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ABSTRACT

KH-type splicing regulatory protein (KHSRP) is an RNA-binding protein
implicated in a variety of cellular processes, including splicing in the nucleus and
mRNA localization and degradation in the cytoplasm. The present study reports
that KHSRP promotes invasiveness and metastasis of pancreatic cancer cells.
KHSRP was localized in the nucleus and cell protrusions of pancreatic cancer cell
lines. Suppression of KHSRP by small interfering RNA decreased the number of cell
protrusions and inhibited invasiveness and metastasis of pancreatic cancer cells.
KHSRP was localized in cytoplasmic RNA granules in pancreatic cancer cells, and RNA
immunoprecipitation-sequencing analysis showed that the majority of enriched RNAs
that immunoprecipitated with KHSRP were small nucleolar RNAs (snoRNAs). Specific
KHSRP-bound snoRNAs, SNORA18 and SNORA22, associated with formation of cell
protrusions. Consequently, SNORA18 and SNORA22 contributed to cell invasiveness
and tumor metastasis. Our results provide insight into the link between KHSRP-bound
snoRNAs and invasiveness and metastasis of pancreatic cancers. New therapies that
prevent binding of KHSRP with specific snoRNAs may hold significant clinical promise.

INTRODUCTION

RNA binding proteins play roles in RNA maturation
and trafficking of RNAs, and localization of mRNAs
is accomplished with intracellular accumulation of
corresponding proteins [1]. KH-type splicing regulatory
protein (KHSRP) is a single-stranded nucleic acid-
binding protein that contains four contiguous K homology
(KH) motifs that recognize the AU-rich element (ARE)
of mRNAs [2] and functions in alternative pre-mRNA
splicing, editing, localization, and degradation of mRNAs
[3]. KHSRP phosphorylated by p38 increases binding to
ARE-containing transcripts and inhibits rapid decay of
target transcripts, resulting in conversion of myoblasts into
differentiated myocytes [4]. KHSRP promotes decay of
f-catenin mRNA and is inactivated by phosphatidylinositol
3-kinase (PI3K) signaling [5]. These results suggest that
KHSRP is involved in differentiation, cell-cell contact,
and cell migration through post-transcriptional regulation
of its target transcripts. KHSRP also serves as a component
of both Drosha and Dicer complexes and regulates

biogenesis of a subset of microRNAs (miRNAs) [6]. This
mechanism is required for post-translational regulation of
target mRNAs that affect cell proliferation, apoptosis, and
differentiation [6]. The functional roles of KHSRP in cell
proliferation, invasiveness, and metastasis in cancer cells
are currently unknown.

KHSRP is located primarily in the nucleus [7],
where it acts as a splicing factor and forms part of the
perinucleolar structure [8]. KHSRP is also present in
cytoplasmic granules that function in RNA trafficking
[9, 10], and KHSRP contributes to mRNA localization in
the cytoplasm [11]. KHSRP binds to a localization element
within the f-actin mRNA and has a role in cytoplasmic
localization of pf-actin mRNA to cell protrusions
of chicken fibroblasts and neurite growth cones of
developing neurons [12]. Localized translation of S-actin
mRNA induces polarized migration of chicken fibroblasts
[13]. Thus, it is possible that cytoplasmic RNA granules
package KHSRP, and its target transcripts play a role in
mRNA trafficking towards distal regions of the cell and
regulation of localized protein synthesis.
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Here, we found that KHSRP and its target
small nucleolar RNAs (snoRNAs) were packaged
into cytoplasmic RNA granules of pancreatic ductal
adenocarcinoma (PDAC) cells. Further investigation
revealed that KHSRP-bound snoRNAs influenced
formation of cell protrusions and thereby increased
invasive and metastatic properties of PDAC cells.

RESULTS

Intracellular localization of KHSRP in PDAC cells

We wused immunocytochemistry to determine
subcellular localization of KHSRP in two types of
cultured PDAC cells, moderately differentiated S2-013
PDAC cells and poorly differentiated PANC-1 PDAC
cells. KHSRP was localized in the nucleus and cytoplasm,
and accumulated in cell protrusions, which had many
peripheral actin structures (Figure 1A, 1B).

Stable knockdown effects of KHSRP on
invasiveness and metastasis of PDAC cells

To investigate whether KHSRP affects cell motility
and invasion, KHSRP expression in S2-013 cells was
stably suppressed by vector-based expression of a KHSRP
small interfering RNA (siRNA). KHSRP knockdown was
confirmed by immunoblotting (Figure 2A). Transwell
motility assays showed that motility of S2-013 cells was
significantly lower in KHSRP-knockdown cells than in
scrambled control siRNA-transfected S2-013 cells (Figure
2B). In two-chamber invasion assays, KHSRP siRNA-
transfected S2-013 cells were significantly less invasive
than scrambled control siRNA-transfected S2-013 cells
(Figure 2C). Transfection of a KHSRP-rescue construct
into KHSRP siRNA-transfected S2-013 cells abrogated
changes to cell motility and invasiveness caused by
transfection of KHSRP siRNA (Figure 2D-2F).

