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Hepsin, a type II transmembrane serine protease, is commonly overex-
pressed in prostate and breast cancer. The hepsin protein is stabilized by
the Ras-MAPK pathway, and, downstream, this protease regulates the deg-
radation of extracellular matrix components and activates growth factor
pathways, such as the hepatocyte growth factor (HGF) and transforming
growth factor beta (TGFp) pathway. However, how exactly active hepsin
promotes cell proliferation machinery to sustain tumor growth is not fully
understood. Here, we show that genetic deletion of the gene encoding hep-
sin (Hpn) in a WAP-Myc model of aggressive MYC-driven breast cancer
inhibits tumor growth in the primary syngrafted sites and the growth of
disseminated tumors in the lungs. The suppression of tumor growth upon
loss of hepsin was accompanied by downregulation of TGFB and EGFR
signaling together with a reduction in epidermal growth factor receptor
(EGFR) protein levels. We further demonstrate in 3D cultures of patient-
derived breast cancer explants that both basal TGFp signaling and EGFR
protein expression are inhibited by neutralizing antibodies or small-
molecule inhibitors of hepsin. The study demonstrates a role for hepsin as
a regulator of cell proliferation and tumor growth through TGFB and
EGFR pathways, warranting consideration of hepsin as a potential indirect
upstream target for therapeutic inhibition of TGFB and EGFR pathways
in cancer.

Abbreviations

BRB-seq, Bulk RNA barcoding and sequencing; cDNA, complementary DNA; DAB, 3,3'-diaminobenzidine; Dox, doxycycline; ECM,
extracellular matrix; EGFR, epithelial growth factor receptor; GSEA, gene signature enrichment analysis; HGF, hepatocyte growth factor;
IHC, immunohistochemical staining; KO, knockout; MAPK, mitogen-activated protein kinase; MCF10A-HT cells, MCF10A-pIND20-HPN pL6-
TGFB1V5 cells; MCF10A-pIND20-HPN cells, MCF10A cells engineered to express doxycycline (dox)-inducible hepsin; MSP, macrophage
stimulating protein; ORF, open reading frame; PDEC, patient-derived explant culture; PDGF, platelet-derived growth factor; TGF,
transforming growth factor beta; TTSP, type Il transmembrane serine protease; WT, wild-type.
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Hepsin-TGFB-EGFR axis in breast cancer

1. Introduction

Hepsin, a member of the Type I Transmembrane Serine
Proteases (TTSPs) family, is frequently overexpressed in
the prostate [1], ovarian [2], and breast cancer [3.,4].
Functions of this protease include regulation of epithe-
lial integrity [3-5] and proteolytic activation of hepato-
cyte growth factor (HGF) and macrophage stimulating
protein (MSP) [6,7]. We recently demonstrated that hep-
sin regulates transforming growth factor B (TGFp) sig-
naling in the murine mammary gland and breast cancer
models through a release of latent TGFp from extracel-
lular matrix (ECM) storage [8]. In models of breast can-
cer, hepsin is required for oncogenic Ras-mediated loss
of epithelial integrity and tumor progression [4]. Fur-
thermore, in prostate cancer models, hepsin overexpres-
sion promotes metastatic dissemination without notably
affecting primary tumor growth [1,9]. Moreover, in
WAP-Myc model of aggressive MY C-driven breast can-
cer, an inducible hepsin overexpression decreases tumor
latency concomitantly with loss of epithelial integrity
[3]. Taken together, the current data suggest a critical
role for hepsin in mediating tumor progression but it is
unclear whether hepsin acts primarily to invasive and
metastatic processes through breakdown or modulation
of the extracellular matrix or whether the overexpres-
sion of hepsin also directly promotes tumor cell prolifer-
ation through activation of growth-promoting signaling
pathways. New insight into these open questions would
allow more definitive assessment of the potential of hep-
sin as a target for anticancer drug development.

Here, we explored the role of hepsin in cancer cell
growth signaling using a syngrafted mouse model of
hepsin-deficient breast cancer, genetically engineered
breast cancer cell lines, and patient-derived breast can-
cer explant cultures (PDECs) exposed to specific inhib-
itors of hepsin. We report that hepsin promotes cell
proliferation by activating the TGF epidermal growth
factor receptor (TGFB-EGFR) signaling axis. In a
WAP-Myc mouse model of breast cancer, hepsin
knockout reduced mammary tumor growth at the pri-
mary and metastatic sites, accompanied by downregu-
lation of TGFPB, EGFR, and mitogen-activated protein
kinase (MAPK) signaling, whereas in the mammary
tumors with inducible hepsin overexpression the same
signaling pathways were upregulated. We also demon-
strate that hepsin-induced cell proliferation is coupled
to TGFB-EGFR signaling in the 3D cultures of mam-
mary epithelial cells. Finally, we demonstrate that a
hepsin function-blocking antibody Ab25 [10] and
a hepsin small molecule inhibitor ZFH7116 [11,12] can
be used as molecular tools to downregulate TGFp sig-
naling and EGFR protein levels in PDECs. Thus, the
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type II transmembrane protease hepsin may offer an
indirect yet highly accessible extracellular route to
inhibit TGFB/EGFR pathway in cancer.

2. Materials and methods

2.1. Cell lines

Cell lines were regularly tested for mycoplasma contam-
ination and authenticated by using GenePrint 24 System
kit (Promega, Cat #B1870, Madison, WI, USA) at Insti-
tute for Molecular Medicine Finland (FIMM) Geno-
mics unit (HIiLIFE infrastructures, University of
Helsinki and Biocenter Finland). The MCF10A (ATCC
Cat# CRL-10317, RRID:CVCL_0598) cell line was
obtained from the American Type Culture Collection
and cultured as described previously [3] in MCDB 170
(US Biological, Salem, MA, USA) supplemented with
5 pg-mL ™" insulin, 70 pg-mL~" bovine pituitary extract,
0.5 uL-mL~"  hydrocortisone, 5 ng-mL~' EGF,
5 pg-mL~" human transferrin, and 0.01 pMm isoproprete-
nol (all from Sigma Aldrich, St.Louis, MO, USA). The
MCF10A-based cell lines harboring the pLenti6-TGF-
B1V5 and inducible hepsin overexpression constructs
were published previously [3,8].

2.2. BNASeq from mouse and human tumor
tissue samples

RNA was extracted from tumors using Precellys hard-
tissue beads and TRIzol. RNA was then DNase trea-
ted and purified using RNeasy Mini Kit from Qiagen
(Germantown, MD, USA).

The Bulk RNA barcoding and sequencing (BRB-seq)
was performed as described before [13]. RNA sample
(10 ng) barcoding was performed with Indexing Oligo-
nucleotides (Integrated DNA Technologies, Coralville,
IA, USA). Complementary DNA (¢cDNA) was prepared
with RT mix containing Maxima RT buffer, 1 mm
dNTPs, Maxima H-RTase (all ThermoFisher Scientific,
Waltham, MA, USA), and Template Switch Oligo (Inte-
grated DNA Technologies). RNAse inhibitor used was
RiboLock (ThermoFisher Scientific).

cDNA amplification was done with PCR using RT
mix as a template, SMART PCR primer, 1x HiFi, Hot-
Start Readymix (Kapa Biosystems, Wilmington, MA,
USA). The samples were thermocycled in a T100 ther-
mocycler (BioRad, Hercules, CA, USA). According to
the manufacturer’s instructions, the PCR products were
pooled together in sets of 12 samples containing differ-
ent Indexing Oligos and purified with 0.6x Agencourt
AMPure XP beads (Beckman Coulter, Brea, CA, USA).
The purified cDNA was fragmented using the Nextera
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kit. The reaction was performed according to the manu-
facturer’s instructions, apart from the P5 SMART
primer instead of the S5xx Nextera primer.

