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Heparanase (HPSE), the only known mammalian endoglycosida responsible for

heparan sulfate cleavage, is a multi-faceted protein afféing multiple malignant behaviors
in cancer cells. In this study, we examined the expression diPSE in different colorectal
cancer (CRC) cell lines. Gene manipulation was applied to veal the effect of HPSE
on proliferation, invasion, and metastasis of CRC. Knockden of HPSE resulted in

decreased cell proliferationin vitro, whereas overexpression of HPSE resulted in the
opposite phenomenon. Consistently,in vivo data showed that knockdown of HPSE

suppressed tumor growth of CRC. Furthermore, knockdown of HPSE inhibited invasion
and liver metastasisin vitro and in vivo. RNA-sequencing analysis was performed upon
knockdown of HPSE, and several pathways were identi ed thagre closely associated

with invasion and metastasis. In addition, HPSE is positilee correlated with MMP1

expression in CRC, and HPSE regulates MMP1 expression via B3MAPK signaling

pathway. In conclusion, our data demonstrate that HPSE knokdown attenuated tumor

growth and liver metastasis in CRC, implying that HPSE mighéerve as a potential

therapeutic target in the treatment of CRC.

Keywords: colorectal cancer, heparanase, liver metastasis , MMP1, extracellular matrix

INTRODUCTION

Colorectal cancer (CRC) is the third most common diagnosatter and the fourth leading cause
of cancer-related mortality worldwide. Moreover, tumor isan and metastasis are the main
causes of mortality in CRC patients ¢). The liver is the most common site of CRC metastasis and
more than 50% of CRC patients will develop metastatic liveradis®, 4). Therefore, identi cation

of the mechanisms involved in the invasion and metastasi@R( is urgently needed.

The rstprocess in the invasion and metastasis of tumor celteé breakage of the tissue barrier
formed by the basement membrane and extracellular matrixMECGHeparanase (HPSE), the
only recognized mammalian endsD-glucuronidase, is responsible for the cleavage of heparan
sulfate (HS) chains of heparan sulfate proteoglycans (HSPGH#)eirECM as well as on the
tumor cell surface §). HPSE is rst synthesized as a laten65 kDa precursor protein and
then post-translationally cleaved into8 and 50 kDa subunits that non-covalently associate to
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form the active HPSE heterodime6)( HSPGs are important TABLE 1 | The sgRNAs sequences.
components of the ECM, and the activity of HPSE could lead 0
to the degradation of the ECM, which facilitates tumor cell™™ SORNA (5-3)

invasion (7). In addition, HS serves as a storage depot for many. CGCTTCCGCGGCCCGTTCAA
cytokines, including VEGF, bFGF and HGBE, ©). Cleavage of p; ACGGTTGGAATGGCCCTACE
HS by HPSE leads to the release of bioactive cytokines, whigh,
promotes tumor growth and angiogenesis. The upregulation of
HPSE has been implicated in many types of cancers, including
CRC (7, 10-13. Both HPSE mRNA and protein are practically

undetectable in morphologically normal colon epithelium,tbu - . .
. . . lIs were infected with Lenti-CAS9-puro (GeneChem Co. Ltd.
ducedd | sig¢16). Th f ce S Inte . )
are induced during colon carcinogenesis16). The presence o Shanghai, China) and selected witin@/mL puromycin. Then,

HPSE in CRC correlates with higher TNM stage, higher vascula . . -
in Itration, and higher lymph vessel in Itration (5). In addition, Cells stably expressing SWA480-CasS9 were infected with two

HPSE expression is frequently detected in the invasive frod?nt!v!rus-ngNA-EGFP vectors_targetmg HPSE and a control
of CRC (L5). Furthermore, the 5-year survival rate is higher entivirus-sgRNA-EGFP, respeciively. The sgRNA sequenees ar
for patients with negative HPSE expression, and signi canESted inTable 1 Exon 4 and Exon 3 of HPSE gene were targeted

correlations were reported between HPSE expression and liv y KD1 and KD2, respectively. Stable HPSE knockdown cells are

metastasisi(). Importantly, HPSE-transfected RPMI 4788 CRCreferred to as SW480-KD1, SW480-KD2, whereas control cells

cells showed increased invasiveness in invasion chambayss were named SW480-NC.

and the HPSE inhibitor SF-4 suppressed the invasion of RP . .

