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1 | INTRODUCTION

Colorectal cancer is one of the leading causes of death worldwide.
Poor prognosis of patients with advanced colorectal cancer despite

the recent advances in the treatment indicates the critical need for

Heterogeneous nuclear ribonucleoprotein L-like (HNRNPLL), an RNA-binding protein
that regulates alternative splicing of pre-mRNA, has been shown to regulate differ-
entiation of lymphocytes, as well as metastasis of colorectal cancer cells. Here, we
show that HNRNPLL promotes cell cycle progression and, hence, proliferation of
colorectal cancer cells. Functional annotation analysis of those genes whose expres-
sion levels were changed threefold or more in RNA sequencing analysis between
SW480 cells overexpressing HNRNPLL and those knocked down for HNRNPLL
revealed enrichment of DNA replication-related genes by HNRNPLL overexpression.
Among 13 genes detected in the DNA replication pathway, PCNA, RFC3 and FEN1
showed reproducible upregulation by HNRNPLL overexpression both at mRNA and
at protein levels in SW480 and HT29 cells. Importantly, knockdown of any of these
genes alone suppressed the proliferation-promoting effect induced by HNRNPLL
overexpression. RNA-immunoprecipitation assay presented a binding of FLAG-
tagged HNRNPLL to mRNA of these genes, and HNRNPLL overexpression signifi-
cantly suppressed the downregulation of these genes during 12 h of actinomycin D
treatment, suggesting a role of HNRNPLL in mRNA stability. Finally, analysis of a
public RNA sequencing dataset of clinical samples suggested a link between overex-
pression of HNRNPLL and that of PCNA, RFC3 and FEN1. This link was further sup-
ported by immunohistochemistry of colorectal cancer clinical samples, whereas
expression of CDKN1A, which is known to inhibit the cooperative function of
PCNA, RFC3 and FEN1, was negatively associated with HNRNPLL expression.
These results indicate that HNRNPLL stabilizes mRNA encoding regulators of DNA

replication and promotes colorectal cancer cell proliferation.
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therapeutic targets. We recently reported that Heterogeneous
nuclear ribonucleoprotein L-like (HNRNPLL), an RNA-binding protein
of the hnRNP family previously known to modulate alternative pre-
mRNA splicing in lymphocytes? and plasma cells,® is a metastasis sup-

pressor of colorectal cancer.* HNRNPLL expression is downregulated
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at mRNA level during epithelial-mesenchymal transition (EMT) and is
restored during mesenchymal-epithelial transition (MET) in colorectal
cancer cells.* Downregulation of HNRNPLL during EMT or that by
knockdown of HNRNPLL by shRNA modulates the alternative splicing
of CD44 to increase CD44 variable exon 6 (CD44vé), which enhances
the invasion activity of colorectal cancer cells.*

Definition of metastasis suppressors requires that they do not
inhibit tumor cell proliferation, because growth suppression could
lead to apparent suppression of invasion/metastasis. HNRNPLL
knockdown did not enhance colorectal cancer cell proliferation but
suppressed their proliferation instead, suggesting the proliferation-
promoting effect of HNRNPLL* While our previous finding clearly
HNRNPLL
through regulation of pre-mRNA splicing of CD44, the alternative

demonstrated that suppressed  invasion/metastasis
splicing of CD44 may not explain the possible proliferation-promot-
ing effect of HNRNPLL.

hnRNP family proteins are involved in various steps of RNA
metabolism, including transcription, nuclear export, mRNA stability,
and mRNA translation, in addition to pre-mRNA splicing.® Dysregula-
tion of HNRNP proteins is known to help cancer progression
through their nonsplicing functions.® For example, HNRNPK has
been shown to promote proliferation of colorectal cancer cells by
regulating not only pre-mRNA splicing of MRPL33,” but also tran-
scription of CDKN2B® and MMP2,° mRNA stability of CDK6,'° and
mRNA translation of BTK.'!