Qubit 2 fluorometer (Invitrogen, Carlsbad, CA,
USA) was used for concentration measurements with
the Qubit DNA HS Assay Kit (ThermoFisher Scien-
tific). Library quality estimates were obtained using the
LabChip GXII Touch HT (PerkinElmer, Shelton, CT,
USA), with the DNA High Sensitivity Assay (PerkinEl-
mer) and the DNA 5 K/RNA/Charge Variant Assay
LabChip (PerkinElmer). Sequencing was performed
with Illumina NextSeq 500, with a custom primer pro-
ducing read 1 of 20 bp and read 2 (paired-end) of
50 bp (Sequencing was performed at the Functional
Genomics Unit of the University of Helsinki, Finland).

Oligonucleotide sequences: SMART PCR primer:
AAGCAGTGGTATCAACGCAGAGT P5 SMART
primer: AATGATACGGCGACCACCGAGATCTAC
ACGCCTGTCCGCGGAAGCAGTGGTATCAACG
CAGAGT*A*C TSO: AAGCAGTGGTATCAACG
CAGAGTGAATrGrGrG Sequencing read 1: GCCTG
TCCGCGGAAGCAGTGGTATCAACGCAGAGTAC.

Analysis of the data was performed using Gsea 4.1.0
[14]. Clustering of the gene sets was analyzed and illus-
trated using CYTOSCAPE [15].

2.3. qRT-PCR

After the RNA isolation from tumors (described above),
c¢DNA synthesis was performed using iScript™ Reverse
Transcription  Supermix following manufacturer’s
instructions (Bio-Rad, #1708840). Primer sequences for
mouse Egfir were obtained from PrimerBank (ID:
10880776al1). DNA oligo primers were purchased from
Sigma-Aldrich/Merck (Darmstadt, Germany). For mea-
suring Egfr mRNA levels, the qPCR was performed
with iQ™ SYBR Green Supermix according to instruc-
tions of the manufacturer (Bio-Rad, #1708882) in a
CFX Duet Real-Time PCR System (Bio-Rad). The
reaction conditions were as follows — initial denatur-
ation: 95 °C, 3 min and denaturation and annealing
(40 cycles): 95 °C, 10 s; 61 °C, 30 s, 72 °C (single), 10 s.
Relative mRNA levels of Egfr were obtained by com-
paring PCR cycles to Gapdh using the AACt method
and normalizing the samples to control genotype. Nega-
tive controls (H,O and negative reverse transcriptase
control) were included in the assay and all samples were
tested in three technical replicates.

2.4. 3D cell and PDEC culture experiments

Hepsin-TGFB-EGFR axis in breast cancer

Systems, 3533-005-02, Minneapolis, MN, USA) 3D
matrix and serum-free media as described in [3,8].
Human tumor samples were obtained from elective
breast cancer surgeries between May 2019 and May
2020 at the Helsinki University Central Hospital (Ethi-
cal permit: 243/13/03/02/2013/TMKO02 157 and HUS/
2697/2019 approved by the Helsinki University Hospi-
tal Ethical Committee). The procedure for Patient
Derived Explant Cultures (PDECs) starts from pri-
mary breast tumors that come fresh from the elective
breast cancer surgeries. Isolated tumor samples are
incubated overnight in collagenase A (1 mg-mL™";
Sigma) containing the MammoCult media (StemCell
technologies, Vancouver, Canada) with gentle shaking
(130 r.p.m.) at +37 °C. The resulting explants are col-
lected via centrifugation at 353 rcf for 3 min and
washed once with the culture medium. The size of the
tumor fragments varies in size (diameter between 20
and 250 um). The procedures for preparing explant
cultures have been described in detail elsewhere [16-18].
In brief, 10 pL of explants was mixed with 40 pL per
well of Cultrex on an 8-well chamber slide. 0.5 mL of
Mammocult media was added per 8-chamber slide well
after the matrix was solidified. The 0.1% DMSO was
used as a control, and 5 um Ab25 was added to the
cultures for 48 h.

The patients participated to this study by signing a
written consent form designed according to Declara-
tion of Helsinki and the study methodologies con-
formed to the standards set by the Declaration of
Helsinki.

2.5. Antibodies and inhibitors

The inhibitors used in this study were K02288 (Selleckchem,
S7359, Houston, TX, USA), Galunisertib/LY2157299 (Sell-
eckchem, S2230), RepSox (Sigma-Aldrich/Merck, R0158),
A-83-01 (MedChem Express, HY-10432, Monmouth Junc-
tion, NJ, USA), Erlotinib (EGFRI, Selleckchem, S1023),
and human ALKI inhibitory antibody (R&D Systems,
MAB3701). The hepsin inhibitory antibody (Ab25) was a
kind gift from Dr. Kirchhofer, Genentech [10]. ZFH7116
provided by Dr. Janetka [12]. The antibodies used in this
study were Anti-sheep HRP (Upstate cell signaling solu-
tions, #12-342), anti-rabbit HRP (Millipore, AP132P, Bur-
lington, MA, USA), anti-hepsin (R&D Systems, AF4776),
anti-GAPDH  (CST#2118S), anti-pB-tubulin  (Abcam,
ab6046, Cambridge, UK), anti-pEGFR Y1068 (Abcam,
ab40815), anti-EGFR (Abcam, ab32077), anti-pSmad?2/3
(CST#8828), anti-Smad2/3 (CST#8685), anti-Smad?2
(CST#5339), anti-pH3 (Santa Cruz, sc-8656, Dallas, TX,

MCFI10A growth experiments were performed in Cul- USA), total-H3 (CST#9715), anti-V5 (Invitrogen,
trex RGF Basement Membrane Extract, Type 2 (R&D #R96025), anti-Ki67 (Abcam, abl15580), anti-cleaved
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Fig. 1. Loss of hepsin reduced primary and metastatic mouse mammary tumor growth. (A) Schematic representation of the orthotopic
transplantation of wild-type WAP-Myc tumor cells (WAP-Myc, Hpn WT; black) and hepsin knockout WAP-Myc tumor cells (WAP-Myc, Hpn
KO; red) into WT recipients. In all experiments, both left and right flanks injected with tumor cells. (B) Growth curves of Hpn WT (N = 16)
and Hpn KO (N = 14) WAP-Myc tumors in Hpn WT recipient mice. Tumor volumes are presented as averages (mean + SEM) per group,
the timeline specifying days after the transplantation. Statistical significance from student’s t-test, * denotes P < 0.05. (C) Representative
photographs of lungs from Hpn WT and Hpn KO groups with metastatic tumor nodules indicated by black circles. The scale bar is 3 mm.
The graph (on the right) shows the volume of single metastatic lung tumors (mean + SD, N = 20 for Hon WT and N =5 for Hpn KO). One
outlier from each group was removed following the Iglewicz and Hoaglin's robust test for multiple outliers (two-sided test; Outlier criterion:
Modified Z score > 3.5). Statistical significance analyzed by a student’s t-test. The raw data without exclusion of the outliers is shown in
Fig. S1D. (D) Representative images with magnified inserts of Hpn WT and Hpn KO WAP-Myc FFPE tumor sections with IHC staining
(brown) for cleaved caspase 3 (c-Casp3). The graph on the right, shows quantitation of Ki67" cell area as proportion of total cell area (nuclei)
in the sections (hematoxylin counter staining, WT N =9 and KO N =8, mean + SEM). The graph shows the proportion of Ki67" cell area to
whole tumor diameter (mm) when the mice were sacrificed (WT N =8 and KO N =5, mean + SEM). (E) Representative images of Hpn
WT (N =8) and Hpn KO WAP-Myc (N = 8) FFPE tumor sections with IHC staining (brown) for cleaved caspase 3 (c-Casp3). The graph
shows quantitation of c-Casp3" area as a proportion of total cell area (nuclei) in the sections (mean + SEM, field of view, hematoxylin coun-
ter staining). One outlier in (D) and one outlier in (E) were removed by using a ROUT (Q = 1%) test and the statistical significance was

tested with Welch's corrected unpaired t-test. ns, not significant.