4788 cells15). Although the clinicg?signi cance of HPSE is Wel:szNA E)gtrqctlon and Real-Time Reverse

documented, the mechanisms of HPSE-mediated CRC invasiof@anscription-PCR

and metastasis need to be further explored. Total cellular RNA was isolated with TRIzol reagent (Invitroge

In this study, CRISPR/Cas9 technology was used t&arlsbad, CA, USA) according to the manufacturer's instiusi

manipulate HPSE expression in CRC cells. We showed thand quanti ed using a UV spectrophotometer. RNA was then

knockdown of HPSE suppresses CRC cell proliferation, invasiofgVverse transcribed to cDNA using PrimerScHptRT master

and liver metastasis. RNA-sequencing revealed that gersbs amix (Takara, Dalian, China). mMRNA expression was examined by

pathways involved in remodeling of ECM were attenuated upotieal-time reverse transcription PCR (RT-PCR) using SYBR Green

HPSE knockdown. These nding suggest that HPSE might be aMlix with a CFX96 real-time PCR system (Bio-rad, Richmond,

attractive target for the treatment of CRC. CA, USA). Each reaction was performed in triplicate. The rasult
were normalized to humarb-actin mRNA expression. The
primers used in this study are listed Tfable S1

TTCTCCAAAGCTTCGTACCT

For construction of the HPSE knockdown cell line, SW480

MATERIALS AND METHODS
Western Blot Analysis

Cell Lines and Cell Culture Proteins were extracted from samples using radio

I'q_ezgumacrj\ E%E)I_rleféal cancechll Iijn?s SW;:BCL’\ S\/\{620’_l_l‘ovfﬁ’lmunoprecipitattion assay (RIPA) bu er (Beyotime, Shanghai,
-9, an , were obtained from the American ypeChina) according to the manufacture's protocol. After gel

Culture (?ollection (A.TCC’ Manassas, VA, USA). Cells Wer%lectrophoresis, PVDF membranes were blocked in 5%
cqltured in DMEM (Gibco, Carlsbad_, CA, USA) SUpplerm.er.]t(_admiIk/PBS-T for 2h followed by overnight incubation at @
with 10% fetal calf serum (FCS) (Gibco), 100 U/mL penlC'"'n’with antibodies against HPSE (Proteintech, Chicago, IL, USA;

and 100 U/mL streptomycin (Gibco). All cells were cultured in 211000, 66226-1-g), phosphor-p38 (Cell Signaling, Bevd#y,
humidi ed 5% CQ, incubator at 37C. USA; 1:2000, 4511), p38 (Cell Signaling; 1:2000, 8690), MMP1
(Proteintech; 1:1000, 10371-2-AP), PCOLCE (OriGene Tech,
Lentiviral Constructs and Cell Infection Rockville, MD, USA; 0.5g/mL, TA337676), MMP10 (Abcam,
HPSE overexpression was induced with a lentiviral vectdesys Cambridge, MA, USA; 1:1000, ab199688), CEACAM6 (Abcam;
as previously described . Brie y, SW620 cells were infected 1:500, ab78029) aractin (Sigma- Aldrich, St Louis, MO, USA,
with HPSE lentiviral activation particles or control lentil  1:5000, A5316). After washes and incubation with respective
activation particles (Santa Cruz Biotechnology, Santa G4z horseradish peroxidase-conjugated secondary antibodies!f,
USA). The lentiviral activation particles contain the follmgi protein bands were visualized using the SuperSignal West Pico
SAM activation elements: a deactivated Cas9 nuclease (D10#aximum sensitivity substrate (Pierce, Rockford, IL, USA).
and N863) fused to the transactivation domain VP64, and a
blasticidin resistance gene; an MS2-p65-HSF1 fusion proteilMMuUNO uorescence Staining
and a hygromycin resistance gene; a target-speci ¢ 20ntegguidCells were seeded into 24-well plates containing glass cipgersl
RNA, and a puromycin resistance gene. Stable infected celts wen the bottom of the wells. Cells were xed with 4%
selected with 2ng/mL puromycin, 400ng/mL hygromycin Band paraformaldehyde for 30 min, permeabilized with Triton X-100
5mg/mL blasticidin S HCI. For convenience, these two celldinefor 10 min, and blocked with 2.5% bovine serum albumin for
are referred to as SW620-HPSE and SW620-Con, respectivelyl h. Cells were then incubated with the anti-HPSE antibody
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(Proteintech; 1:200, 66226-1-lg) for 1 h at room temperatureRNA Library Prep Kit for lllumina (NEB, Beverly, MA, USA) was
followed by incubation with Alexa Fluor 488-conjugatedused to construct libraries for sequencing. The nal libesrwere
secondary antibody for 1h. The cell nucleus was stainedquanti ed using the KAPA Library Quanti cation kit (KAPA
with DAPI for 5min. Images were captured with an inverted Biosystems, South Africa) and Bioanalyzer 2100 (Agilealp P
uorescence microscope (PerkinElmer, Norwalk, CT, USA).  Alto, CA, USA); libraries were then sequenced on a Hiseq 2500
platform (lllumina, San Diego, USA).
Cell Proliferation Assay Di erentially expressed genes (DEGs) were assessed using
Cell proliferation was determined with the CCK-8 assay. Cell€u di, with a false discovery rate correction for multiple
were incubated in 10% CCK-8 (Beyotime), which was dilutedesting. DEGs were considered signi cant when the log2 align
in normal culture medium for 1h at 3TC. The absorbance ratio was 1.0 or 1.0 with ap-value < 0.05 between
was measured at 450 nm using a SpectraMax M5 plate readesmparisons. By searching the ENSEMBL, NCBI, Uniprot, GO,
(Molecular Devices, Sunnyvale, CA, USA). and KEGG databases, BLAST (Basic Local Alignment Search
) Tool) alignment was performed to determine the functional
Invasion Assays annotation of DEGs. The best matches were selected to aenota
Invasion assays were performed using8 Transwell chambers the DEGs. Then, these DEGs were grouped and analyzed
coated with Matrigel (BD Biosciences, Bedford, MA, USA)using Gene Ontology (GO) enrichment analysis. And, these
Briey, cells were suspended in 108 serum-free medium DEGs were grouped into gene pathways using the pathway
and seeded into the upper chamber. The lower chamber wagrichment analysis with the following databases: KEGG,
lled with 600 mL DMEM medium supplemented with 10% BioCyc, Reactome, and Panther. Finally, the protein-protein
FCS. After 24 h of incubation, invaded cells were staineth witinteraction analysis was conducted using STRING database and
0.5% crystal violet (Beyotime) and examined by bright eldvisualized using Cytoscape software (Cytoscape ConsorBam,
microscopy (Leica, Wetzlar, Germany). Diego, CA, USA).