In this study, we address the role of HNRNPLL in proliferation of
colorectal cancer cells and demonstrate that HNRNPLL stabilizes
mRNA encoding regulators of DNA replication and enhances cell

cycle progression.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Human colon cancer cell lines SW480 and HT29 were obtained from
ATCC (Manassas, VA, USA) and were maintained in DMEM (Nacalai
Tesque, Kyoto, Japan) supplemented with 10% FBS (Thermo Fisher
Scientific, Waltham, MA, USA). Actinomycin D (Sigma-Aldrich, St.
Louis, MO) was added into the culture medium at a final concentra-
tion of 1 pg/mL. The cell number was determined using a TC20 cell
counter (Bio-Rad, Hercules, CA, USA).

2.2 | Lentiviral transduction

pLKO.1 lentiviral shRNA vectors for Luciferase (TRCNO000072259)
and HNRNPLL (shl, TRCNO0O00075098; sh2, TRCNO000075101)
were obtained from Sigma-Aldrich. Lentiviral cDNA expression vec-
tors were constructed by subcloning the coding region sequence into
pLEX-MCS (GE Healthcare, Buckinghamshire, UK). Lentivirus was
produced by transfecting these vectors into HEK293T cells with
packaging plasmids using Lipofectamine 2000 (Thermo Fisher Scien-
tific). The culture supernatants were used for infecting cells with

8 pg/mL of polybrene (Sigma-Aldrich).
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2.3 | Western blot

Cells were lysed in RIPA buffer (Thermo Fisher Scientific) containing
blends of protease inhibitors (Roche Life Science, Mannheim, Ger-
many), and the lysate was subjected to SDS-PAGE followed by
transfer onto PVDF membranes (Bio-Rad, Hercules, CA, USA). After
incubation in Blocking One reagent (Nacalai Tesque), the membranes
were blotted with primary antibodies and then with appropriate
HRP-conjugated secondary antibodies (Southern Biotech, Birming-
ham, AL, USA). The signals were visualized with Immobilon Western
Chemiluminescent HRP Substrate (Merck Millipore, Billerica, MA,
USA). The antibodies used in this study are listed in Supplementary
Table S1.

2.4 | RNA sequencing

Total RNA was extracted with ISOGEN (Nippon Gene, Tokyo, Japan).
A sequencing library was prepared using the TruSeq stranded mRNA
sample prep kit (lllumina, San Diego, CA). 100 bp pair-end reads
were obtained from lllumina HiSeq 2500. Sequence files were
obtained in FASTQ format and the data aligned with TopHat2 were
analyzed with Cufflinks 2.1.1 to obtain the relative abundances of
transcripts as fragments per kilobase of exon per million mapped
fragments (FPKM).

2.5 | Cell cycle analysis

Cells were harvested and fixed in 70% ethanol overnight at —30°C.
After centrifugation, the pellets were suspended in PBS(-) containing
50 pg/mL of propidium iodide (Dojindo, Kumamoto, Japan) and
50 pg/mL of RNase A (Nippon Gene) at 37°C for 60 min and were
analyzed with a FACSCalibur (BD Biosciences, Franklin Lakes, NJ,
USA).

2.6 | Quantitative RT-PCR

First-strand cDNA was prepared with a High-Capacity cDNA Reverse
Transcription Kit using oligo(dT) primers (Thermo Fisher Scientific).
The cDNA templates were mixed with FAM-labeled TagMan Gene
Expression Assays and TagMan Gene Expression Master Mix
(Thermo Fisher Scientific), followed by amplification using a 7500
Fast Real-Time PCR System (Thermo Fisher Scientific) according to
the manufacturer's protocol. Assay IDs of the TagMan Gene Expres-
sion Assays used in this study are listed in Supplementary Table S2.
The results were obtained as relative transcript levels to GAPDH
using the comparative CT method.