An orthotopic murine model of PDAC was used
to examine tumor invasiveness and metastasis (Table 1).
Incidence of regional invasion of retroperitoneum and
peritoneal dissemination by PDAC cells was inhibited
in mice injected with KHSRP siRNA-transfected S2-013
cells than those injected with scrambled control siRNA-
transfected S2-013 cells. Moreover, KHSRP siRNA-
transfected S2-013 cells did not form hepatic or lung
metastases, whereas hepatic and lung metastases were
seen in scrambled control siRNA-transfected S2-013 cells.
These results indicate that KHSRP specifically promotes
invasion and metastasis of PDAC cells.

Localization of KHSRP in P-bodies

Several types of RNA-binding proteins, 40S subunit
ribosomal proteins, and translation initiation factors are
present in stress granules [14]. An alternative model for

silencing by miRNAs wherein mRNA interactions with
RISC sequester targeted mRNAs in processing bodies
(P-bodies) was reported [15]. These are cytoplasmic
foci that contain non-translated RNAs and exclude
the translation machinery [16]. To investigate whether
KHSRP-containing granules were stress granules (SGs) or
P-bodies, S2-013 and PANC-1 cells cultured on fibronectin
were double-labeled with anti-KHSRP, anti-G3BP (a
marker for SG) [17], and anti-Ge-1/HEDLS (a marker
for P-bodies) [18] antibodies. KHSRP did not colocalize
with G3BP in cytoplasmic granules (Figure 3A); however,
KHSRP colocalized with P-bodies in a proportion of
granules throughout the cytoplasm, as well as in the
perinuclear region of cytoplasm (Figure 3B). These data
indicate that KHSRP localized in P-bodies may function to
regulate levels of certain mRNAs in PDAC cells.

Identification of target transcripts of KHSRP

To identify KHSRP-bound transcripts localized
in KHSRP-containing granules, we performed RNA
immunoprecipitation (RIP) with anti-KHSRP antibody
and cell extracts from S2-013 cells grown on fibronectin,
followed by next-generation sequencing to identify any
RNAs in resultant immunoprecipitates. Results of RIP
assay are presented as log ratios in Supplementary Table 1.
We identified 501 RNAs that were significantly enriched
in anti-KHSRP immunoprecipitates relative to rabbit
IgG isotype control immunoprecipitates (Supplementary
Table 1). The complete gene list derived from the 501
RNAs was uploaded onto the Gene Expression Omnibus
Database  (http://www.ncbi.nlm.nih.gov/geo/) (GEO
accession: GSE120853). A considerable number of
snoRNAs were listed in the top 10 of KHSRP-bound
RNA candidates (Table 2). To gain further insight into
biological functionalities of KHSRP-bound RNAs, Gene
Ontology (GO) analysis identified GO terms matched to
the gene list (p < 107; Supplementary Table 2), and this
GO set was significantly enriched with cellular functions
relevant to apoptosis, RNA splicing, translation, nuclear
mRNA splicing via spliceosome, and mRNA processing.
The transcripts that matched any GO term related to
these functions are listed in Figure 4A. We previously
reported that overexpression of ADP-ribosylation
factor 6 (ARF6) and Rho guanine nucleotide exchange
factor 4 (ARHGEF4) in PDAC tissue correlates with
PDAC-related survival and they promote motility and
invasiveness of PDAC cells by increasing cell protrusions
[19, 20]. Instead of focusing on the KHSRP-bound
mRNAs, the present study showed the functional analysis
of KHSRP-bound snoRNAs. Reverse transcription-PCR
(RT-PCR) was performed to validate snoRNAs listed in
Table 2 were immunoprecipitated with KHSRP (Figure
4B). SNORAI8 and SNORA22 immunoprecipitated
with anti-KHSRP antibody, whereas neither transcript
immunoprecipitated with isotype control antibody.
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Immunocytochemistry and RNA fluorescence
in situ hybridization were used together to determine
whether SNORA 18 and SNORA22 colocalize with KHSRP
within cytoplasmic granules of S2-013 cells cultured on
fibronectin and showed these snoRNAs colocalized with
KHSRP (Figure 4C). Control ubiguitin C mRNA did
not colocalize with KHSRP in S2-013 cells cultured on
fibronectin (Figure 4C).

Roles of KHSRP in formation of cell protrusions

Confocal microscopy showed that peripheral
actin structures were less abundant in KHSRP siRNA-
transfected S2-013 cells than in scrambled control siRNA-
transfected S2-013 cells grown on fibronectin (Figure
5A). Conversely, phalloidin-labeled actin structures were
more abundant in the cytoplasm of cell bodies of KHSRP

A

siRNA-transfected S2-013 cells than that of scrambled
control siRNA-transfected S2-013 cells (Figure 5A).
Transfection of a KHSRP-rescue construct renewed
peripheral actin structures in KHSRP siRNA-transfected
S2-013 cells (Figure 5B). Cell protrusions were
significantly more abundant in KHSRP siRNA-transfected
S2-013 cells carrying a KHSRP-rescue construct than in
KHSRP siRNA-transfected S2-013 cells not carrying
a KHSRP-rescue construct (Figure 5C). These results
indicate that KHSRP induces rearrangement of peripheral
actin to increase formation of cell protrusions.