Animal Experiments ¢ » Statistical Analysis

For tumorigenicity assay, 1 10° cells were injected gyagigtical analyses were performed using Graphpad Prism 5.0
subcutaneously into the back of BALB/c nude mice. After ?(Graphpad San Diego, CA, USA) using Studertisst. Data are
weeks, mice were sacri ced; tumor xenografts were hardestepresented as the mean standard deviation except for where

weighted, and xed in formalin. noted.P < 0.05 was considered statistically signi cant.
For thein vivo liver metastasis assay, SW480 cells (2¢P)

were suspended in PBS and then injected into the spleen of 68
weeks old male BALB/c nude mice. Five weeks after intrasplenRESULTS

injection, mice were sacri ced, and spleen and livers specgne . . .
were xed in formalin. Sections (Ban thickness) of the liver HhIZSeEprE;(gcr)ﬁsosflggslg ;:IF\;EZ giﬂlklgrilsprotein level was

were made at 10 di erent layers to cover the entire organ an . . .
- ; : . . . evaluated in ve CRC celllines by qRT-PCR and western lnigiti
stained with hematoxylin and eosin (H&E). Metastatic focreve respectively. As shown iRigures 1A.8 SW480, and HCT116

counted under microscopy in a double-blinded manner. All

experimental procedures and protocols were approved by th:éeyﬁ ?_(preiﬁs hlgrlwler_lrehve:s of HtPSE mRNA a;\ggrsoéem C?mp%red
Institutional Animal Care and Use Committee. othatin other cells. The lowest expression o was faun

SW620 cells. Immuno uorescence staining revealed that EHPS

Immunohistochemical Analysis and is located primarily in the cytoplasm of CRC cellEdure 10).
Scoring Since SW480 and SW620 cells were isolated from the same

i . . . atient, they were selected as the “host” cell to evaluate the
Im_munoh|sto_chem|stry was performed as pre_wously de_zscrlbe unctional properties of HPSE in colorectal cancer cells.
Brie y, following depara nization and rehydration, the séions
were boiled in 10 mmol/L citrate buer (pH 6.0) for 15min . .
in a microwave oven. The sections Wer(epthen i)ncubated Witl!w_”:)_SE Promotes Proliferation of CRC Cells
anti-HPSE (Proteintech; 1:100, 66226-1-Ig) or anti-Kis#xg N vitro
Biotech, Fujian, China; 1:100, MAB-0672) antibodies owgtni The eect of HPSE on proliferation was reported in other
at4 C. Sections were washed for 2 h in TBST and then incubate®alignancies, but it remains to be investigated in CRC cells.
with secondary antibody (DAKO, Carpinteria, CA, USA; P0447)T0 this end, two gRNAs targeting dierent regions of the
atadilution of 1:100in TBST. Finally, the sections weraaliged HPSE gene were designed and we transfected the gRNA-
using diaminobenzidine solution (DAKO). The results wereCas9 expression vectors into SW480 cells to generate HPSE

veri ed by two patho|ogists independenﬂy. knockdown cells Eigure ZA), while SW620 cells were Stably
transfected with HPSE-expressing particleSig@res 2B,Q.
RNA Sequencing and Data Analysis Using the CCK-8 assay, we found that HPSE overexpression

Three independent experiments were performed for each grougesulted in signi cantly increased cell proliferation; inrteast,
to obtain biological replicates. RNA was extracted and secestn HPSE knockdown markedly decreased the proliferation of CRC
by CapitalBio Corporation (Beijing, China). The NEB Next Ultra cells Figures 2D,B.
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FIGURE 1 | HPSE expression in CRC cells(A) Quanti cation of HPSE mRNA expression in different CRC cell§'he expression of HPSE was normalized tb-actin.
Results are shown as the fold change of CRC cells relative toV8620 cells. Results are representative of three independem®xperiments and are presented as the
mean SEM. (B) Western blot analysis of HPSE expression in whole-cell lygss of CRC cells. SW480 and HCT116 cells exhibited higher expssion of HPSE
compared to the other cell lines.(C) Immuno uorescence staining demonstrated that HPSE was maimyllocalized in the cytoplasm of CRC cells. Green indicates
HPSE and blue indicates DAPI. Scale bar, 26m.
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FIGURE 2 | HPSE promotes the proliferation of CRC cellin vitro. (A) Crispr-Cas9 technology was used to knockdown HPSE expressin in SW480 cells and the
expression of HPSE was determined by western blotting(B,C) SW620 cells were infected HPSE lentiviral activation pactes and HPSE expression was determined
by (B) gRT-PCR and(C) western blotting. The proliferation o{D) SW480 cells and(E) SW620 cells was determined by the CCK-8 assayn(D 3). The OD450 value
was assessed at 1, 2, 3, 4, 5, and 6 days respectively.j < 0.001.