caspase 3 (CST#9661), anti-F-actin (phalloidin staining)
(Thermo Fisher Scientific, A22283), anti-pSmadl/5
(CST#9516) and anti-ALK-1 (R&D Systems, AF370).

2.6. Animal models and experiments

The FVB mice were originally obtained from Janvier-
Labs and all mice used for the experiments at the Labo-
ratory Animal Center, HiLIFE, University of Helsinki
and Biocenter Finland, were housed in individually ven-
tilated cages under the optimal conditions of tempera-
ture and humidity. The experiments were conducted
according to 3R principles, and animal welfare was reg-
ularly monitored.

The Experiments were approved by Experimental
animals The National Animal Ethics Committee of
Finland (ESAVI1/3678/04.10.07/2016).

The Hpn KO strain (FVB-Hpn®™X) was generated
in-house by CRISPR-CAS9 technique as described in
[8]. For experiments, 8-10 weeks old WAP-Myc mice
(FVB.Cg-Tg(WapMyc)212Bri/J from Jackson labora-
tory) were crossed with Apn KO mice. The resulting
WAP-Myc; Hpn KO female mice were exposed to two
pregnancies to activate WAP promoter, and conse-
quently Myc driven tumor growth. The tumor latency
for WAP-Myc;Hpn KO tumors was approximately
similar to WAP-Myc WT tumors (about 6-months
from the birth with two pregnancies). The syngrafting
experiments were performed essentially as described in
[19]. In short, tumor cells were isolated from single
female mice carrying WAP-Myc WT or WAP-Myc;-
Hpn KO tumors and stored frozen in —140 °C. To gen-
erate tumor syngrafted cohorts, cells derived from the
tumors were thawed day before transplantation as
floating culture and their viability was controlled by

Trypan Blue before transplantation. The tumor cells
were syngrafted orthotopically as single cells to the
cleared mammary fat pads of virgin 5-week-old female
FVB WT recipient mice; 0.1 million cells per each
gland. Cells were transplanted bilaterally to the glands
number 4 and 5 of each recipient mice. Recipient mice
did not undergo any pregnancies and the final mouse
in the experiment was sacrificed less that hundred days
after the initial transplantation. The mice with
doxycycline-inducible hepsin have been previously
described in [3,8]. In short, to generate WAP-Myc syn-
graft tumors with doxycycline-inducible hepsin, we len-
tivirally transduced pIND2I1-HPN construct, which
contains hepsin ORF under a doxycycline regulated
promoter, into isolated WAP-Myc mammary epithelial
cells at MOI 10. To generate cohorts of mice, the
transduced cells were injected into the cleared fat pads
of 3-week-old female FVB recipient mice (100 000
transduced cells per gland). To activate hepsin overex-
pression 3 days after the transplantation, the mice
started to receive doxycycline in their drinking water
(also containing 5% sucrose) and the control mice
received sucrose water only. WAP-Myc was activated
and tumorigenesis initiated at week 8 by two sequen-
tial pregnancies in the fat pad-transplanted female
mice. The mice were killed when the tumor diameter
reached 1 cm.

Ex vivo treatment WAP-Myc tumor cells was per-
formed in growth media [20] without serum for 6 h
with 0.1 or 20 ng-mL~' TGFpI.

2.7. Immunohistochemistry and image analysis

Tumor tissues were fixed with 4% paraformaldehyde
and embedded in paraffin. The samples were cut into

Molecular Oncology 18 (2024) 547-561 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 551

Federation of European Biochemical Societies.



Hepsin-TGFB-EGFR axis in breast cancer

5 pm slices and deparaffinized. The heat-induced anti-
gen retrieval was performed in the microwave for anti-
Ki67 and in the oven (+60 °C) for anti-cleaved caspase
3. Antigen retrieval was performed with a citrate
buffer solution (Dako). Histochemical stainings were
carried out using standard techniques for IHC. Digital
images from IHC-stained sections were obtained with
a Leica DM LB microscope with digital camera. The
digital images were transported to ImageJ (2.0.0-rc-69/
1.52n) where Color deconvolution tool was used to
separate  hematoxylin and 3,3’-diaminobenzidine
(DAB) channels. These separate figures were then thre-
sholded and Analyze particles tool was used to
obtained the total area of hematoxylin positive cells
and DAB (Ki67 or cleaved caspase 3) positive cells on
each image of a tumor section.

2.8. Immunoblot analysis

Immunoblot analysis was performed as described
previously [8]. In short, all lysates for immunoblot analy-
sis were prepared by lysing cells in PBS-1% TritonX-100
buffer supplemented with Protease Inhibitor Cocktail
and Phosphatase inhibitor (Roche, Basel, Switzerland).
After that, the resulting suspension was incubated on
ice for 10 min, centrifuged, and the supernatant col-
lected. Tissue lysates were made in the mentioned
lysis buffer using Precellys 24 tissue homogenizer
(Bertin instruments) and the Precellys kit (#KT03961-
1-003.2). Proteins were separated on gradient SDS
gels (BioRad) and transferred to nitrocellulose
membranes (BioRad #1704158). Transfer quality was
evaluated with Ponceau staining (Sigma, #P7170).
Immunoblots were quantitated using IMAGE J (Bethesda,
MD, USA). Statistical significance was determined via a
one-sided t-test, unless specified otherwise in the figure
legends.