Roles of KHSRP-bound snoRNAs in formation
of cell protrusions

We previously reported that ARF6 and ARHGEF4
proteins, whose mRNAs are bound to an RNA-binding

S$2-013 cells cultured on fibronectin

KHSRP

F-actin

Merge/DAPI

PANC-1 cultured on fibronectin

KHSRP

F-actin

Merge/DAPI

Figure 1: KHSRP distribution in PDAC cells. S2-013 (A) and PANC-1 (B) cells were incubated on fibronectin and
immunocytochemically labeled with anti-KHSRP antibody (green). Actin filaments were labeled by phalloidin (red). Arrows, KHSRP

localized in cell protrusions. Blue, DAPI staining. Bars, 10 pm.
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Figure 2: KHSRP promotes cell motility and invasion of PDAC cells. (A) Effect of KHSRP siRNA in S2-013 cells. Western blots
probed with anti-KHSRP antibody show two S2-013 KHSRP RNAI clones (siKH-1 and -2) transfected with siRNA targeting KHSRP and
two scrambled control RNAi clones (Scr-1 and -2). (B) Control RNAi or KHSRP RNAi S2-013 cells were seeded into two-chamber motility
chambers. Migrating cells in four fields per group were counted. Data are derived from three independent experiments and expressed as
mean + SD. “p < 0.05 compared with Scr-1 and Ser-2 (Student’s #-test). (C) Control RNAi or KHSRP RNAi S2-013 cells were seeded into
Matrigel invasion chambers. Invading cells in four fields per group were counted. Data are derived from three independent experiments
and expressed as mean £ SD. “p < 0.05 compared to Scr-1 or Scr-2 (Student’s #-test). (D) The mock control vector or myc-tagged KHSRP-
rescue construct was transiently transfected into control RNAi and KHSRP RNAL cells. Western blotting was performed using anti-KHSRP
and anti-myc antibodies. Closed arrowhead, endogenous KHSRP; open arrowhead, exogenous KHSRP. Closed arrow head, endogenous
KHSRP; open arrow head, exogenous KHSRP. (E, F) The mock control vector or myc-tagged KHSRP-rescue construct was transiently
transfected into control RNAi and KHSRP RNAI cells; 48 h later, motility (E) and two-chamber invasion (F) assays were performed.
Migrating cells in four fields per group were counted. Data are derived from three independent experiments and expressed as mean + SD.
“p <0.05 compared with corresponding siKH-1 and siKH-2 transfected mock vector (Student’s ¢-test).
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Table 1: Effect of KHSRP-RNAI on invasiveness and metastasis in vivo

. Mice Median tumor weight  Peritoneal  Retroperitoneal _ . . .
Cell line . . s . . Liver metastasis Lung metastasis
autopsied (g) (range) dissemination invasion
Scr-1 9 2.7 (1.8-3.5) 7/9 8/9 4/9 3/9
Scr-2 9 2.4 (1.5-3.3) 7/9 9/9 3/9 3/9
siKH-1 10 1.9 (1.2-2.8) 3/10° 2/10° 0/10? 0/10?
siKH-2 9 2.1 (1.0-2.9) 2/92 1/9 0/9 0/9

*p < 0.05 compared with Scr-1 and Ser-2 (Fisher’s exact test).

protein insulin-like growth factor 2 mRNA binding protein
3 (IGF2BP3), accumulate in cell protrusions and thereby
contribute to cell protrusion formation in PDAC cells
[19, 20]. To determine whether KHSRP-bound snoRNAs,
SNORA18 and SNORA22, participate in induction of
membrane protrusions, we analyzed peripheral actin
structures in membrane ruffles of S2-013 and PANC-
1 cells transiently transfected with scrambled control
siRNA, SNORA18 siRNA, and SNORA22 siRNA. Based
on semi-quantitative RT-PCR data, 72 h after transfection,
SNORA 18 and SNORA22 expression was markedly higher
in scrambled control siRNA-transfected S2-013 and
PANC-1 cells cultured on fibronectin than in SNORA 18
siRNA-transfected or SNORA22 siRNA-transfected S2-
013 and PANC-1 cells cultured on fibronectin (Figures
6A, 7A). Confocal microscopy revealed that SNORA 18-
or SNORA22-knockdown in S2-013 and PANC-1
cells cultured on fibronectin decreased peripheral
actin structures (Figures 6B, 7B and Figures 6C, 7C).
Furthermore, SNORAI18- and SNORA22-knockdown
in S2-013 and PANC-1 cells cultured on fibronectin
significantly inhibited formation of cell protrusions
(Figures 6D, 7D). These results indicate that SNORA 18
and SNORA?2?2 play roles in formation of cell protrusions.

Roles of KHSRP-bound snoRNAs in cell motility
and invasiveness of PDAC cells

In transwell motility assays, motility of S2-013 cells
and PANC-1 cells was significantly lower in SNORA§-
or SNORA22-knockdown cells than in scrambled control
cells (Figure 8A). In two-chamber invasion assays,
invasiveness of S2-013 and PANC-1 cells was significantly
lower in SNORA 18- or SNORA22-knockdown cells than in
scrambled control cells (Figure 8B). These results indicate
that SNORA 18 and SNORA2?2 associate with promotion of
PDAC cell motility and invasiveness.