HPSE Accelerates Tumor Growth of CRC frequently used to assess proliferation in human cancer cells,

Cells in vivo immunohistochemistry analysis was performed to determine
To evaluate the role of HPSE in the proliferation of CR@ivo, Ki67 and HPSE expression in tumors derived from HPSE
CRC cells were subcutaneously injected into the ank regibn overexpression and knockdown cells. Representative pictures
BALB/c nude mice and xenografts were harvested at 3 weeks$ Ki67 staining are shown irrigures 3C,0 Compared with
after transplantation. As shown iRigure 3A, the tumor weight SW480-NC group, Ki-67 quanti cation revealed a signi cant
of the SW480 HPSE-knockdown group was much smaller thareduction of tumor cell proliferation in HPSE-knockdown grou
that in the control group (0.114 0.038g, 0.127 0.054g vs. (59.14 3.43% vs. 35.13 3.14%, 32.50 4.90%, < 0.001)
0.326 0.065g,p < 0.001). In contrast, tumors formed by (Figure 3. Conversely, higher tumor cell proliferation was
SW620-HPSE cells were larger than that in SW620-Con celtdserved in SW620-HPSE group compared to SW620-Con group
(0.328 0.202g vs. 0.1376 0.037g) Figure 3B). As Ki67 is (74.16 5.74% vs. 48.59 5.00,p < 0.001) Figure 3F. These
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FIGURE 3 | HPSE promotes the proliferation of CRC cellin vivo. Cells were injected subcutaneously into the back of BALB/c nde mice. Mice were sacri ced at 3
weeks after transplantation. The xenografts were excisedral weighted. (A) Knockdown of HPSE expression inhibited tumorigenicity of @480 cells in BALB/c nude
mice (0 D 6). The weight of tumors originating from SW480-NC is largehan that arising from SW480-KD1 and SW480-KD2 cells (leftanel). A representative
photograph of tumor size is shown (right panel)(B) Overexpression of HPSE in SW620 cells promoted the growth ahouse xenograft tumors (1 D 6). Scale bar,

1 cm. Immunohistochemistry analysis of HPSE and Ki-67 expreson in xenografts originating from(C) SW480 and (D) SW620 cells. Scale bar, 100mm. Quanti cation
of tumor cell proliferation in(E) SW480 and (F) SW620 xenografts using Ki-67 stainingr{ D 6). Data are expressed as Ki-67 positive tumor cells as peregage of total
tumor cells. < 0.05, **p < 0.001.

data indicate that HPSE promotes the proliferation of CRAdenti cation of DEGS in

cellsin vivo. HPSE-Knockdown SW480 Cells

To better understand the role of HPSE in CRC cell invasion
Knockdown of HPSE Suppresses the and metastasis, we took advantage of next generation RNA
Invasion and Metastasis of CRC Cells sequencing technology to analyze mRNA transcriptome

To explore the e ect of HPSE on the invasion of CRC cells, anli erences between SW480-KD1 and SW480-NC cells. The data
invasion assay was used to determine the invasiveness @®W4ave been deposited under GEO accession number GSE126504.
cells after HPSE knockdown. After 24 h, the cells on the loweWe identied a total of 104 genes that were signi cantly
surface of the chamber were xed, stained, and examined undeipregulated Table S3 and a total of 83 genes that were

a microscope. Knockdown of HPSE was found to signi cantlysigni cantly downregulated Table S3 in SW480-KD1. To
suppress the invasive ability of SW480 cefligjres 4A,B. To  obtain a global view of these DEGs, hierarchical clustering w
further investigate the pro-metastatic activity of HPSE,480/ constructed Figure 5A). Additionally, the degree of expression
cells were injected into the spleen of 6- week-old male BALB/change of these DEGs between the two groups is shown as a
nude mice. After 5 weeks, the mice were sacri ced, and theivolcano plot in Figure 5B To further validate the reliability
livers were xed. Metastatic foci in the livers were count@dir  of the RNA-seq results, twelve DEGs were selected for gRT-
results showed that liver metastasis was signi cantly biteh ~ PCR validation, includingPCOLCE COL7A1 FUT3 CASP10