2.7 | siRNA transfection

Negative control siRNA and Silencer Select siRNA for PCNA (IDs
10133 and s10134), RFC3 (IDs s11948 and s11949) and FEN1 (IDs
s5104 and s5105) were obtained from Thermo Fisher Scientific. The
siRNA were incubated with Lipofectamine RNAIMAX (Thermo Fisher
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FIGURE 1 HNRNPLL promotes cell cycle progression in colon cancer cells. A-D, Cell cycle analysis for SW480 (A) and HT29 (C) cells
transduced with HNRNPLL cDNA, Luc shRNA or HNRNPLL shRNA2 was performed using a flow cytometer. The sum of the percentages of S
and G2/M phases in SW480 (B) and HT29 (D) cells are shown in the bar graph. Error bars, SD. E, Immunostaining of HT29 cells using
antibodies for HNRNPLL, GMNN and CDT1. Note that cells showing no nuclear GMNN expression and high CDT1 expression (*) exhibit
higher HNRNPLL expression compared to cells showing nuclear GMNN expression and low CDT1 expression (7). Scale bar, 10 pm

Scientific) in Opti-MEM medium (Thermo Fisher Scientific) for 5 min

at room temperature and were added to the culture supernatant of

the target cells.

2.8 | MTT assay

MTT assay was performed using a CellQuanti-MTT Cell Viability

Assay Kit (BioAssay Systems, Hayward, CA, USA) according to the

manufacturer's protocol. Briefly, 24 h after viral transduction, cells

were seeded on a 96-well plate at 1 x 10* cells/well. siRNA was
transfected 24 h after the seeding, and the MTT substrate was

added to the culture medium 72 h after the transfection, followed

by additional culturing for 4 h. The cells were treated with lysis buf-

fer to solubilize the formazan dye, and the absorbance at 595 nm

was determined with a Genios microplate reader (Tecan, Mannedorf,

Switzerland).

TABLE 1 Pathways identified by gene ontology analysis using
DAVID

Pathway P-value FDR
Upregulated in HNRNPLL-overexpressed SW480 cells
DNA replication .00000000012 0.0000000015
Cell cycle .0000040 0.000049
Mismatch repair .0011 0.013
Upregulated in HNRNPLL knocked down SW480 cells
Focal adhesion .000024 0.00029
Hematopoietic cell lineage .000040 0.00049
Complement and coagulation .00079 0.0096
cascades
ECM-receptor interaction .0024 0.029
Cell adhesion molecules .0025 0.030

DAVID, Database for Annotation, Visualization, and Integrated Discovery
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FIGURE 2

Identification of the DNA replication-related genes whose mRNA levels are reproducibly upregulated by HNRNPLL

overexpression in both SW480 and HT29 cells. A, Schematic representation of the DNA replication process modified from the KEGG pathway
map (KEGG 03030). The DNA replication-related genes whose expression levels were increased >3 times in the HNRNPLL overexpressing cells
as compared to the HNRNPLL knocked down cells in the RNA sequencing analysis are indicated in red. B, Expression levels of the 13 DNA
replication-related genes identified by the RNAseq analysis were determined by quantitative RT-PCR. Error bars, SD. *P < .05. C, western blot
analysis for protein products of the genes upregulated by HNRNPLL overexpression in both SW480 and HT29 cells

2.9 | RNA-immunoprecipitation

RNA-immunoprecipitation was performed using a Magna RIP RNA-
Binding Protein Immunoprecipitation Kit (Merck Millipore). Col-
lected RNA was subjected to reverse transcription using a High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific)
with random or oligo(dT) primers and was analyzed by 35 cycles of
conventional PCR using KOD-Plus Neo (Toyobo, Osaka, Japan). Pri-
mers used for the PCR analysis are listed in Supplementary
Table S3.