Effects of knockdown of SNORA18 and
SNORAZ22 on invasiveness and metastasis in the
orthotopic murine model of PDAC

In vivo imaging studies showed that scrambled
control siRNA-folic acid (FA)-modified polyethylene

glycol (PEG)-chitosan oligosaccharide lactate (COL)
nanoparticles, which were intravenously injected into the
orthotopic murine model of PDAC [19, 21], were taken
up into PDAC cells in S2-013-derived PDAC tumor of
the mouse pancreas [22]. To study the effects of SNORA18
and SNORA22 on invasiveness and metastasis in vivo,
siRNA-FA-PEG-COL nanoparticles against SNORA 18 and
SNORA?22 were intravenously injected into the orthotopic
murine model of PDAC. On day 4 postimplantation of S2-
013 cells into the pancreas of each mouse, nanoparticles
against SNORA18 and SNORA2?2 or control solutions were
intravenously injected into mice in each group. All mice
received a total of five intravenous injections once a week.
Six weeks after implantation, mice were euthanized, and
hematoxylin and eosin staining was performed on sections
of PDAC tissues, lung, and liver to determine the presence
of retroperitoneum invasion, peritoneal dissemination,
and metastasis to the liver and lung. Extensive peritoneal
carcinomatosis was seen in 70% of mice in control groups
(Figure 9A), and hematoxylin and eosin staining of S2-
013-derived PDAC tumors showed adenocarcinoma
with regional invasion of the retroperitoneum (Figure
9B). Hematoxylin and eosin staining of liver and lung
metastases of control mice is shown in Figure 9C and
9D, respectively. siRNA-FA-PEG-COL nanoparticles
against SNORA18 and SNORA2?2 significantly inhibited
retroperitoneal invasion and lung metastasis compared
with control groups (Table 3). Notably, siRNA-FA-PEG-
COL nanoparticles against SNORA 18 strongly inhibited
retroperitoneal invasion.

DISCUSSION

Here, we found novel functions for KHSRP in
PDAC cells. First, KHSRP prompts invasiveness and
metastasis of PDAC cells. Second, KHSRP binds a
specific set of snoRNAs in cytoplasmic P-bodies. Finally,
siRNA-FA-PEG-COL nanoparticles targeting these
KHSRP-bound snoRNAs inhibit PDAC invasion and
metastasis.

SGs containing another RNA-binding protein,
IGF2BP3, also accumulate in cell protrusions, which
promote invasion and metastasis of PDAC cells via
regulation of localized translation of IGF2BP3-bound
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Figure 3: KHSRP localizes in cytoplasmic P-bodies. (A, B) Confocal immunofluorescence microscopic images. S2-013 and
PANC-1 cells were incubated on fibronectin and stained with anti-KHSRP (green) and anti-G3BP (red) (A) or anti-Ge-1/HEDLS (red) (B)
antibodies. Arrows, KHSRP localized in the perinuclear region of cytoplasm. Blue, DAPI staining. Bars, 10 pm.
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Table 2: TOP10 RNAs that co-immunoprecipitate with KHSRP

Gene Entrez Gene ID Log ratio RPKM(KHSRP)/RPKM(control IgG)
SCARNA21 677763 3.89
coxi7z 10063 3.60
SNORA38 677820 2.98
SNORA25 684959 2.98
SNORA1S 677805 2.95
SNORA2?2 677807 2.94
SNORAI14B 677802 2.92
SNORA71B 26776 291
SNORA71D 677840 2.89
SNORDY7 692223 2.87

mRNAs in cell protrusions [19]. Here, we found that
KHSRP accumulated in cytoplasmic P-bodies but
not in SGs of PDAC cells, indicating that KHSRP-
bound snoRNAs could accumulate in P-bodies. siRNA
and miRNA are involved in mRNA degradation or
translational arrest in cytoplasmic P-bodies [23].
snoRNA U3-small nucleolar ribonucleoprotein complex
shuttles between the nucleolus and cytoplasm [24]. The
presence of box C/D snoRNAs in the cytoplasm raises the
possibility that snoRNAs might target cytoplasmic RNAs
[25]. These findings suggest that cytoplasmic snoRNAs
have different roles in addition to ribosome biogenesis
in the nucleolus. Thus, KHSRP-bound snoRNAs may be
present in P-bodies as distinct complexes in PDAC cells.
Future studies are needed to elucidate the mechanism by
which KHSRP recognizes its different snoRNA targets in
P-bodies of PDAC cells.