by HPSE knockdownHigures 4C,0). Combining the two HPSE FBLN5 PTGS2CXCL§ MMP13 MMP7, MMP10 MMP1, and
knockdown groups, metastasis was found in the livers of 50%EACAMG6(Figure 5C). The gRT-PCR results are in accordance
(4/8) of the mice. In contrast, metastatic foci were foundaih  with RNA-seq data. Western blot analysis was also used to
livers of the control group. These results suggest that HBSE validate some DEGs, including MMP1, PCOLCE, MMP10, and
critical for tumor invasion and metastasis in CRC. CEACAMG (Figure 5D). Except for CEACAMS6, the protein
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FIGURE 4 | Knockdown of HPSE inhibits CRC cells invasioin vitro and liver metastasisin vivo. (A) An invasion assay was performed in a Matrigel-coated transeil
chamber; representative images of invasion assay are showiiB) The invasive ability of SW480 cells was inhibited by HPSE kokdown (n D 5). (C) SW480 cells were
injected into the spleens of BALB/c mice. After 6 weeks, the ntie were sacri ced, and their livers were xed. Microscopic lier metastases were detected by H&E
staining. (D) The metastatic foci were counted § D 4). HPSE knockdown in SW480 cells resulted in fewer metastat foci in the liver. p < 0.05, ***p < 0.001.

levels of MMP1, PCOLCE, and MMP10 are in accordance witland facilitate tumor cell invasion. We thus further analyzed
RNA-seq data. the data from TCGA and showed thatPSEis positively
To identify signaling pathways involved in HPSE-correlated with the expression dfiMP1 in colon cancer
knockdown cells, we mapped the ENSEMBL, NCBI, Uniprot(r D 0.3476,p < 0.0001) and rectal cancer © 0.3428,
GO, and KEGG databases; the top 20 enriched pathways< 0.0001) Figures 7A,B, but not MMP7, MMP10 and
are shown inFigure 6A and Table S4 DEGs were highly MMP13(Figure SJ.
clustered in several pathways, such as “collagen degradatio It has been shown that MMP1 is regulated by the p38 MAPK
“activation of matrix metalloproteinases.” “Extracellulaatrix  signaling pathway in colorectal cancet7). Our results also
organization” and “degradation of the extracellular mafrix showed that knockdown of HPSE decreased the expression
suggesting that HPSE may perform its function throughof MMP1 and the phosphorylation of p38. By contrast,
the regulation of genes involved in the remodeling of theHPSE overexpression led to increased levels of MMP1 and
extracellular matrix. phosphorylation of p38, and the increase was abolished by the
GO analysis was then performed to group genes witlreatment of SB203580 (a p38 pathway inhibitdfigure 70. In
similar function and associations. The top 20 enriched GCaddition, Cytoscape software was used to analyze protein-iprote
terms are shown inFigure 6B and Table S5 In the cellular interaction of these di erentially expressed genes. As shawn i
component category, the DEGs were mostly enriched in plasnféigure 7D, MAPK14 (p38) was most enriched with 26 proteins
membrane part. In the molecular function category, genesonnected, of which MMP1 was one of the proteins having the
associated with serine-type endopeptidase inhibitor agtiviere  highest score (scor® 882) (Table S§. Collectively, these data
enriched. Notably, in the biological process analysis, genésdicate that HPSE might regulate MMP1 expression via the p38
involved in extracellular matrix organization were sigoantly MAPK signaling pathway.
enriched, includingMP1, MMP7, MMP10, MMP13 COLA71

andFBLNS DISCUSSION
_HPSE Is Positively Correlated With MMP1 The liver is the most common site of CRC metastasis because
in CRC the majority of intestinal mesenteric drainage enters tlepdtic

Knockdown of HPSE is accompanied by downregulation oportal venous system1f). High expression of HPSE has
MMP1, MMP7, MMP10 and MMP13 all of which are been reported in CRC and is correlated with poor prognosis
directly involved in the degradation of extracellular matri and liver metastasis1(, 15. However, it is still not clear
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relative expression(B) Distribution of the differentially expressed genes is shawas a volcano plot. The detected genes are presented using &2 (fold change) on the
x-axis and -log10 p-value) on the y-axis.(C) Twelve differentially expressed genes were selected and kidated using qRT-PCR. Results are representative of three
independent experiments and are presented as the mean SEM. (D) The protein levels of HPSE, MMP1, PCOLCE, MMP10, and CEACAM&ere also validated by
Western blot analysis.b-actin was used as internal control.