3. Results

3.1. Genetic deletion of Hpn reduces MYC-driven
mouse mammary tumor growth in the mammary
fat pad and lung metastases

To determine the role of hepsin in mouse mammary
tumorigenesis and metastasis, we used the WAP-Myc
syngeneic mouse tumor model [3,17,19,21]. We syn-
grafted WAP-Myc mammary tumor cells with Hpn
wild-type (Hpn WT) or Hpn knockout (Hpn KO)
background into mammary fat pads of WT recipient
mice (Fig. 1A). The overall survival of the Hpn KO
tumor bearing mice was not significantly altered
(Fig. S1A), however, the primary Hpn KO mammary

D. Belitskin et al.

tumors displayed significantly reduced growth for
about one month after the transplantation and a
trend for slower growth over the 2 months follow-up
period (Fig. 1B and Fig. SI1B). While the endogenous
WAP-Myc tumors rarely metastasize [20], the syn-
grafted WAP-Myc tumors can metastasize to the
lungs [19]. In our experiments, most of the syngrafted
mice developed metastatic nodules in the lungs at the
time of sacrifice. The frequency of metastasis was sim-
ilar for both the Hpn WT and the Hpn KO group; 6
out of 9 syngrafted mice formed metastasis. We did
observe a trend towards a reduced incidence of metas-
tases in the Hpn KO, although the results were not
powered by statistical analyses (Fig. S1C). However,
the Hpn KO metastatic tumors were clearly smaller in
size¢ when compared to WT ones (Fig. 1C and
Fig. S1D). Next, we investigated the basic mechanisms
behind the decreased size of Hpn KO tumors. We
assessed cell proliferation by immunohistochemical
(IHC) staining with Ki67 in primary tumor sections
and found that the KO sections had significantly less
Ki67 positive cells per tumor diameter (Fig. 1D). To
investigate cell death, we did IHC staining with
cleaved caspase 3 antibody in tumor sections and dis-
covered that there is an increased staining for this
apoptosis marker in KO sections (Fig. 1E). Further-
more, we observed by western blot analysis that there
was a trend towards increased level of cleaved caspase
3 protein and hematoxylin and eosin staining pointed
towards increased necrosis in the KO tumors as well
(Fig. S1E,F). Therefore, both decreased proliferation
and increased cell death possibly together contribute
to reduced size of Hpn KO tumors in this mouse
tumor model. Together, these data demonstrate that
hepsin is necessary for a full potential of MYC to
drive tumor growth in the primary site of transplanta-
tion (fat pad) and the growth of the metastases in the
lungs.

3.2. Hepsin promotes MEK, EGFR, and TGFfp
pathway signaling in WAP-Myc mammary
tumors

To identify molecular pathways that could explain the
reduced growth of the hepsin knockout tumors, we ana-
lyzed the transcriptomes of Hpn WT and Hpn KO pri-
mary WAP-Myc tumors (Fig. 1B). Gene Signature
Enrichment  Analysis (GSEA) revealed specific
downregulation of several cell growth pathway associ-
ated signatures in Hpn KO tumors, most notably the
EGFR and MEK (MAPKK) pathways (Fig. 2A—C and
Fig. S2A). Consistent with our previous findings [8], we
also observed downregulation of TGFp signaling in
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Fig. 2. Hepsin regulates TGFB, MAPK, and EGFR pathway signaling in the WAP-Myc tumor model. (A) Selected gene signatures downre-
gulated by loss of hepsin in WAP-Myc driven tumors. The size of the nodes indicates the number of genes within a signature. The
blue color indicates the downregulation induced by hepsin knockout. (B-D) Gene set enrichment analysis (GSEA) corresponding to
MEK_UP.V1_DN (MAPK kinase), EGFR_UP.V1_UP (Epidermal Growth Factor receptor) and REACTOME_TRANSCRIPTIONAL_ACTIVITY
OF_SMAD2_SMAD3_SMAD4_HETEROTRIMER.grp (Transforming growth factor beta signaling) molecular signatures (NES-normalized
enrichment score, FDRg-false discovery rate corrected significance). (E) Western blot analysis of Hpn WT (N = 11 tumors) and Hpn KO
(N =9 tumors) WAP-Myc mammary tumor lysates for phosphorylated-EGFR (pEGFR, pY1068) and total-EGFR (tEGFR) with B-tubulin as a
loading control. Each lane represents one tumor. (F) Graph showing quantification of the western blot shown in (E). Total-EGFR band den-
sity normalized to the B-tubulin loading control represented as mean + SD. Statistical significance was tested using the student’s t-test.
(G) RNAseqg-derived EGFR mRNA levels (on the left), normalized to housekeeping gene Pum1, and gRT-PCR-derived normalized EGFR
mRNA levels (on the right) in Hpn WT (N = 5 tumors) and Hpn KO (N =5 tumors) groups. Data are presented as mean + SD on the left
and, on the right, as mean + SEM. Statistical significance was tested using the student’s t-test and Welch's corrected unpaired t-test.
(H-J) GSEA of public data (published in ref. [8]; GEO dataset GSE164510), comparing mammary tumors overexpressing hepsin (N = 5;
DOX") to control tumors (N =5; DOX™). The size of the nodes indicates the number of genes within a node. The red color indicates the
upregulation induced by hepsin overexpression. (I, J) GSEAs corresponding to MEK_UP.V1_UP and EGFR_UP.V1_UP molecular signatures
(details in H-J above).

Hpn KO tumors (Fig. 2D). In immunoblot analysis, pathways. To address the question, we analyzed

both phosphorylated-EGFR (pY1068) and total-EGFR
levels were reduced in Hpn KO tumors (Fig. 2E,F). Fur-
thermore, also the EGFR mRNA levels were down-
regulated in Hpn KO tumors as compared to Hpn
WT tumors (Fig. 2G), suggesting a transcriptional
component in EGFR downmodulation. We next
asked if an ectopic induction of hepsin could pro-
mote the activity of MAPK, EGFR, and TGFp

transcriptomic data corresponding to WAP-Myc
transgene driven mammary tumors with or without
doxycycline-induced  hepsin  ([8]; GEO dataset
GSE164510). We previously showed that overexpres-
sion of hepsin in WAP-Myc transgene mouse model
upregulated TGFB pathway [8]. Strikingly, induction
of hepsin in WAP-Myc tumors led to a clear enrich-
ment of the gene expression signatures corresponding
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to MAPK, EGFR, and in addition to previously that hepsin strongly regulates TGFB, MAPK, and
observed TGFP pathway signaling (Fig. 2H-J and EGFR signaling pathways in context of MYC-driven
Fig. S2B). Taken together, these data demonstrate mammary tumorigenesis.
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Fig. 3. Hepsin regulates EGFR signaling in a TGFp-dependent manner. (A) Western blot comparison of total-EGFR (tEGFR) levels
in control MCF10A pL6-Ctrl (N = 3) and MCF10A pL6-TGFB1V5, Vb-tagged TGFB1 overexpressing cells (N = 3), which secrete around 80—
100 pg-mL~" of TGFP1. Data are presented as mean =+ SD. Significance was tested using the student's t-test. (B) Western blot analysis of
tEGFR in control doxycycline- (DOX™) (N = 3) and hepsin overexpressing (DOX"; N = 3) MCF10A- pIND20-HPN pL6- TGFB1V5 cells. Data are
presented as mean + SD. Significance was tested with the student’s t-test. (C) Western blot analysis of tEGFR, phospho-SMAD2/3 (0 SMAD2/
3), and total-SMAD2 (tSMAD2) in MCF10A-pIND20-HPN pL6-TGFB1V5 cells. The cells were treated with ALK5 inhibitor (i) (10 pm RepSox,
N = 4) and ALK4/5/7 inhibitor (5 pm A-83-01, N = 3) or DMSO (control, N = 4) for 48 h with (DOX"; 1 ug-mL~") or without (DOX™, control) hep-
sin overexpression (the numbers below the tEGFR blot indicate loading normalized values for tEGFR band intensity fold leftmost control lane).
The histogram data are presented as mean + SD. Significance was tested using unpaired ttest. (D) Western blot analysis of phospho-EGFR
(PEGFR), tEGFR, total-MAPK (tMAPK) and phospho-MAPK (pMAPK), and vinculin (loading control) in MCF10A-pIND20-HPN pL6-TGFB1V5 cells.
The cells were treated with the ALK1/2/3/6 inhibitor (i) (10 um K02288), EGFR inhibitor (i) (10 pm Erlotinib), and DMSO (control) for 48 h. Data
are presented as mean + SD. Significance was tested with the student’s ttest (N = 3). (E) Phase-contrast microscopy images of MCF10A-
pIND20-HPN cells and MCF10A-pIND20-HPN plL6-TGFB1V5 (overexpressing TGFB1) cells grown in 3D culture for 2 weeks with (DOX;
1 ng-mL™") or without (DOX™) induction of hepsin overexpression. Cells were treated with 10 pm EGFR or ALK1/2/3/6 inhibitor for 2 weeks as
indicated in the figure. Scale bar represents 100 um. (F) Phase-contrast microscopy images of MCF10A-pIND20-HPN pL6-TGFB1V5 cells grown
in 3D culture for 2 weeks in the presence of ALK1 inhibitory antibody (25 pug-mL~"). Scale bar represents 50 um. For E and F, the experiments
were repeated three times, with at least 100 epithelial structures counted per group in each repeat (one dot represents one structure), and black
lines denote the mean values of each group. Significance was tested using the student’s t-test. (G) Western blot analysis of the mitotic marker
phospho histone H3 (pH3 S10) MCF10A-pIND20-HPN pL6-TGFB1V5 cell line grown in 3D culture in the presence of the EGFRi (1 um, 24 h) or
DMSO. The quantification of blots of three independent experiments is shown in the graph (on the right), where the black lines denote the mean