KHSRP is a novel Dishevelled-interacting protein,
which is associated with Wnt/B-catenin signaling pathway
element dishevelled segment polarity protein 3 (DVL3)
and acts as a negative regulator of Wnt/B-catenin signaling
through post-transcriptional regulation of pf-catenin
mRNA [26]. Deregulation of Wnt/B-catenin signaling
is implicated in PDAC and promotes cell invasion
and metastasis of PDAC [27]. Suppression of DVL3
enhances basal RAS-MEK-ERK activation and activates
IGF signal transduction from the IGF1 receptor to RAS
[28]. AKT phosphorylates KHSRP, and phosphorylated
KHSRP binds to a molecular chaperone 14-3-3, which
in turn decreases KHSRP’s ability to promote S-catenin
mRNA decay [5]. We recently reported that coiled-coil
domain containing 88A (CCDCS88A) induces formation
of membrane protrusions and increases migration
and invasiveness of PDAC cells [29]. CCDCS88A
phosphorylation by AKT occurs at the leading edge,
which is required for cancer cell invasion and metastasis
[30]. These reports suggest that Wnt/B-catenin and AKT
contribute to invasiveness and metastasis of PDAC cells,
and both signaling pathways regulate KHSRP activity
that promotes f-catenin mRNA decay. Therefore, post-
transcriptional regulation of the KHSRP’s target mRNAs
may play important roles in modulating the invasiveness

and metastasis of PDAC cells. It is interesting to consider
the possibility that KHSRP-bound snoRNAs post-
transcriptionally regulate levels of target mRNAs, and in
turn they promote invasiveness and metastasis of PDAC
cells.

KHSRP interacts with a broad range of AU-rich
sequences and recognizes a subset of AREs, recruiting
the exosome and de-adenylation factors to mRNA
targets for cell proliferation [2, 31]. The HuR-KHSRP
complex downregulates nucleophosmin mRNA and
induces commitment of muscle cells to myogenesis
[32]. p38-mediated phosphorylation of KHSRP post-
transcriptionally downregulates utrophin A mRNA in
skeletal muscle and may also enhance muscle regeneration
[33]. The present study showed that KHSRP-bound
snoRNAs associated with formation of cell protrusions
and promotion of PDAC cell motility and invasion.
KHSRP destabilizes mRNAs such as myogenin through
direct binding to a long noncoding RNA HI19 in the
cytoplasm [34]. We hypothesize that KHSRP-snoRNA
complexes can recognize a specific set of mRNAs to
promote PDAC cell invasion and metastasis. KHSRP
binds to the terminal loop of target miRNA precursors and
induces their maturation [35]. This mechanism is required
for post-translational regulation of target mRNAs of
KHSRP-miRNA complexes that affect specific biological
processes, including proliferation, apoptosis, and
differentiation [35]. snoRNAs are linked to lipotoxicity
[36]. Protein kinase RNA-activated (PKR) binds to
snoRNAs during cellular metabolic stress, and snoRNAs
activate PKR during metabolic stress [37]. Future studies
are needed to delineate the mechanism that links KHSRP
to the machinery regulating maturation of snoRNAs and
determine whether KHSRP-snoRNA complexes contribute
to target mRNA decay in P-bodies of PDAC cells.

The data presented herein showed that siRNA-
FA-PEG-COL nanoparticles against SNORAIS and
SNORA?2?2 significantly inhibited regional invasion of the
retroperitoneum and peritoneal dissemination. Moreover,
siRNA-FA-PEG-COL nanoparticles against SNORAIS
strongly inhibited retroperitoneal invasion. Thus, these
siRNA nanoparticles could be useful for discovering
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A KHSRP-bound mRNAs associated with GO terms

Accession GO Term P-value Genes

AIMP2, ARF6, ARHGEF4, CCAR1, POLR2G,
PSMA6

CCAR1,CSTF2, CSTF3, NCBP2, POLR2B,
POLR2G, PRPF3, RBM28, RBM4

COPSS, EIF1, EIF2B3, EIF4EBP1, MRPL15,
MRPL16, MRPL18, MRPL20

nuclear mRNA splicing, | 5.99E-11 | CCAR1, SNRNP40, SNRPC, SNW1, UPF3B,

G0:0005634 apoptosis 1.45E-13

GO0:0005737 RNA splicing 4.73E-13

G0:0006446 translation 1.02E-11

G0:0000398
via spliceosome ZRSR2
G0:0006397 mRNA processing 6.55E-08 | CSTF2, CSTF3, NCBP2, PRPF3, RBM28, RBM4
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Figure 4: Ultrasequencing analysis of KHSRP-bound transcripts. (A) KHSRP-bound transcripts identified in RIP analysis and
included in GO terms relevant to cell motility, invasiveness, and protrusions are shown. (B) Association between KHSRP and SNORA18
or SNORA22 in S2-013 cells cultured on fibronectin was tested via KHSRP-IP or control-IP and subsequent RT-PCR amplification of
SNORA 18, SNORA22, and GAPDH in the immunoprecipitate (right panels). Proteins in immunoprecipitates were examined on western
blots probed with anti-KHSRP and anti-CD63 antibodies (left panels). Rabbit IgG isotype control antibody was used as a negative control
for coimmunoprecipitation. (C) Colocalization of KHSRP protein (green) and SNORA18 or SNORA22 (red) in S2-013 and PANC-1 cells