whether HPSE is directly involved in CRC cell invasionproliferation (Figures 23). Furthermore, Doniner et al. also
and metastasis. Here, we demonstrated that the proliferatiomeported that overexpression of HPSE in HT29 CRC cells
invasion and liver metastasis of CRC cells are inhibited bpromote xenografts growthl@). Of particular interest, our data
HPSE knockdown. demonstrated that knockdown of HPSE attenuated CRC liver
HPSE is a highly versatile protein aecting multiple metastasis in a mouse model of liver metastasigure 4).
events in tumor progression, including cell adhesion, inmas To the best of our knowledge, this is the rst study to apply
and angiogenesis. Strategies targeting HPSE have also b&@RISPR-Cas9 technology to knockdown of HPSE expression and
developed, including neutralizing antibody, heparan selfat provide direct evidence of the role of HPSE in liver metastasi
mimetics, and siRNA19). CRISPR-Cas9 is a new gene editingof CRC.
technique with high target-speci city, and there is greateirest Since the mechanisms involved in HPSE-mediated invasion
in evaluating its potential for human gene therapy0X  and metastasis have not yet been elucidated, we utilized RNA-
In this study, two gRNAs targeting HPSE were shown tcseq technology to prole dierentially expressed genes and
e ciently knockdown HPSE expressionF{gure 2A). Several pathways in HPSE-knockdown CRC cells. A total of 187 genes
groups have reported that inhibition of HPSE expression byvere identi ed, of which 104 genes were upregulated and 83
small interference RNA resulted in decreased proliferatiodownregulatediigure 5). Interestingly, several genes associated
and invasion in other malignancie1-23). Consistent with with cancer cells invasion were downregulated upon HPSE
those results, we also demonstrate that knockdown of HPSEhockdown, includingMMP1, MMP7, MMP10 MMP13 and
inhibits proliferation and invasion of SW480 cells. In ccedt, CEACAMG6(Figure 5C). Decreased MMP1 and MMP10 protein
overexpression of HPSE in SW620 cells resulted in increasél/els were also observed in HPSE knockdown cells, but not for
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FIGURE 6 | Enriched pathway statistics and GO functional classi catin of the DEGs.(A) Scatter plot of enriched pathway statistics. These diffemtially expressed
genes were grouped into gene pathways using the pathway erchment analysis with the databases of KEGG, BioCyc, Reactom and Panther. The color and size of
the dots represent the range of thep-value and the number of DEGs mapped to the indicated pathwag, respectively. Top 20 enriched pathways are shown(B) Top
20 signi cantly enriched GO terms. The DEGs are summarized ithree main categories: biological process (blue), molecait function (red), and cellular component
(yellow). The x-axis indicates -log10p(-value) and the y-axis indicates different GO terms.

CEACAMBG6 (Figure 5D). In addition, PCOLCE was upregulated by SB203580 markedly inhibited the induction of MMP1 in
in HPSE knockdown cells and PCOLCE might have an MMPHPSE-overexpression cellBigure 7C right panel). Moreover,
inhibitory activity (24). Of note, we showed thaHPSEis strong interactions between p38 and MMP1 demonstrated by
positively correlated withMMP1 expression by analyzing TCGA protein-protein interaction analysisTéble S§. Notably, MMP9
databaseRigures 7A,B. MMP1 is a collagenase that degradeshas been reported to be regulated by HPSE in myeloma
ECM, especially type I, Il and Il collagens. In CRC, MMP1cells ¢7), but our RNA-seq results did not show dierence
expression correlates with advanced stage and poor prognosis, MMP9 expression. Taken together, these results suggested
and CRC invasion and migration correlated with increased¢hat HPSE might regulate MMP1 expression by p38 MAPK
MMP1 expression 45). Previously, Zetser et al. showed thatsignaling pathway.

the levels of p38 phosphorylation were increased upon HPSE Additionally, we performed GO analysis, demonstrating
overexpression in MDA-MB-453 and HEK293 cells. In this studythat genes associated with “extracellular matrix orgaiordt

we also showed that overexpression of HPSE lead to increasedthe biological process category were enrich&jire 6B).

p38 phosphorylation and HPSE knockdown attenuated the p38/e further analyzed these DEGs by pathway analysis. Notably,
phosphorylation in CRC Kigure 70Q). In addition, MMP1 has these DEGs are highly enriched in pathway involved in ECM
been shown to be tightly regulated by p38 MAPK signalingemodeling, including “collagen degradation,” “activati of
pathway (7, 26). In our study, inhibition of p38 activity matrix metalloproteinases,” “extracellular matrix orgaatinn”
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FIGURE 7 | Correlation between the expression of HPSE and MMP1 in colopancer and rectal cancer.(A,B) Positive correlations between the transcriptional levels
of HPSE and MMPL1 in(A) colon cancer and (B) rectal cancer. These analyses were performed by analyzingoton and rectal cancer data from TCGA. The correlation
between gene expression levels was analyzed by the Pearsorocrelation test. (C) Western blot analysis of MMP1, p38, and p-p38 expression upo knockdown of
HPSE (left panel) and overexpression of HPSE (right panebW620-HPSE cells were treated with or without p38 pathway ihibitor (SB203580, 10mM). (D) The
interactions of the DEGs identi ed from RNA-seq analysis werextracted from STRING database and visualized using Cytoape software. The nodes represent
proteins and edges represent pairwise interactions. The sé of the nodes is proportional to the number of connections stablished with other genes. The color, from
green to red, is used to measure betweenness centrality (BCThe BC quanti es how drastically a gene in uences the structwe of the whole network. p38 has the
largest number of neighboring proteins and MMP1 is tightlyriked to p38.