2.10 | Immunostaining

For immunocytological staining, cells were fixed with 4% formalde-
hyde followed by permeabilization with methanol at —30°C for
10 min. Human colorectal cancer sections were prepared from sur-
gical tissues collected at Aichi Cancer Center Hospital under
informed consent. The paraffin sections were subjected to
deparaffinization and antigen retrieval in heated citrate buffer for
30 min. The cells and sections were blocked with PBS(-) contain-
ing 5% normal goat serum and 0.3% Triton X-100 for 60 min,
incubated with primary antibodies overnight at 4°C, and then with
Alexa-conjugated secondary antibodies for 2 h at room tempera-
ture. TO-PRO-3 lodide (Thermo Fisher Scientific) was used for
nuclear staining. The stained sections were observed and pho-
tographed with an LSM800 confocal microscope (Carl Zeiss, Jena,

Germany).

2.11 | Statistical analyses

The statistical significance was assessed by unpaired Student's t test
using the Microsoft Excel software (Microsoft, Redmond, WA).

3 | RESULTS

3.1 | HNRNPLL overexpression induces cell cycle
progression

To address the possible role of HNRNPLL in proliferation of col-
orectal cancer cells, we performed flow cytometric cell cycle analysis
of SW480 and HT29 cells that stably overexpress or underexpress
HNRNPLL (Supplementary Figure S1A). As shown in Figure 1A-D,
overexpression of HNRNPLL decreased the percentages of the cells
in GO/G1 phase and increased the percentages of the cells in S or
G2/M phase, while knockdown of HNRNPLL showed the opposite

effects. In contrast, no apparent changes were observed in the sub-

G1 populations. These data suggest that the suppressive effect of
HNRNPLL knockdown on the growth curves of colorectal cancer
cells* was due to suppression of cell cycle progression, rather than
induction of apoptosis. We further assessed the expression levels of
the endogenous HNRNPLL in G1 and S/G2/M phases by immunos-
taining HT29 cells with antibodies for HNRNPLL, CDT1 and GMNN
(Figure 1E). CDT1, also known as a DNA replication licensing factor,
accumulates in G1 phase for prereplication complex assembly.'?
This function of CDT1 is inhibited by GMNN (also known as Gemi-
nin) through a direct interaction,'® followed by destabilization of
CDT1 after initiation of S phase,'? while GMNN, which accumulates
during S, G2 and M phases, is degraded at the metaphase-anaphase
transition.’* CDT1 and GMNN are, thus, considered useful markers
of G1 and S/G2/M phases, respectively.!® The immunocytochemical
analysis of HT29 cells indicates that cells in G1 phases demarcated
by the absence of nuclear GMNN expression and by high CDT1
expression exhibit higher HNRNPLL expression compared to those
in S/G2/M phases demarcated by nuclear GMNN expression and
low CDT1 expression. This result, together with the increased S/G2/
M percentages observed in HNRNPLL overexpressing cells (Fig-
ure 1A-D), suggests that the upregulation of HNRNPLL during G1
phase may contribute to the subsequent S-phase entry and/or pro-

gression.

3.2 | HNRNPLL overexpression upregulates PCNA,
RFC3 and FEN1 expression

To explore the mechanisms by which HNRNPLL affects cell cycle
progression, we next performed RNA sequencing analysis for
SW480 cells transduced with HNRNPLL cDNA and those trans-
duced with HNRNPLL shRNA. The expression levels of the individ-
ual exons of all the genes were obtained by a Cufflinks analysis.
Successful sequencing was confirmed by the expression levels of
HNRNPLL exons (Supplementary Figure S1B) as well as by the
increased expression levels of CD44 variable exons 3-10 in
HNRNPLL knocked down cells (Supplementary Figure S1C), which is
consistent with our previous finding.# Several genes were noted for
altered exon usage, which suggests that the alternative splicing of
these genes may be modulated by HNRNPLL, and the genes are
currently under investigation in detail. Intriguingly, we also found a
large number of genes showing altered gene expression levels.
Namely, 1514 genes were upregulated in the HNRNPLL overex-
pressing cells by more than threefold as compared to the HNRNPLL
knocked down cells, while 2190 genes were upregulated in the
HNRNPLL knocked down cells by more than threefold as compared
to the HNRNPLL overexpressing cells. We performed gene
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annotation analysis using the Database for Annotation, Visualiza- confirmed the significantly higher expression levels of MCM2,
tion, and Integrated Discovery (DAVID; https://david.ncifcrf.gov/), in MCM3, MCM4, POLA2, POLE, PCNA, RFC3 and FEN1 in the
which enriched functionally-related gene groups were discovered HNRNPLL overexpressing cells as compared to the HNRNPLL
and mapped on the Kyoto Encyclopedia of Genes and Genomes knocked down cells in both SW480 and HT29 cells (Figure 2B).
(KEGG) pathways.’® Among the pathways identified for the genes Furthermore, western blot analysis demonstrated that the protein
upregulated in the HNRNPLL-overexpressed cells, “DNA replication” expression levels of PCNA, RFC3 and FEN1 were higher in the