of each group. Significance was tested using the student’s t-test. ns, not significant.

3.3. Hepsin regulates EGFR-MAPK signaling and
proliferation in a TGFp dependent manner

Earlier studies have shown evidence that TGFf path-
way signaling promotes upregulation of total-EGFR
(tEGFR) in certain cancers, including breast cancer
[22-24]. Furthermore, our earlier study reveals that
hepsin regulates TGFp signaling via fibronectin prote-
olysis [8]. Since the gene signatures for both TGFf
pathway and EGFR were enriched in WAP-Myc
tumors followed by induction of hepsin, and hepsin
can activate TGFp signaling, we asked if hepsin might
use TGFP pathway for activation of EGFR. Consis-
tent with the earlier findings, we observed that engi-
neered overexpression of TGFBl in mammary
epithelial MCF10A cells (Fig. 3A, P < 0.05) or addi-
tion of recombinant TGFBl to WAP-Myc cells
(Fig. S3A, trend) enhanced the total EGFR (tEGFR)
levels in these cells.

Next we asked if hepsin upregulates tEGFR levels in
MCF10A cells engineered to express doxycycline (dox)-
inducible hepsin (MCF10A-pIND20-HPN cells) [8].
The experiments were performed in serum-free condi-
tions to mitigate the impact of endogenous TGFf and
other serum growth factors [25-27]. We found that hep-
sin specifically upregulates tEGFR levels in TGFp1
expressing MCF10A cells (MCF10A-pIND20-HPN
pL6-TGFB1VS, from here on MCF10A-HT) (Fig. 3B).
However, hepsin failed to induce tEGFR in the parental
MCFI10A cells not expressing TGFB1 (Fig. S3B). Thus,
the data suggest that hepsin requires TGFp for upregu-
lation of total-EGFR.

To explore TGFB1 downstream signaling mecha-
nisms important for upregulation of tEGFR on a
pathway triggered by hepsin, we included in the assays
specific inhibitors for canonical and alternative TGF-
signaling cascades. TGF-B binds to specific receptors,
TGFBR2 and TGFBRI (ALKS5), to initiate
canonical Smad2/3 signaling. Alternatively, TGF-B can
bind to, for example, TGFBR2/ALK5—TGFBR2/
ALK1/2 complexes to activate Smadl/5/8 signaling
[28]. First, we observed that inhibition of ALKS with
a panel of inhibitors (Galunisertib/ALKSi, RepSox/
ALKS5i, A-83-01/ALK4/5/71) completely abolished
hepsin-induced upregulation of tEGFR in MCF10A-
HT cells. However, we observed that ALKS5 inhibition
also upregulated tEGFR on its own in MCF10A cells
(Fig. 3C and Fig. S3C), through a mechanism that
was not studied further. Furthermore, we observed
that also inhibition of ALKI1/2/3/6 blocked hepsin-
mediated upregulation of tEGFR (Fig. 3D). The
ALK1/2/3/6 inhibitor did not have any observable
effects on the tEGFR levels on its own. The ALK1/2/
3/6 inhibitor also suppressed phospho-EGFR and
phospho-MAPK levels, indicating that these growth
and proliferation pathways were activated by hepsin
through TGFp pathways (Fig. 3D). Both ALK1 pro-
tein and phospho-Smad1/5 were expressed in the mam-
mary epithelial MCFI10A cells (Fig. S3D,E). We
observed that constitutive TGF expression establishes
lower p-SMAD1/5 status than observed in the parental
MCF10A cells. While this may be consistent with the
idea of dynamic regulation of phospho-Smadl/5 by
TGFB [29], the functional consequencs of this
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downmodulation  for signaling
remains to be studied.

Next, we determined the growth-promoting roles of
TGFp and EGFR signaling downstream of hepsin by
exploring the growth patterns of our genetically engi-
neered MCF10A-HT cells in 3D culture. Dox-induced
hepsin increased the growth of the MCF10A-HT epi-
thelial structures but not the parental cells devoid of
TGFB overexpression (Fig. 3E), suggesting that the
growth-promoting function of hepsin involves TGFp.
The dox-induced hepsin failed to promote growth of
the structures or increase mitosis marker phosphohis-
tone 3 (pH3) in the presence of a hepsin function
blocking antibody (Ab25), which corroborates the role
of proteolytically active hepsin in mediating the
enhanced proliferation (Fig. S3F,G). Treatment of
TGFp and hepsin overexpressing MCF10A structures
with a small molecule ALK1/2/3/6 or EGFR inhibitor
prevented their growth (Fig. 3E). In addition, an
ALK1 function-blocking antibody specifically pre-
vented the hepsin-dependent increase in the growth of
MCFI10A structures (Fig. 3F), suggesting a role for
both that ALK and EGFR in the pro-growth activity
of hepsin.

Finally, we confirmed the role of EGFR signaling in
the growth of MCFI10A structures. A high EGFR
inhibitor concentration completely abrogated the spher-
oid growth in the long-term cultures (Fig. 3E). To more
specifically address the role of hepsin-dependent EGFR
mediated growth signaling, we used a lower concentra-
tion (1 pm) and a shorter treatment period (24 h) for
the EGFR inhibitor erlotinib. In short-term assays with
pH3 as a marker for mitotic activity, erlotinib specifi-
cally inhibited the hepsin-dependent increase in the fre-
quency of pH3 positive cells (Fig. 3G). Together, these
findings are consistent with a functional importance of
the TGFB/ALKS5/ALK1-EGFR signaling axis in medi-
ating the proliferation promoting effects of hepsin in
mammary epithelial cells.

hepsin/TGB-beta

3.4. Hepsin inhibitors downregulate EGFR and
TGFp signaling in the breast cancer
patient-derived explant cultures (PDECs)

Next, we tested whether hepsin might regulate the
TGFB-EGFR pathway in context of authentic human
breast cancer tissue. For these experiments, we used
patient-derived explant culture (PDEC) system, which
has been recently developed in our laboratory [16-18].
Briefly, PDECs are small, intact breast cancer frag-
ments that preserve the tumor micro-environment and
can be cultured ex vivo for weeks in specific 3D
matrices.