cultured on fibronectin. Ubiquitin C mRNA was used as a negative control for colocalization. Arrows, SNORA 18 and SNORA22 colocalized
with KHSRP in cell protrusions. Blue, DAPI staining. Bars, 10 pm.
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Figure 5: KHSRP associates with forming cell protrusions. (A) Confocal immunofluorescence microscopic images show
phalloidin-labeled peripheral actin structures (red) and DAPI-labeled nuclei (blue) in scrambled control RNAi (Ser-1) S2-013 cells or
KHSRP RNAI (siKH-1) S2-013 cells cultured on fibronectin. Arrows, cell protrusions. Bars, 10 um. (B) Confocal immunofluorescence
microscopic images. A myc-tagged KHSRP rescue construct was transiently transfected into KHSRP RNAi (siKH-1) S2-013 cells
and incubated on fibronectin. Red, peripheral actin structures; blue, DAPI-labeled nuclei. Arrows, cell protrusions. Bars, 10 pm. (C)
Quantification of data shown in Figure SA and 5B. Values represent the number of cells with fibronectin-mediated cell protrusions in
which peripheral actin structures were increased. All cells in four fields per group were scored. Data are derived from three independent
experiments and expressed as mean + SD. “p < 0.05 compared with Scr-1 or siKHSRP-1 transfected mock vector (Student’s ¢-test).
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better approaches for patients with PDAC. The functional mediated regulation of the invasiveness and metastasis in

importance of the association of KHSRP with snoRNAs PDAC cells suggests that inhibition of KHSRP expression,
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Figure 6: Roles of KHSRP-bound snoRNAs in forming cell protrusions in S2-013 cells. (A) siRNA oligonucleotides targeting
SNORA1S (si-snoral8) and SNORA2?2 (si-snora22) or negative control scrambled siRNAs (Scr) were transiently transfected into S2-013
cells. Semi-quantitative RT-PCR was performed using specific primer sets. (B, C) si-snoral8, si-snora22, or Scr was transiently transfected
into S2-013. After 48 h, cells were incubated on fibronectin. Actin filaments were labeled by phalloidin (red) and DAPI (blue). si-snoral8-
transfected S2-013 and si-snora22-transfected S2-013 cells are shown in (B) and (C), respectively. Arrows, cell protrusions. Bars, 10 um.
(D) Quantification of data shown in Figure 6B and 6C. Values represent the number of cells with fibronectin-mediated cell protrusions in
which peripheral actin structures were increased. All cells in four fields per group were scored. Data are derived from three independent
experiments and expressed as mean + SD. p < 0.05 compared with scrambled control siRNA-transfected S2-013 cells (Student’s #-test).
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binding of KHSRP with snoRNAs, or expression SNORA22 may be effective for PDAC targeted molecular

of KHSRP-bound snoRNAs such as SNORAI8 and therapy.
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Figure 7: Roles of KHSRP-bound snoRNAs in forming cell protrusions in PANC-1 cells. (A) siRNA oligonucleotides
targeting SNORA 18 (si-snoral8) and SNORA2?2 (si-snora22) or negative control scrambled siRNAs (Scr) were transiently transfected into
PANC-1 cells. Semi-quantitative RT-PCR was performed using specific primer sets. (B, C) si-snoral8, si-snora22, or Scr was transiently
transfected into PANC-1. After 48 h, cells were incubated on fibronectin. Actin filaments were labeled by phalloidin (red) and DAPI (blue).
si-snoral 8-transfected PANC-1 and si-snora22-transfected PANC-1 cells are shown in (B) and (C), respectively. Arrows, cell protrusions.
Bars, 10 um. (D) Quantification of data shown in Figure 7B and 7C. Values represent the number of cells with fibronectin-mediated cell
protrusions in which peripheral actin structures were increased. All cells in four fields per group were scored. Data are derived from three
independent experiments and expressed as mean + SD. "p < 0.05 compared with scrambled control siRNA-transfected PANC-1 cells
(Student’s z-test).
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Figure 8: Roles of KHSRP-bound snoRNAs in cell motility and invasion. (A, B) si-snoral8, si-snora22, or Scr was transiently
transfected into S2-013 and PANC-1 cells. Motility (A) and two-chamber invasion (B) assays were performed. Migrating cells in four
fields per group were scored. Data are derived from three independent experiments and expressed as mean + SD. p < 0.05 compared with
scrambled control siRNA-transfected S2-013 cells (Student’s #-test).
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Figure 9: Knockdown effect of siRNA-FA-PEG-COL nanoparticles targeting KHSRP-bound snoRNAs on cell motility
and invasion in the orthotopic murine model of PDAC. (A) Development of carcinomatosis in S2-013 tumor-bearing mice treated with
scrambled control siRNA-FA-PEG-COL nanoparticles (Scr) and target siRNA-FA-PEG-COL nanoparticles against SNORA 18 (si-snoral 8) and
SNORA22 (si-snora22). Arrow, primary tumor; arrowheads, dissemination nodules in the abdominal cavity. (B-D) Hematoxylin and eosin staining
of representative sections of S2-013-derived PDAC tumor tissues in mice treated with scrambled control siRNA-FA-PEG-COL nanoparticles
showing areas of regional invasion of the retroperitoneum (B) and distant metastases to the lung (C) and liver (D). Original magnification: 200 x.
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Table 3: Effect of the target siRNA nanoparticles on invasiveness and metastasis in vivo

Mice () ‘Peritf)ne?l Retr"oper.itoneal Liver ‘ Lung )
dissemination invasion metastasis metastasis