showed the lowest P and FDR values (Table 1), and 13 genes, HNRNPLL-overexpressed cells as compared to the HNRNPLL knock-
MCM2-7, POLA2, POLD1, POLE, PCNA, RFC3, LIG1 and FEN1, were down cells (Figure 2C). These results prompted us to focus on the
enriched in the pathway (Figure 2A). Quantitative RT-PCR roles of PCNA, RFC3 and FEN1 in the following study.
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FIGURE 3 Knockdown of PCNA, RFC3 or FEN1 suppresses the increased cell proliferation caused by HNRNPLL overexpression. A, Western
blot analysis to confirm the overexpression of HNRNPLL and knockdown of PCNA, RFC3 and FEN1. Arrows and arrowheads indicate FLAG-
tagged or endogenous HNRNPLL, respectively. B, MTT assay was performed for Mock- or HNRNPLL cDNA-transduced SW480 cells 72 h after
transfection of control siRNA or siRNA(s) targeting PCNA, RFC3, or FEN1. Error bars, SD. P = .036 (*), .20 (), .32 ("), .12 (7™), .030 (%), .038 (*¥),
027 (%), 50 (%), .78 (%) and .21 (°%%). C, MTT assay was performed for Mock- or HNRNPLL cDNA-transduced HT29 cells 72 h after
transfection of control siRNA or siRNA(s) targeting PCNA, RFC3, or FEN1. Error bars, SD. P = .026 (*), .079 ("), .79 ("), .12 (7'"), .036 (), .040
(¥4, .033 (), .12 (%), .34 (*%) and .18 (°%%). D, Western blot analysis to confirm the overexpression of FLAG-PCNA, FLAG-RFC3 and FLAG-FEN1
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respectively. E, MTT assay was performed for SW480 and HT29 cells transduced with mock vector or PCNA, RFC3 and FEN1 cDNA. Error
bars, SD. P = .76 (*) and .090 (')
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3.3 | Knockdown of PCNA, RFC3 or FEN1
suppresses cell proliferation induced by HNRNPLL

To determine the role of the upregulation of PCNA, RFC3 and FEN1
in the enhanced cell proliferation induced by HNRNPLL, we next
knocked down these genes with siRNA (Figure 3A) and quantified
their effects on cell proliferation by MTT assay (Figure 3B,C). In line
with the results of cell cycle analysis (Figure 1A-D), HNRNPLL over-
expression significantly increased the MTT activity of SW480 cells
(P = .036; Figure 3B) and HT29 cells (P = .026; Figure 3C). Transfec-
tion of siRNA targeting PCNA, RFC3 or FEN1 alone significantly sup-
pressed the MTT activity of HNRNPLL overexpressing SW480 cells
(P =.030, .038, and .027, respectively; Figure 3B), whereas none of
these siRNA significantly suppressed the MTT activity of the mock-
transduced SW480 cells (P =.020, .032 and .012, respectively;
Figure 3B). The MTT activity of the HNRNPLL overexpressing cells
treated with siRNA for PCNA, RFC3 or FEN1 was comparable to that
of the mock-transduced cells treated with the same siRNA (P = .50,