D. Belitskin et al.

To test the role of hepsin in promotion of the
TGFB-EGFR pathway in human cancer, we treated
PDECs (Fig. S4A) derived from six different breast
tumors with control (PBS) or with hepsin inhibitory
antibody Ab25 for 48 h, after which RNA sequencing
was performed (Fig. 4A). Gene Set Enrichment Analy-
sis (GSEA) revealed that Ab25 treatment downregu-
lates gene signatures corresponding to TGFP and
EGFR signaling (Fig. 4B and Fig. S4B). We also
observed enrichment in signatures corresponding to
MAPK pathway inhibition and proliferation (Fig. 4B
and Fig. S4C,D), consistent with the data obtained in
mouse mammary tumors (Fig. 1). The whole analysis
is shown in Fig. S4C as a Cytoscape network represen-
tation, in which each node is divided into six sectors,
each representing the score for PDECs from an indi-
vidual patient. Figure 4C-F show signatures signifi-
cantly downregulated by Ab25 (enriched in control).
The results indicate that hepsin regulates TGF,
MAPK, and EGFR signaling and cell proliferation in
some but not necessarily all human breast tumors.

To further investigate and confirm the hepsin-
mediated regulation of EGFR in ex vivo human breast
cancer cultures, we examined the EGFR protein levels
in control and Ab25-treated PDECs derived from an
additional seven patients and found Ab25-mediated
EGFR downregulation in 5 out of 7 tumors (Fig. 4G).
The role of hepsin in regulating EGFR protein levels
was confirmed using a small-molecule hepsin inhibitor
ZFH7116 [11,12], which downregulated EGFR levels
in PDECs derived from primary breast tumors of three
additional patients (Fig. 4H).

Altogether, the data shown in Fig. 4 indicate that
hepsin promotes TGFB and EGFR signaling, and
upregulation of EGFR protein levels in authentic
human breast tumor samples. These findings suggest
hepsin as an important upstream activator of TGFp
and EGFR signaling and a possible new target for
therapeutic strategies aiming to intervene these key
pro-tumorigenic signaling pathways in human cancer.

4. Discussion

The TGFB pathway is a well-established driver of
such oncogenic phenomena as resistance to therapies
[30] and immune evasion [31-33], making it an attrac-
tive target for breast cancer therapy. Proteolytic
enzymes can directly activate latent-TGFp, but the
evidence for this remains mostly limited to in vitro
studies [34]. Furthermore, knockout mice for single
proteases usually do not display any reduction in the
TGFp pathway activity [34]. The recent discovery of
hepsin as a promoter of the TGFf pathway in the
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Fig. 4. Hepsin targeting drugs inhibit TGFB and EGFR signaling in human tumors. (A) Schematic depiction of the human patient-derived
explant culture (PDEC) treatment experiment with the hepsin inhibitor antibody Ab25. (B) Selected gene signatures of pathways that are up-
or downregulated by Ab25 on mRNA level in PDECs. Each circle represents a gene signature. The blue color indicates the downregulation
of the signature, and the red color indicates the upregulation. The size of nodes correlates with gene set size. (C-F) Gene set enrichment
analysis (GSEA) plots show the downregulation of MEK, EGFR, TGFB, and G2M pathways by the Ab25 treatment (NES- normalized enrich-
ment score, FDRg- false discovery rate corrected significance). (G) Western blot analysis of total-EGFR (tEGFR) levels in Ab25 treated
PDECs compared to PBS (control) treated ones. The graph represents the quantitation of individual treatment experiments where T1 to T7
denoted PDECs from different patients (N = 7). The results are normalized to GAPDH and presented as fold change to PBS treated control.
(H) Western blot analysis of tEGFR levels in hepsin small molecule inhibitor-treated (ZFH7116) PDECs from three different patients. Signifi-
cance was tested using the student’s t-test. Breast cancer subtypes are indicated in G and H. Data are presented as mean 4 SD.

normal mammary gland, and WAP-Myc driven mam- The oncogenic role of hepsin in invasion is well
mary tumors provides a promising new avenue for established in the prostate [1,9] and breast [3,4] cancer,
mammary-specific pharmacological targeting of the but the pathways responsible for hepsin-driven growth
TGFp pathway [8]. [3,35,36] remain poorly understood.
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The role of hepsin in promoting tumor growth and
cell proliferation is unclear, since several conflicting
reports on the effects of hepsin overexpression and
inhibition on cell proliferation and tumor growth,
ranging from hepsin being a suppressor of prolifera-
tion [37-40] to promoter of proliferation [35,36,41].
Other studies report that hepsin overexpression drives
invasion and metastasis without affecting tumor
growth or cancer cell proliferation [1,9]. Here we
attempt to consolidate the contradictory reports based
on the recently published link between hepsin and the
TGFp pathway.

Here, we present data suggeting that hepsin pro-
motes primary and metastatic tumor growth and cell
proliferation via the activation of the TGFp and
EGFR signaling pathways. However, the ability of
hepsin to promote proliferation required simulta-
neous high expression level of TGFB1 in the cells.
The regulation of the TGFp pathway by hepsin is
interesting since this signaling pathway provides a
possible explanation for the reported dual role of
hepsin as a contextual suppressor or promoter of
the cell proliferation and tumor invasion, namely the
context depending on the other downstream signaling
inputs received by the cells. This context-dependency
of TGFpI1 signaling is exemplarily illustrated by a
study with Myc transformed fibroblasts, showing
that the ability of TGFPB to promote proliferation
crucially depends on platelet-derived growth factor
(PDGF) as PDGF alone has no effect, TGFB alone
acts as a suppressor, but the combination promotes
proliferation [42]. Therefore, it is plausible that the
outcome of the hepsin driven TGFp signaling varies
depending on the model and experimental
conditions.

Our results are consistent with the previous findings
that report anti-proliferative effects of hepsin overex-
pression [37]. We show that indeed, overexpression of
hepsin in MCF10A pIND20-HPN cells reduced spher-
oid formation in 3D culture (Fig. 3E). However, when
the overexpression of hepsin and TGFB were com-
bined, hepsin acted as a promoter of proliferation.
This indicates that the ability of hepsin to promote
proliferation is dependent on the context provided by
the overexpression of TGFp. Further investigation of
the pathways revealed that hepsin activates EGFR
and its downstream signaling. In fact, earlier studies
have reported the upregulation of EGFR by TGFf
and the correlation between these two factors in
human tumors, which have led to a speculative notion
that these effects may explain some of the pro-
tumorigenic effects of the TGFp pathway in breast
cancer [22,24].

D. Belitskin et al.

5. Conclusion

Our data provide both functional and correlative evidence
that the proliferative effects of hepsin are indeed depen-
dent on the hepsin-dependent regulation of the TGFf
pathway and that EGFR signaling is a critical down-
stream contributor to the oncogenic signaling by hepsin.
We further demonstrate that hepsin inhibiting small mole-
cule compounds and inhibitory antibodies may be used to
intervene with these signaling pathways in vitro (Fig. S3)
and in the patient-derived explant cultures, which offers
translationally relevant leads to follow towards successful
targeting of oncogenic serine proteases.