PBS 11 8/11 9/11 6/11 6/11
Scrambled control siRNA-COL 10 6/10 9/10 4/10 8/10
Scrambled control siRNA-FA-PEG- 9 6/9 7/9 3/9 6/9
COL nanoparticles
SNORAIS siRNA-FA-PEG-COL 10 6/10 0/10? 5/10 2/10%
nanoparticles
SNORA22 siRNA-FA-PEG-COL 8 3/8 2/8* 2/8 3/8
nanoparticles

*p < 0.05 compared to controls (PBS, FA-PEG-COL nanoparticles and scrambled control siRNA)

MATERIALS AND METHODS

Antibodies

Anti-KHSRP antibody (ab140648) was purchased
from Abcam (Cambridge, MA, USA). Anti-G3BP
monoclonal antibody (611126) was purchased from BD
Transduction Laboratory (Palo Alto, CA, USA). Anti-c-
myc (sc-40) and anti-Ge-1/HEDLS (sc-8418) antibodies
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

Cell culture and reagents

The human PDAC cell line S2-013, a subline of
SUIT-2, was donated by Dr. Michael Hollingsworth at the
University of Nebraska (Omaha, NE, USA). The human
PDAC cell line PANC-1 was obtained from the American
Type Culture Collection (Manassas, VA, USA). All cells
were maintained in Dulbecco’s modified Eagle’s medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) containing 10% fetal calf serum (Gibco) at 37°C.

Generation of a S2-013 cell line that stably
expresses KHSRP siRNA

S2-013 cells, in which KHSRP expression was
stably suppressed by vector-based expression of a KHSRP
siRNA (TR311984; OriGene Technologies, Rockville,
MD, USA), were generated as detailed previously [19].
Cells were used only when suppression of KHSRP
expression had been validated via western blot analysis.

KHSRP-rescue construct

RT-PCR of total RNA extracted from S2-013
cells was used to amplify the entire coding sequence of
KHSRP cDNA. The resultant PCR product was cloned
into pCMV6-Entry vector (OriGene Technologies Inc.)
bearing a C-terminal myc-DDK tag. Transient transfection
of the resultant KHSRP-rescue construct was carried out

using X-tremeGENE HP DNA Transfection Reagent
(Roche Applied Science, Penzberg, Germany) at room
temperature. Transfected cells were assayed typically 2
days following transfection.

Immunoblotting analysis of cell lysates

Total cell lysates were extracted using lysis buffer
[Tris-HC1 (pH 7.4), sodium dodecyl sulfate (SDS),
mercaptoethanol, and glycerol]. Protein concentrations
were determined using Takara Bradford Protein Assay kit
(T9310A; Takara Bio, Shiga, Japan), and an equal amount
of protein (10 png) was separated on a 4-20% gradient SDS-
PAGE (TEFCO, Tokyo, Japan). Proteins were transferred
using a Trans-Blot Turbo RTA Mini LF PVDF Transfer kit
(170-4274; Bio-Rad Laboratories, Hercules, CA, USA) to
a Trans-Blot Turbo Mini-size LF polyvinylidene difluoride
membrane (Bio-Rad Laboratories) and blocked with 5%
non-fat dry milk in Tris-buffered saline [10 mM Tris-HCI
(pH 7.4), 150 mM NacCl, 0.1% Tween-20] for 1 h at room
temperature. Membranes were then incubated with anti-
KHSRP and anti-myc primary antibodies at dilutions of
1:1,000 in 5% non-fat dry milk in Tris-buffered saline
overnight at 4°C. Following incubation with appropriate
secondary antibodies conjugated with horseradish
peroxidase (sc-2004, sc-2005; Santa Cruz Biotechnology)
at dilutions of 1:2,000 for 1 h at room temperature,
immunoreactive bands were visualized using the ECL Plus
kit (GE Healthcare, Chicago, IL, USA) according to the
manufacturer’s instructions.

Immunoprecipitation

Immunoprecipitation was performed as described
previously [38].

RNA immunoprecipitation, next-generation
sequencing, and bioinformatics analysis

RIP-sequencing and bioinformatics analysis were
performed as described previously [19]. Purified RNAs
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obtained via RIP were subjected to reverse transcription
with StrataScript reverse transcriptase (Agilent, La Jolla,
CA, USA) and random primers. We prepared appropriate
dilutions of each single-stranded cDNA for subsequent
PCR amplification; GAPDH was used as an internal
quantitative control. We regarded transcripts with a
log, ratio (RPKM from KHSRP sample/RPKM from
isotype control sample) > 1.0 as transcripts that
potentially bound KHSRP (2,826 genes). GO analyses
were performed for genes represented by KHSRP-bound
transcripts. Statistically significant biological process
terms were obtained using Pathway Studio (Ariadne
Genomics, Inc., Rockville, MD, USA) [39] by World
Fusion Co., Ltd (Tokyo, Japan).