(A) SwW480

HT29

.78 and .21 for PCNA, RFC3 and FEN1 siRNA, respectively; Fig-
ure 3B). Similar results were obtained for HT29 cells (Figure 3C; see
the figure legend for the individual P-values). These results suggest
that none of PCNA, RFC3 and FEN1 is dispensable for the enhance-
ment of cell proliferation caused by HNRNPLL overexpression. We
then tested whether simultaneous overexpression of PCNA, RFC3
and FEN1 cDNA enhances proliferation of SW480 or HT29 cells
(Figure 3D). Intriguingly, the co-overexpression of the 3 cDNA failed
to enhance their MTT activity (Figure 3E), indicating that PCNA,
RFC3 and FEN1 are necessary but not sufficient for the HNRNPLL-

induced enhancement of cell proliferation.

3.4 | HNRNPLL can bind to and stabilize PCNA,
RFC3 and FEN1 mRNA

We next addressed the mechanism underlying the upregulation of
PCNA, RFC3 and FEN1 mRNA by HNRNPLL overexpression. As
HNRNPLL is an RNA-binding protein, we tested whether HNRNPLL
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FIGURE 4 HNRNPLL binds to and stabilizes mRNA of PCNA, RFC3 and FEN1. A, RNA immunoprecipitated from total RNA of SW480 or
HT29 cells overexpressing FLAG-HNRNPLL was subjected to reverse transcription using random primers or oligo(dT) primers, followed by PCR
analysis using primers targeting introns or 3’-UTR of PCNA, RFC3 or FEN1. B, mRNA expression levels of PCNA, RFC3 and FEN1 in HNRNPLL
overexpressing cells or HNRNPLL knocked down cells treated with actinomycin D for 12 h were determined by quantitative RT-PCR. Error
bars, SD. P = .0021 (¥), .020 (**), .034 ("), .011 ("), .021 (*) and .014 (*)
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would bind to pre-mRNA and/or matured mRNA of these genes by