and “degradation of the extracellular matrix,” further Committee of Jining Medical University. The protocol was
suggesting the importance of HPSE in CRC invasion andpproved by the Medical Animal Care and Welfare Committee
metastasisHigure 6A). of Jining Medical University.
In conclusion, our data indicate that knockdown of HPSE can
e ciently inhibit the proliferation, invasion and liver meistasis AUTHOR CONTRIBUTIONS
of CRC cells. Furthermore, RNA-seq analysis revealed th&mHP
is tightly linked to the pathways involved in ECM remodeling,ZZ and J-WS conception, design, writing and review of the
and therefore contributes to the invasion and metastasis ahanuscript. XL, WL, JL, and M-JZ acquisition of data. ZZ, SZ,
CRC. These ndings demonstrate that HPSE plays a criticadnd J-WS analysis and interpretation of data.
role in the regulation of malignant behavior of CRC cells and
suggests that HPSE might be an attractive anti-cancer ttarge UNDING
in CRC.
This study was funded by the National Natural Science
Fund for Youth (No. 81602097), Beijing Municipal Natural
DATA AVAILABILITY Science Foundation (7182162), Beijing Nova Project
Publicly available datasets were analyzed in this studig. data  (£181100006218016), Natural Science Foundation of Si@ndo
can be found here: http://www.cbioportal.org. Province (No. ZR2017BH080).

SUPPLEMENTARY MATERIAL
ETHICS STATEMENT

The Supplementary Material for this article can be found

This study was carried out in accordance with theonline at: https://www.frontiersin.org/articles/10.38&nc.
recommendations of the Medical Animal Care and Welfare2019.00216/full#supplementary-material

Frontiers in Oncology | www.frontiersin.org 9 April 2019 | Volume 9 | Article 216



Liu et al. Heparanase Promotes Colorectal Cancer Metastasis
REFERENCES 16. Doviner V, Maly B, Kaplan V, Gingis-Velitski S, llan N, Vlodaysk

I, et al. Spatial and temporal heparanase expression in colon mucosa
1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generaGell throughout the adenoma-carcinoma sequended Pathol (2006) 19:878-88.

2.

10.

11.

12.

13.

14.

15.

(2011) 144:646-74. doi: 10.1016/j.cell.2011.02.013

Arnold M, Sierra MS, Laversanne M, Soerjomataram |, Jemal A, Be&ipbal
patterns and trends in colorectal cancer incidence and mortaBiyt. (2017)
66:683-91. doi: 10.1136/gutjnl-2015-310912

. Tomlinson JS, Jarnagin WR, DeMatteo RP, Fong Y, Kornprat P, Qdnetal.

Actual 10-year survival after resection of colorectal liver rsietses de nes
cure.J Clin Oncal(2007) 25:4575-80. doi: 10.1200/JC0.2007.11.0833

. House MG, Kemeny NE, Gonen M, Fong Y, Allen PJ, Paty PB, et al.

Comparison of adjuvant systemic chemotherapy with or without
hepatic arterial infusional chemotherapy after hepatic resectionl9.
for metastatic colorectal cancerAnn Surg (2011) 254:851-6.

doi: 10.1097/SLA.0b013e31822f4f88

. Pisano C, Vlodavsky I, llan N, Zunino F. The potential of hepasm

as a therapeutic target in canceBiochem Pharmacol2014) 89:12-9.
doi: 10.1016/j.bcp.2014.02.010

. FuxL,llan N, Sanderson RD, Vlodavsky |. Heparanase: busy egliteurface.

Trends Biochem S¢R009) 34:511-9. doi: 10.1016/j.tibs.2009.06.005

. Weissmann M, Arvatz G, Horowitz N, Feld S, Naroditsky |, Zhang

Y, et al. Heparanase-neutralizing antibodies attenuate lymphoma tumor
growth and metastasisProc Natl Acad Sci USA(2016) 113:704-9.
doi: 10.1073/pnas.1519453113

. Lindahl U, Li JP. Interactions between heparan sulfate and imotesign

and functional implications.Int Rev Cell Mol Biol (2009) 276:105-59.
doi: 10.1016/S1937-6448(09)76003-4

. Sanderson RD, Elkin M, Rapraeger AC, llan N, Vlodavsky I. Hepaganas23.

regulation of cancer, autophagy and in ammation: new mechanismg an
targets for therapyFEBS .J2016) 284:42-55. doi: 10.1111/febs.13932

Sato T, Yamaguchi A, Goi T, Hirono Y, Takeuchi K, Katayama Kalet
Heparanase expression in human colorectal cancer and its relationship
tumor angiogenesis, hematogenous metastasis, and progddsisg Oncol
(2004) 87:174-81. doi: 10.1002/js0.20097

Ogishima T, Shiina H, Breault JE, Tabatabai L, Bassett W\Wkidnd,

etal. Increased heparanase expression is caused by promoter hyponi@thyla 26.

and up-regulation of transcriptional factor early growth response-1 in
human prostate cance€lin Cancer Re$2005) 11:1028-36. Available online
at: http://clincancerres.aacrjournals.org/

Kundu S, Xiong A, Spyrou A, Wicher G, Marinescu VD, Edqvist27.