Acknowledgements

We are grateful to Biomedicum Functional Genomics
Unit/Libraries (FuGU/Libraries; HelVi-BVC), Finnish
Genome Editing Center (FinGEEC), Biomedicum
Virus Core Unit (BVC), Genome Biology Unit (GBU)
and Biomedicum Imaging Unit (BIU), Meilahti Clini-
cal Proteomics Core Facility, and Laboratory Animal
Center (LAC) (all from HILIFE, University of
Helsinki and Biocenter Finland) for their services. We
thank the Klefstrom laboratory personnel for discus-
sions and critical comments on the manuscript. We
thank for the technical assistance provided by
M. Merisalo-Soikkeli, K. Karjalainen, and T.Valimaki.
We thank Prof. Timo Otonkoski for help with genome
editing related experiments. We thank for financial
support the Finnish Cancer Institute (FCI). This work
was funded by grants from The Academy of Finland,
Business Finland, EU H2020 RESCUER, Archimedes
Foundation, Ida Montinin Foundation, Cancer Soci-
ety of Finland, Finnish Cancer Organizations, Sigrid
Juselius Foundation, and iCAN Digital Precision Can-
cer Medicine Flagship. TAT was funded by the Hel-
sinki Institute of Life Science Infrastructures (HiLIFE)
of the University of Helsinki.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

DB designed the study, performed the experiments,
provided resources, curated data, validated, investi-
gated, contributed to methodology and wrote the man-
uscript; PM designed the study, performed the
experiments, provided resources, curated data, vali-
date, investigated, contributed to methodology and
wrote parts of the manuscript; SMP provided

558 Molecular Oncology 18 (2024) 547-561 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



D. Belitskin et al.

resources, curated data, validated, investigated, con-
tributed to methodology, and wrote the original draft;
JMA performed the experiments, provided resources,
curated data, validated, investigated, contributed to
methodology and wrote the original draft; IS curated
the data, was involved in formal analysis, performed
histological evaluation of tissues, contributed to meth-
odology, and wrote the original draft. KB curated the
data, was involved in formal analysis, performed histo-
logical evaluation of tissues, contributed to methodol-
ogy, and wrote the original draft., DK and JJ
provided resources, contributed to methodology and
wrote the original draft; TK curated the data, was
involved in data analysis and writing of the original
manuscript; SJ validation of hypotheses, contributed
to methodology, wrote the original draft. JP designed
the study, curated data, and wrote the original draft;
TT designed the study, performed the experiments,
provided resources, curated data, validated, investi-
gated, contributed to methodology, and wrote the
manuscript; JK designed the study, provided resources,
curated data, validated, investigated, contributed to
methodology, and wrote the manuscript. All authors
carefully reviewed the manuscript and approved the
final version.

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1002/1878-0261.13545.

Data accessibility

The data that support the findings of this study are
available in Figs S1-S4. The RNAseq data that sup-
port the findings of this study are openly available in
NCBI's Gene Expression Omnibus and are accessible
through  https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE164510, GEO Series accession number
GSE164510, and https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc = GSE205774, GEO Series accession
number GSE205774, and https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE245265, GEO Series
accession number GSE245265.

References

1 Klezovitch O, Chevillet J, Mirosevich J, Roberts RL,
Matusik RJ, Vasioukhin V. Hepsin promotes prostate
cancer progression and metastasis. Cancer Cell. 2004;6
(2):185-95.

Molecular Oncology 18 (2024) 547-561 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

10

11

14

Hepsin-TGFB-EGFR axis in breast cancer

Tanimoto H, Yan Y, Clarke J, Korourian S, Shigemasa
K, Parmley TH, et al. Hepsin, a cell surface serine
protease identified in hepatoma cells, is overexpressed in
ovarian cancer. Cancer Res. 1997;57(14):2884-7.
Tervonen TA, Belitskin D, Pant SM, Englund JI,
Marques E, Ala-Hongisto H, et al. Deregulated hepsin
protease activity confers oncogenicity by concomitantly
augmenting HGF/MET signalling and disrupting
epithelial cohesion. Oncogene. 2016;35(14):1832-46.
Tervonen TA, Pant SM, Belitskin D, Englund JI, Narhi
K, Haglund C, et al. Oncogenic Ras disrupts epithelial
integrity by activating the transmembrane serine
protease hepsin. Cancer Res. 2021;81:1513-27.

Tripathi M, Nandana S, Yamashita H, Ganesan R,
Kirchhofer D, Quaranta V. Laminin-332 is a substrate
for hepsin, a protease associated with prostate cancer
progression. J Biol Chem. 2008;283(45):30576-84.
Herter S, Piper DE, Aaron W, Gabriele T, Cutler G,
Cao P, et al. Hepatocyte growth factor is a preferred in
vitro substrate for human hepsin, a membrane-anchored
serine protease implicated in prostate and ovarian
cancers. Biochem J. 2005;390(Pt 1):125-36.

Ganesan R, Kolumam GA, Lin SJ, Xie MH, Santell L,
Wu TD, et al. Proteolytic activation of pro-
macrophage-stimulating protein by hepsin. Mol Cancer
Res. 2011;9(9):1175-86.

Belitskin D, Pant SM, Munne P, Suleymanova I,
Belitskina K, Hongisto HA, et al. Hepsin regulates
TGF signaling via fibronectin proteolysis. EMBO Rep.
2021;22(11):e52532.

Xuan JA, Schneider D, Toy P, Lin R, Newton A, Zhu
Y, et al. Antibodies neutralizing hepsin protease activity
do not impact cell growth but inhibit invasion of
prostate and ovarian tumor cells in culture. Cancer Res.
2006;66(7):3611-9.

Ganesan R, Zhang Y, Landgraf KE, Lin SJ, Moran P,
Kirchhofer D. An allosteric anti-hepsin antibody
derived from a constrained phage display library.
Protein Eng Des Sel. 2012;25(3):127-33.

Owusu BY, Thomas S, Venukadasula P, Han Z,
Janetka JW, Galemmo RAJ, et al. Targeting the tumor-
promoting microenvironment in MET-amplified
NSCLC cells with a novel inhibitor of pro-HGF
activation. Oncotarget. 2017;8(38):63014-25.
Damalanka VC, Voss JJLP, Mahoney MW, Primeau T,
Li S, Klampfer L, et al. Macrocyclic inhibitors of HGF-
activating serine proteases overcome resistance to
receptor tyrosine kinase inhibitors and block lung cancer
progression. J Med Chem. 2021;64(24):18158-74.
Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K,
Goldman M, et al. Highly parallel genome-wide
expression profiling of individual cells using nanoliter
droplets. Cell. 2015;161(5):1202—-14.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S,
Ebert BL, Gillette MA, et al. Gene set enrichment

559


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13545
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/1878-0261.13545
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE164510
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE164510
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE164510
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE205774
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE205774
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE205774
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE245265
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE245265
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE245265

Hepsin-TGFB-EGFR axis in breast cancer

15

16

17

18

19

20

21

22

23

24

25

26

560

analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci
USA. 2005;102(43):15545-50.

Merico D, Isserlin R, Stueker O, Emili A, Bader GD.
Enrichment map: a network-based method for gene-set
enrichment visualization and interpretation. PLoS One.
2010;5(11):e13984.

Al-Akhrass H, Pietila M, Lilja J, Vesilahti EM, Anttila
JM, Haikala HM, et al. Sortilin-related receptor is a
druggable therapeutic target in breast cancer. Mol
Oncol. 2021;16:116-29.