RNA-immunoprecipitation assays. FLAG-HNRNPLL was transduced E g ég. ;§ é 3;5
into SW480 and HT29 cells and FLAG-immunoprecipitated RNA was § = LS g <
subjected to cDNA synthesis using random or oligo(dT) primers. PCR
analysis using primer sets targeting introns and 3’-UTR was then per- § c § c § c
formed to detect pre-mRNA and mRNA of PCNA, RFC3 and FEN1, ? 2 g ? 2 g Tu’ 2 %
respectively. The results indicate that HNRNPLL binds to both pre- §' § 9’\.; § c% g §' :E,) g
mRNA and mRNA of these genes (Figure 4A). Because many HNRNP % § § % E § % § %
proteins are known to bind to and thereby stabilize mRNA, we next % _g :g
assessed the role of HNRNPLL in regulating mRNA stability by treat- g. . GE.) = g. -
ment with the transcription inhibitor actinomycin D. As shown in Fig- E"_ ;%D § § E" § E '_%D 9
ure 4B, the mRNA levels of these genes following 12 h of actinomycin *g ; % E‘" E {E S‘; E g g,
D treatment were significantly increased in the HNRNPLL overexpress- '1.%; B OB
ing cells as compared to the HNRNPLL knocked down cells (Figure 4B; -§
see the figure legend for the individual P-values), indicating that ﬁ 5 3 E ? § $
HNRNPLL can suppress mRNA degradation of these genes. % :z() g; § 8; % g;
5 & o € o L o
>
5
3.5 | Expression levels of PCNA, RFC3 and FEN1 Q:l'_ e c £
are clinically relevant to the level of HNRNPLL in § 2 5 2 R S
colorectal cancer T <E. § _ & § _ & §
=™ =2 9 9 O o9 9 = o
We next explored the clinical relevance of the regulation of PCNA, -03, L"=, g o é & o é & o
RFC3 and FEN1 by HNRNPLL. Using the Cancer Genome Atlas § 3 3 z
(TCGA) dataset of RNA sequencing for colorectal cancer samples, we ~GC—J E,"_ Eo < é Eo < é go <
assessed if the level of HNRNPLL expression is linked to that of PCNA, R IREN B
RFC3 and FEN1. In the dataset, 5.0% of the patients (19/379) showed t £ 85 FES
a high level of HNRNPLL expression as defined by the Z-score of >2. ?g_
We found that PCNA, RFC3 and FEN1 were highly expressed in 31.6%, g E < § < g < 5
47.4% and 5.3%, respectively, of the patients with a high level of g <Z:': 3OQ 5 % % ?o" 3
HNRNPLL (n = 19), whereas they were highly expressed in 11.4%, § £ o & o T g
20.8% and 1.9%, respectively, of the patients with low or middle levels % ”3
of HNRNPLL expression (n = 360) (Table 2). This result suggests a pos- b= _ g _ __ E = g _ g
itive correlation between overexpression of HNRNPLL and that of l'i: 5 g § 5 K § 5 k) § &
PCNA, RFC3 and FEN1. We next tested their link at individual cell g :I: <Z,‘: % g § L;, é ; f:’ (\\/‘|
levels by immunohistochemical analysis of human colorectal cancer g g S B g s X £ Tl < 8
samples. The results indicated that KRT20" cancer cells showing §- "GEJ § § N
strong HNRNPLL staining exhibited higher expression levels of PCNA g E £ S E < s § 5 E
(Figure 5A), RFC3 (Figure 5B) and FEN1 (Figure 5C) as compared to c?.) § ;E g ‘; f g % f ;g %
those showing weak HNRNPLL staining, further indicating a correla- E) % § 5 % E E % E E’ ﬁ
tion between the levels of these proteins and the HNRNPLL level. In -8' §
clear contrast, the expression level of CDKN1A, a protein known to 0?) 2 s . a
inhibit FEN1 recruitment by PCNA,Y” was higher in cancer cells show- % fé ;g ;‘? :g :C,’ :g %
ing weak HNRNPLL staining (Figure 5D). These results strongly indi- 0;; § % E’ % é % .g
cate that the HNRNPLL expression level is closely associated with the < g
expression levels of PCNA, RFC3 and FEN1 in vivo. §J c c c E
kS 2 < 2 < 2 5 B
g 2% 838§ ER g
H H B HYE
4 | DISCUSSION S 1 3 e 1t 2o 1 & o 2
S £ & v g @ A g A G
i3 8 8 ¢
In this study, we demonstrated that HNRNPLL stabilizes mRNA ~ f £ f -8 f - g
encoding DNA replication regulators, namely PCNA, RFC3 and w § £ § § -}I:" § § j’—:" g 'ué
FEN1. DNA replication is a complex process that is regulated by a : g % S g § S g g s £
large number of molecules.®® PCNA is a ring-shaped protein - S < - T
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HNRNPLL

HNRNPLL

FIGURE 5

HNRNPLL

HNRNPLL CDKN1A

Immunohistochemical analysis for HNRNPLL, PCNA, RFC3 and FEN1 in clinical samples of colorectal cancer. A-D, Sections from

primary colorectal cancer was stained for HNRNPLL (green), PCNA (A, orange), RFC3 (B, orange), FEN1 (C, orange), CDKN1A (D, orange), TO-

PRO-3 (white) and KRT20 (blue). Scale bars, 100 pm

encircling DNA to enhance the processivity of DNA polymerases &
and e, which are required for the synthesis of the lagging and leading
strands, respectively.’” PCNA is, thus, categorized as a DNA clamp.
RFC3 is 1 of the 5 subunits of replication factor C (RFC), which is
classified as a clamp loader because it loads PCNA around DNA.?°
FEN1 is an endonuclease known for its essential roles in the matura-

tion of Okazaki fragment and long-patch base excision repair.?! As
expected from the pivotal functions of PCNA, RFC3and FEN1 in