Immunofluorescence with RNA fluorescence in
situ hybridization

The QuantiGene ViewRNA plate-based assay
kit (Panomics, Santa Clara, CA, USA) was used
according to the manufacturer’s recommendations
with some modifications [40] to perform fluorescence
in situ hybridization to target RNAs. Fibronectin-
stimulated S2-013 cells were fixed in 8% formaldehyde,
dehydrated in an ethanol series (50%, 70%, 100%),
and held at 4°C overnight. Cells were then rehydrated,
permeabilized, and hybridized as recommended.
snoRNA targets were SNORAIS and SNORA22
(Panomics), and reference RNA was ubiquitin C
(Panomics). After in situ hybridization, sections were
washed in PBS, blocked for 1 h with blocking buffer
(4% goat serum in PBS), and incubated for 3 h at room
temperature with anti-KHSRP antibody in blocking
buffer. Secondary antibodies in blocking buffer were
applied to the samples for 30 min at room temperature,
nuclei were stained for 3 min with DAPI, and samples
were mounted in Aqua-Poly/Mount (Polysciences,
Warrington, PA, USA). Confocal fluorescence images
were captured with a Zeiss LSM 510 META microscope
(Gottingen, Germany).

siRNA treatment

Mixtures of four different siRNA oligonucleotides
that targeted SNORA 18 or SNORA22 were purchased from
Qiagen (FlexiTube GeneSolution: 3046499 and 2650095,
respectively; Valencia, CA), and mixtures of four different
scrambled negative control siRNA oligonucleotides were
purchased from Santa Cruz Biotechnology (37007). To
examine the effect of a sSiRNA on SNORA18 or SNORA22
expression, S2-013 cells were plated in six-well plates.
After 20 h, cells were transfected with 80 pmol of siRNA
in siRNA transfection reagent (Qiagen) following the
manufacturer’s instructions. After 48-h incubation, cells
were used for immunocytochemistry, transwell motility
assays, or Matrigel invasion assays.

Semi-quantitative RT-PCR

Total RNAs were extracted from each cell line
using TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s
recommendations, treated with DNase I (Roche Applied
Science), and reversely transcribed into single-stranded
cDNAs using StrataScript reverse transcriptase (Agilent)
and random primers. We prepared appropriate dilutions
of each single-stranded cDNA for subsequent PCR
amplification by monitoring GAPDH as a quantitative
control. All reactions involved initial denaturation at 94°C
for 2 min followed by 21 cycles (for GAPDH) or 28 cycles
(for targets) at 94°C for 30 s, 58°C for 30 s, and 72°C
for 1 min, on a GeneAmp PCR system 9700 (PE Applied
Biosystems, Foster, CA, USA).

Confocal immunofluorescence microscopy

Immunocytochemistry was carried out as described
previously [21, 22].

Transwell motility assay

Transwell motility assay was carried out, as detailed
previously [19].

Matrigel invasion assay

Matrigel invasion assay was carried out as described
previously [19].

Synthesis of the FA-PEG-COL conjugate

The FA-PEG-COL conjugate was synthesized as
described previously [41].

Fabrication of nanoparticles

Fabrication of nanoparticles was carried out as
described previously [41].

Preparation of siRNA-loaded COL and FA-PEG-
COL nanoparticles

siRNAs against SNORA18 (5'-UUUACUUUACU
CACAGGACUA-3"), SNORA22 (5'-CUUGGCUUUGA
CCCUGUGCUA-3"), and a scrambled control siRNA
(5'-UUCUCCGAACGUGUCACGUAU-3") were
synthesized by GeneDesign (Osaka, Japan). siRNA-loaded
COL and FA-PEG-COL nanoparticles were synthesized as
described previously [22].

Mice and orthotopic implantation of tumor cells

Orthotopic tumor induction was performed as
described previously [19, 21]. All experiments were
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performed in accordance with the Institutional Animal
Care and Use Committee guidelines of Kochi University.
Six-week-old immunocompetent female BALB/cSlc-nu/
nu mice were obtained from Japan SLC, Inc. (Shizuoka,
Japan). Cells (8.0 x 10%) in a total volume of 10 uL
consisting of equal volumes of PBS were surgically and
slowly injected into the head of the pancreas under avertin
(0.375 g/kg intraperitoneally) anesthesia. Each mouse was
cuthanized 42 days after the respective implantation. The
presence of tumor invasion into the retroperitoneum and
of metastatic lesions in the lung and liver was analyzed by
hematoxylin and eosin staining. Pancreatic tumors were
excised, examined, and weighed.

In experiments using siRNA-loaded COL and FA-
PEG-COL nanoparticles, mice were treated with siRNA-
loaded FA-PEG-COL nanoparticles once per week for 6
weeks as detailed previously [22].

Statistical analysis

The significance of differences between groups
was determined using the two-tailed Student’s #-test or
Fisher’s exact test, as appropriate. Statistical analyses were
conducted using GraphPad Prism software (version 6.0,
GraphPad Software, Inc., La Jolla, CA). For all analyses,
p <0.05 was considered statistically significant.

Abbreviations

PDAC: pancreatic ductal adenocarcinoma; KHSRP:
KH-type splicing regulatory protein; ARE: AU-rich
element; P-body: processing body; miRNA: microRNA;
snoRNA: small nucleolar RNA; RT-PCR: reverse
transcription-PCR; FA-PEG-COL: folic acid-modified
polyethylene glycol-chitosan oligosaccharide lactate.
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