p53 (phospho 515) (ab1431) were purchased from Abcam,
primary antibody for SGPL1 (AF5535) was purchased from R&D Systems (Minneapolis, MN, USA)
and primary antibody for p53 (506135) was purchased from Calbiochem. The blots were then washed
in T-PBS, incubated with horseradish peroxidase (FIRP)-conjugated secondary antibodies (R&D.
Systems), washed in T-PBS and then developed using a Super-Signal West Pico enhanced
chemiluminescence system (Thermo Fisher Scientific). The averaged protein expression was
normalized to actin expression (BD Transduction Laboratories, Lexington, KY, USA).

4.5. Transcrzptome Analyses

RNA was purified using a mirVana miRNA isolation kit. (Thermo Fisher Scientific). RNA
libraries were generated using an Ion Total RNA-Seq kit v2 (Life Technologies) according to the
manufacturer’s instructions. The RNA libraries were then processed for emulsion PCR using an Ion
OneTouch™ system and an Jon OneTouch 200 Template kit v3 (Life Technologies). Template-positive
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Tori Sphere™ particles were enriched and purified for the sequencing reaction with an Ion
OneTouch™ ES system (Life Technologies). The template-positive Ion Sphere™ particles were then
‘applied on Ton PI™ chips (Life Technologies) and a high-throughput sequencing reaction was carried
out using an Ion Proton™ semiconductor sequencer (Life Technologies). All of the sequencing data
were mapped on a human reference genome sequence (GRCh37/hgl9) using the Torrent Suite
software program (Life Technologies). The expression analysis for each sample was imported into
the CLC Genomics Workbench software program (CLC Bio, Aarhus, Denmark) and the significance
of the differences among the samples was determined by an unpaired t-test. The gene ontology (GO)
analysis was performed using the MetaCore software.

4.6. Real-Time PCR

Total RNA was extracted using an RNeasy mini kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s instructions. The mRNAs were reverse transcribed using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA, USA). Gene expression was measured
in duplicate, using specific primers for hnRNP H1 (Hs04979572_g1) and SGPL1 (FHs00393705_m1),
which were purchased from Applied Biosystems. ‘

- 4.7. cDNA Analysis

The mRNA profiling was investigated using a Clariom S array (Thermo Fisher Scientific, MA
USA). A difference more than 2-fold was considered to indicate a significant change.

4

4.8. Binding Assay

The lysates were clarified using centrifugation for 10 min at 12,000 rpm and then
nnmunopreap1tated using TgG or the hnRNP H1 antibody (1 pg each) with a Dynabeads
immunoprecipitation kit (VERITAS Corporation, Tokyo, Japan). RNA was extracted from the beads
using phenol-chloroform extraction and purified using the mirVana™ isolation kit (ThermoFisher
Scientific). RT-PCR was then performed using this RNA sample and the spectrum data were acquired
using an Applied Blosystems 7300 real-time PCR system.

4.9. SRB Assay

The cells were seeded on 96-well microplates at 1.0 x 10¢ cells per well for 24 h before stimulation.
. The cells were fixed in 5% trichloroacetic acid (TCA) for 1 hat4 °C and washed in distilled water for
4 times. The microplates were then dehydrated at room temperature, stained in 0.057% SRB solution,
washed in 0.1% acetic acid and re-dehydrated. The stained cells were lysed in 10 mM Tris-buffer and
the optical density (OD) was measured at 510 nm. '

4.10. Staining with terminal deoxynucleotidyl transferase (TAT)-Mediated dUTP Nick-End Labeling
(TUNEL)

The cells were plated on chamber shdes The slides were fixed in 4% paraformaldehyde and
washed extensively with PBS. The slides were stained using the In Situ Cell Death Detection Kit and
TMR red (Roche Diagnostic, IN, USA) according to the manufacturer’s instructions. The cells were’
mounted with an anti-fade mounting medium and TUNEL-positive cells were visualized by
fluorescence microscopy (KEYENCE Corporation, Osaka, Japan).

4.11. Xenografts

The protocols of the animal experiments were approved by the Asahikawa Medical University
Institutional Animal Care and Use Committee (ethical approval no. 19027). HCT116 cells (2 x 10¢ cells)
were injected into male BALB/c nude mice. The siRNA or control RNA was transfected daily using a

'GENOMONE-S5i transfection kit (Ishihara Sangyo, Co, Ltd., Osaka, Japan) into the transplanted
tumor via local injection.
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4.12. RNAs and Transfections

A negative control with a scrambled RNA sequence was prepared by annealing two synthetic
RNAs as follows: sense, 5-UACGUACUAUCGCGCGGAU-3' and antisense, 5-
AUCCGCGCGAUAGUACGUA-3'. The sequence of the siRNA of hnRNP HI #1 was
CGACCAAGUUUUACAGGAA(dTAT) and UUCCUGUAAAACUUGGUCG(ATAT), purchased
from Bioneer Inc. (Daejeon, Korea). The sequence of the siRNA of hnRNP HI1 #2 was
GGAGCUGGCUUUGAGAGGAUU and UCCUCUCAAAGCCAGCUCCUU and that of #3 was
GAAUAGGGCACAGGUAUAUUU and AUAUACCUGUGCCCUAUUCUU, synthesized by
Hokkaido System Science Co., Ltd. (Hokkaido, Japan). The sequence of the siRNA of SGPL1 was
CUGUACUACUGACCCAACA(dTAT) and UGUUGGGUCAGUAGUACAG(ATAT), purchased
from Bioneer Tric. The cells were seeded 24 h prior to transfection, and transfection was performed
using the Lipofectamine RNAiMax reagent (Invitrogen, CA, USA).

4.13. ELISA

Cell Lysates were prepared using an NP-40 cell lysis buffer containing a phosphatase inhibitor
and a protease inhibitor. The contents of intracellular S1P were determined using an S1P ELISA kit
(Echelon Biosciences Inc., UT, USA) according to manufacturer’s instructions. '

4.14. Sphingosine-1-Phosphate (S1P)
S1P was purchased from Cayman Chemical (CAS registry No. 26993-30-6).

4.15. Statistical Analyses

The assay data were analyzed using Student’s ¢-test and an ana1y51s of variance (ANOVA). The
clinical sample data were analyzed using the Mann-Whitney U test and p-Values < 0.05 were
considered to be statistically significant.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/21/12/4514/s1.
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hnRINP ‘ heterogeneous nuclear ribonucleoprotein
SGPL1 Sphingosine-1-phosphate lyase 1

SiP Sphingosine-1-phosphate
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RT-PCR Reverse transcription—polymerase chain reaction
SRB assay Sulforhodamine B assay
TUNEL . terminal deoxynucleotidyl transferase dUTP nick-end labeling
SD ‘ : Standard deviation
AOM/DSS ' . Azoxymethane/dextran sodium sulfate
IP-transcriptome assay immunoprecipitation-transcriptome assay
TCA trichloroacetic acid
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