DNA replication, dysregulated expression of these proteins has been
linked to cancer. Specifically, PCNA is a well-established proliferation
marker in some types of cancer.???4 RFC3 is associated with prolif-
eration activity of breast cancer cells?> or poor prognosis in ovarian
cancer patients.?® Overexpression of FEN1 has been associated with
enhanced cancer cell proliferation or poor clinical outcome in gas-
tric,2” breast,?® ovarian®® and non-small-cell lung cancer.?’ FEN1 is
known to be activated by PCNA®® and RFC?>! indicating a




SAKUMA ET AL

coordinated function of PCNA, RFC3 and FEN1 in lagging strand
synthesis. Our data indicate that none of PCNA, RFC3 or FEN1 is
dispensable for the proliferation-enhancing activity of HNRNPLL in
colorectal cancer cells (Figure 3B,C). It is plausible that HNRNPLL
may drive this coordinated machinery for lagging strand synthesis by
upregulating these components.

We demonstrated that simultaneous overexpression of PCNA,
RFC3 and FEN1 did not increase MTT activity of SW480 and HT29
cells (Figure 3E), whereas HNRNPLL overexpression promoted it (Fig-
ure 3B,C). We speculate that HNRNPLL induces other genes or
splice variants that also contribute to the proliferation-promoting
effect of HNRNPLL. Shedding light on those genes that are not
listed in the DNA replication pathway but are involved in cell cycle
progression may provide a clue to this issue. In contrast, knockdown
of PCNA, RFC3 or FEN1 did not attenuate the MTT activity of
SW480 and HT29 cells that do not overexpress HNRNPLL (Fig-
ure 3B,C). Although the precise reason for the differential effect of
knocking down these factors on cell proliferation according to
HNRNPLL expression levels remains unclear, Lockwood et al®?
report a similar finding. Namely, they show that RFC3 was overex-
pressed by gene amplification in approximately 25% of esophageal
adenocarcinoma patients and that knockdown of RFC3 in cancer
cells with increased copy numbers inhibited their proliferation,
whereas its knockdown had little effect on cancer cells without copy
number increase. To the best of our knowledge, there is no clear
evidence for RFC3 gene amplification in colorectal cancer.

Our recent work suggested that HNRNPLL suppresses invasion
and metastasis of colorectal cancer during EMT by regulating alter-
native splicing of CD44 pre-mRNA. This study instead demonstrates
the role of HNRNPLL in colorectal cancer cell proliferation through
stabilization of certain mRNA. High expression of RNA-binding pro-
teins with pre-mRNA splicing activity has been shown to promote
various steps of cancer progression via mechanisms distinct from
pre-mRNA splicing. Fagoonee et al analyzed the TCGA data and
found that expression of ESRP1 is elevated in 16% of colorectal can-
cer samples. They demonstrated that ESRP1 promotes colorectal
cancer progression through 2 distinct mechanisms. ESRP1 binds to
the SNAIL mRNA and promotes its SNAIL, while ESRP1 increases
FGF7 expression and enhances the AKT signaling pathway down-
stream of the FGFR2 receptor in an autocrine fashion, resulting in
increased SNAIL transcription and SNAIL protein stabilization.3®
HNRNPK is often overexpressed in colorectal cancer cells, and, as
mentioned in the Introduction, HNRNPK promotes their proliferation
through stabilization of CDK6 mRNA,'° enhanced translation of
mRNA encoding BTK,** transcriptional control of CDKN2B2 as well
as through pre-mRNA splicing of MRPL33.”

Our finding that HNRNPLL promotes colorectal cancer cell prolif-
eration suggests a potential use of HNRNPLL as a therapeutic target.
This strategy may be difficult because knockdown of HNRNPLL in
colorectal cancer cells significantly enhanced invasion activity
in vitro and increased lung metastasis in vivo.* Nevertheless, inhibi-
tion of excessive HNRNPLL expression can be a potential strategy
for tumor volume reduction. To identify the molecules regulating

Cancer Science RUIs= e

HNRNPLL overexpression, it will be important to elucidate the mech-
anism of the transcriptional regulation of HNRNPLL, which is cur-
rently under investigation.
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