PD, et al. Heparanase promotes glioma progression and is inversely
correlated with patient survivalMol Cancer Res(2016) 14:1243-53.
doi: 10.1158/1541-7786.MCR-16-0223

Song JW, Tan YX, Li SB, Zhang SK, Wan LM, Ji SP, et al. Gemeitabi

17.

18.

20.

21.

22.

24.

25.

doi: 10.1038/modpathol.3800603

Xiang T, Fei R, Wang Z, Shen Z, Qian J, Chen W. Nicotine erdg®mn
invasion and metastasis of human colorectal cancer cells throwghitiotinic
acetylcholine receptor downstream p38 MAPK signaling path@enzol Rep
(2016) 35:205-10. doi: 10.3892/0r.2015.4363

Zarour LR, Anand S, Billingsley KG, Bisson WH, Cercek A, Clarke
MF, et al. Colorectal cancer liver metastasis: evolving paradigms and
future directions. Cell Mol Gastroenterol Hepatol(2017) 3:163-73.
doi: 10.1016/j.jcmgh.2017.01.006

Hammond E, Khurana A, Shridhar V, Dredge K. The role of heparanase an
sulfatases in the modi cation of heparan sulfate proteoglycansiwithe
tumor microenvironment and opportunities for novel cancer therapesiti
Front Oncal (2014) 4:195. doi: 10.3389/fonc.2014.00195

Hsu PD, Lander ES, Zhang F. Development and applications of
CRISPR-Cas9 for genome engineerin@ell. (2014) 157:1262-78.
doi: 10.1016/j.cell.2014.05.010

Zheng L, Jiang G, Mei H, Pu J, Dong J, Hou X, et al. Small RNA
interference-mediated gene silencing of heparanase abolishe@stasion,
metastasis and angiogenesis of gastric cancerB®IIS.Cancer(2010) 10:33.
doi: 10.1186/1471-2407-10-33

Xiong Z, Lu MH, Fan YH, Cao YL, Hu CJ, Wu YY, et al. Downregulation
of heparanase by RNA interference inhibits invasion and tumaorgés of
hepatocellular cancer cellsvitro andin vivo. Int J Oncal (2012) 40:1601-9.
doi: 10.3892/ij0.2012.1338

Zheng H, Ruan J, Zhao P, Chen S, Pan L, Liu J. Heparanase isthvolv
proliferation and invasion of ovarian cancer celZancer Biomark(2015)
15:525-34. doi: 10.3233/CBM-150459

Baker AH, Edwards DR, Murphy G. Metalloproteinase inhibitorsidgical
actions and therapeutic opportunitie3.Cell Sci(2002).115(Pt 19):3719-27.
doi: 10.1242/jcs.00063

Said AH, Raufman JP, Xie G. The role of matrix metalloproteinases in
colorectal canceCancers(2014) 6:366—75. doi: 10.3390/cancers6010366
Reunanen N, Li SP, Ahonen M, Foschi M, Han J, Kahari VM vatitn of p38
alpha MAPK enhances collagenase-1 (matrix metalloproteinase (MMP)-1)
and stromelysin-1 (MMP-3) expression by mRNA stabilizatidrBiol Chem.
(2002) 277:32360-8. doi: 10.1074/jbc.M204296200

Purushothaman A, Chen L, Yang Y, Sanderson RD. Heparanasdagiimu

of protease expression implicates it as a master regulator of the
aggressive tumor phenotype in myelondaBiol Chem(2008) 283:32628-36.
doi: 10.1074/jbc.M806266200

induced heparanase promotes aggressiveness of pancreatic canGamict of Interest Statement: The authors declare that the research was

cells via activating EGFR signalingdncotarget (2017) 8:58417-29.
doi: 10.18632/oncotarget.16911
Friedmann Y, Vlodavsky I, Aingorn H, Aviv A, Peretz T, Peckertlale

conducted in the absence of any commercial or nancial relatidps that could
be construed as a potential con ict of interest.

Expression of heparanase in normal, dysplastic, and neoplastic humarna@olo Copyright © 2019 Liu, Zhou, Li, Zhang, Li, Zhou and Song. This @pan-access

mucosa and stroma. Evidence for its role in colonic tumorigenesim J
Pathol.(2000) 157:1167-75. doi: 10.1016/S0002-9440(10)64632-9

article distributed under the terms of the Creative CommAdribution License (CC
BY). The use, distribution or reproduction in other forumseisnitted, provided

Nobuhisa T, Naomoto Y, Ohkawa T, Takaoka M, Ono R, Muratathe original author(s) and the copyright owner(s) are @ddind that the original
T, et al. Heparanase expression correlates with malignant potential ipublication in this journal is cited, in accordance withegted academic practice.
human colon cancer.J Cancer Res Clin Onco(2005) 131:229-37. No use, distribution or reproduction is permitted whichsdua comply with these

doi: 10.1007/s00432-004-0644-x

terms.

Frontiers in Oncology | www.frontiersin.org

10

April 2019 | Volume 9 | Article 216