Haikala HM, Anttila JM, Marques E, Raatikainen T,
Ilander M, Hakanen H, et al. Pharmacological
reactivation of MY C-dependent apoptosis induces
susceptibility to anti-PD-1 immunotherapy. Nat
Commun. 2019;10(1):620.

Munne PM, Martikainen L, Raty I, Bertula K,
Nonappa, Ruuska J, et al. Compressive stress-mediated
p38 activation required for ERa * phenotype in breast
cancer. Nat Commun. 2021;12(1):6967.

Utz B, Turpin R, Lampe J, Pouwels J, Klefstrom J.
Assessment of the WAP-Myc mouse mammary tumor
model for spontaneous metastasis. Sci Rep. 2020;10
(1):18733.

Partanen JI, Tervonen TA, Myllynen M, Lind E, Imai
M, Katajisto P, et al. Tumor suppressor function of
liver kinase B1 (Lkbl) is linked to regulation

of epithelial integrity. Proc Natl Acad Sci USA.
2012;109(7):E388-97.

Schoenenberger CA, Andres AC, Groner B, van der
Valk M, LeMeur M, Gerlinger P. Targeted c-myc gene
expression in mammary glands of transgenic mice
induces mammary tumours with constitutive milk
protein gene transcription. EMBO J. 1988;7(1):169-75.
Zhao Y,Mal, Fan Y, Wang Z, Tian R, Ji W, et al. TGF-$3
transactivates EGFR and facilitates breast cancer migration
and invasion through canonical Smad3 and ERK/Spl
signaling pathways. Mol Oncol. 2018;12(3):305-21.

Tsai CN, Tsai CL, YiJS, Kao HK, Huang Y, Wang CI,
et al. Activin a regulates the epidermal growth factor
receptor promoter by activating the PI3K/SP1 pathway in

oral squamous cell carcinoma cells. Sci Rep. 2019;9(1):5197.

Tian M, Schiemann WP. TGF-f stimulation of EMT
programs elicits non-genomic ER-a activity and anti-
estrogen resistance in breast cancer cells. J Cancer
Metastasis Treat. 2017;3:150-60.

Danielpour D, Kim KY, Dart LL, Watanabe S,
Roberts AB, Sporn MB. Sandwich enzyme-linked
immunosorbent assays (SELISAs) quantitate and
distinguish two forms of transforming growth factor-
beta (TGF-beta 1 and TGF-beta 2) in complex
biological fluids. Growth Factors. 1989;2(1):61-71.
Barnes D, Sato G. Growth of a human mammary
tumour cell line in a serum-free medium. Nature.
1979;281(5730):388-9.

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

D. Belitskin et al.

Murakami H, Masui H. Hormonal control of human
colon carcinoma cell growth in serum-free medium.
Proc Natl Acad Sci USA. 1980;77(6):3464-8.

Stuelten CH, Zhang YE. Transforming growth factor-f:
an agent of change in the tumor microenvironment.
Front Cell Dev Biol. 2021;9:764727.

Ramachandran A, Vizan P, Das D, Chakravarty P, Vogt
J, Rogers KW, et al. TGF-f uses a novel mode of receptor
activation to phosphorylate SMAD1/5 and induce
epithelial-to-mesenchymal transition. Elife. 2018;7:¢31756.
Huang S, Holzel M, Knijnenburg T, Schlicker A,
Roepman P, McDermott U, et al. MED12 controls the
response to multiple cancer drugs through regulation of
TGF-B receptor signaling. Cell. 2012 Nov;151(5):937-50.
Mariathasan S, Turley SJ, Nickles D, Castiglioni A,
Yuen K, Wang Y, et al. TGFP attenuates tumour
response to PD-L1 blockade by contributing to
exclusion of T cells. Nature. 2018;554(7693):544-8.
Hammerl D, Martens JWM, Timmermans M, Smid M,
Trapman-Jansen AM, Foekens R, et al. Spatial
immunophenotypes predict response to anti-PD1
treatment and capture distinct paths of T cell evasion in
triple negative breast cancer. Nat Commun. 2021;12
(1):5668.

Malenica I, Adam J, Corgnac S, Mezquita L, Auclin E,
Damei I, et al. Integrin-o(V)-mediated activation of TGF-3
regulates anti-tumour CDS8 T cell immunity and response
to PD-1 blockade. Nat Commun. 2021;12(1):5209.
Robertson IB, Rifkin DB. Regulation of the
bioavailability of TGF- and TGF-p-related proteins.
Cold Spring Harb Perspect Biol. 2016;8(6):a021907.
Miao J, Mu D, Ergel B, Singavarapu R, Duan Z,
Powers S, et al. Hepsin colocalizes with desmosomes
and induces progression of ovarian cancer in a mouse
model. Int J Cancer. 2008 Nov;123(9):2041-7.
Torres-Rosado A, O’Shea KS, Tsuji A, Chou SH,
Kurachi K. Hepsin, a putative cell-surface serine
protease, is required for mammalian cell growth. Proc
Natl Acad Sci USA. 1993;90(15):7181-5.

Srikantan V, Valladares M, Rhim JS, Moul JW,
Srivastava S. HEPSIN inhibits cell growth/invasion in
prostate cancer cells. Cancer Res. 2002;62(23):6812-6.
Wittig-Blaich SM, Kacprzyk LA, Eismann T,
Bewerunge-Hudler M, Kruse P, Winkler E, et al.
Matrix-dependent regulation of AKT in Hepsin-
overexpressing PC3 prostate cancer cells. Neoplasia.
2011;13(7):579-89.

Xing P, LiJG, Jin F, Zhao TT, Liu Q, Dong HT, et al.
Clinical and biological significance of hepsin overexpression
in breast cancer. J Invest Med. 2011;59(5):803-10.
Nakamura K, Takamoto N, Abarzua F, Hongo A,
Kodama J, Nasu Y, et al. Hepsin inhibits the cell growth of
endometrial cancer. Int J Mol Med. 2008;22(3):389-97.

Li W, Wang BE, Moran P, Lipari T, Ganesan R,
Corpuz R, et al. Pegylated kunitz domain inhibitor

Molecular Oncology 18 (2024) 547-561 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



D. Belitskin et al.

suppresses hepsin-mediated invasive tumor growth and
metastasis. Cancer Res. 2009;69(21):8395-402.

42 Roberts AB, Anzano MA, Wakefield LM, Roche NS,
Stern DF, Sporn MB. Type beta transforming growth
factor: a bifunctional regulator of cellular growth. Proc
Natl Acad Sci USA. 1985;82(1):119-23.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Hepsin-TGFB-EGFR axis in breast cancer

Fig. S1. Growth of primary and metastatic tumors in mice
syngrafted with WT or Hpn KO WAP- Myc tumors.

Fig. S2. Gene set enrichment analysis (GSEA) of WT
and Hpn KO mammary tumors.

Fig. S3. Total EGFR protein levels in WAP-Myc
tumor cells, and total EGFR, phospho-SMADI1/5 and
ALK protein levels in MCF10A-based cell lines and
the effects of Galunisertib (ALKS inhibitor) and Ab25,
a hepsin neutralizing antibody.

Fig. S4. Histological features of patient derived
explant cultures (PDEC)s and Cytoscape analysis of
Gene Set Enrichment Analysis (GSEA) results.
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