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Abstract
TMPRSS2 is an important membrane-anchored serine protease involved in human prostate cancer progression and
metastasis. A serine protease physiologically often comes together with a cognate inhibitor for execution of proteolytically
biologic function; however, TMPRSS2’s cognate inhibitor is still elusive. To identify the cognate inhibitor of TMPRSS2, in
this study, we applied co-immunoprecipitation and LC/MS/MS analysis and isolated hepatocyte growth factor activator
inhibitors (HAIs) to be potential inhibitor candidates for TMPRSS2. Moreover, the recombinant HAI-2 proteins exhibited a
better inhibitory effect on TMPRSS2 proteolytic activity than HAI-1, and recombinant HAI-2 proteins had a high affinity to
form a complex with TMPRSS2. The immunofluorescence images further showed that TMPRSS2 was co-localized to HAI-
2. Both KD1 and KD2 domain of HAI-2 showed comparable inhibitory effects on TMPRSS2 proteolytic activity. In
addition, HAI-2 overexpression could suppress the induction effect of TMPRSS2 on pro-HGF activation, extracellular
matrix degradation and prostate cancer cell invasion. We further determined that the expression levels of TMPRSS2 were
inversely correlated with HAI-2 levels during prostate cancer progression. In orthotopic xenograft animal model, TMPRSS2
overexpression promoted prostate cancer metastasis, and HAI-2 overexpression efficiently blocked TMPRSS2-induced
metastasis. In summary, the results together indicate that HAI-2 can function as a cognate inhibitor for TMPRSS2 in human
prostate cancer cells and may serve as a potential factor to suppress TMPRSS2-mediated malignancy.

Introduction

Prostate cancer (PCa) is one of the most frequently diag-
nosed malignancies worldwide, and the second leading

cause of cancer death in males in USA [1]. PCa progression
is a slow process, which undergoes several stages including
prostatic intraepithelial neoplasia, adenocarcinoma, and
metastasis [2]. Metastasis is the major cause for the mor-
bidity and mortality of PCa patients. Currently, there is no
effective therapy available for metastatic PCa patients.

For cancer metastasis, primary tumor cells need to break
down the local barrier, gain a movement ability or penetrate
blood vessels, and eventually spread out and grow in distant
tissues or organs. There are many factors or mechanisms
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involved in cancer cell invasion and metastasis, including
growth factors, Epithelial–Mesenchymal transition (EMT),
and protease system [3]. Among them, pericellular proteases
receive attention because of their pivotal roles in the degra-
dation of extracellular matrix (ECM), and the activation of
cell-surface growth factors [4]. To ensure the appropriate
cleavage of a protease on its target protein(s), the proteolytic
machinery requires a cognate inhibitor to regulate the enzy-
matic activity of the protease in a spatial and temporal man-
ner. Once proteases get activated and cleave their substrates,
their cognate inhibitors will soon be recruited to the active
proteases and block their proteolytic activity. Thus, the
imbalance between a protease and its cognate inhibitor in
favor of proteolysis often promotes ECM degradation and
pericellular growth factor activation, leading to pathogenesis
and disease progression such as cancer [5].

Among pericellular proteases, membrane-anchored ser-
ine proteases are recently in the spotlight because some of
them contribute to the development and progression of
cancer, including TMPRSS2 and Matriptase [6]. TMPRSS2
is an androgen-regulated cell-surface serine protease [7],
and plays an important role in PCa cell invasion, tumor
growth and metastasis [8, 9]. Several substrates have been
identified for TMPRSS2-induced PCa progression such as
Matriptase, pro-HGF and extracellular matrix (Nidogen-1
and Laminin β1) [8, 9]. Moreover, TMPRSS2 can cleave
and activate PAR2 receptor for calcium releasing [10],
which mediates pain responses [11]. In addition, TMPRSS2
also plays an important role in the infection of influenza
virus and SARS-CoV-2 by activating the Hemagglutinin
(HA) of influenza virus [12] and priming the spike (S)
proteins of SARS-CoV2 coronavirus [13], respectively.
After the proteolytic processing of HA or S proteins, both
viruses gained the ability to fuse with host membrane and
promote infection [12, 13]. On the other hand, although a
fusion of the 5’ untranslational region of TMPRSS2 to ETS
transcription factors frequently occurs in PCa [14, 15], the
increased expression and subcellular mislocalization of
TMPRSS2 are also found and correlated with PCa pro-
gression [8, 9, 16, 17]. Thus, TMPRSS2 plays a critical role
in PCa tumor growth, metastasis, and viral infection.

HAI-1 and HAI-2 are two membrane-anchored, Kunitz-
type serine protease inhibitors, via non-covalent interactions
to their target proteases. They were originally identified as
inhibitors for HGFA (hepatocyte growth factor activator)
[18–20]. The role of HAI-1 in the inhibition of human
cancer progression has been widely reported, such as PCa,
breast and ovarian cancer [20]. In addition to HGFA, HAI-1
also can inhibit the other trypsin-like proteases including
matriptase [21], hepsin [22] and prostasin [23]. Matriptase,
HGFA and hepsin have been demonstrated as pro-
metastatic factors to promote human cancer progression
[22, 24, 25]. On the other hand, HAI-2 is found to be

expressed in many tissues, such as pancreas, prostate, and
kidney [19]. HAI-2 can efficiently inhibit several pericel-
lular serine proteases including plasmin, HGFA, prostasin,
Matriptase and Matriptase-2 [19, 26–31]. The down-
regulation of HAI-2 has been observed in many cancers
due to the hyper-methylation of the promoter region of
SPINT2 (gene encoded HAI-2), such as hepatocellular
carcinoma, prostate cancer, ovarian and breast carcinoma
[20]. Dysregulation between HAIs and their target proteases
have been reported to be implicated in various cancer pro-
gression [32]. Moreover, overexpression of HAI-2 can
suppress Matriptase activation, PCa cell invasion, tumor
growth and metastasis [28]. Thus, HAI-2 functions as a
negative regulator of pericellular proteases and human
cancer progression [32].

TMPRSS2 has been shown as an oncogenic protease to
promote PCa progression. In the term of the proteolytic
balance between a protease and a cognate inhibitor, it is still
elusive if there is a cognate inhibitor to modulate the
function of TMPRSS2. In this study, we identified HAI-2 to
be a novel cognate inhibitor for TMPRSS2, with an inhi-
bitory capability to modulate TMPRSS2 proteolytic activ-
ity, PCa cell invasion and metastasis. Thus, the data
together provide a new insight into the PCa treatment by
reversing the imbalance between a membrane-anchored
serine protease and its cognate inhibitor.

Results

TMPRSS2 promoted PCa cell invasion

To examine whether TMPRSS2 played a role in PCa cell
invasion, PCa cells (LNCaP, PC3 and DU145) were
transduced with TMPRSS2 lentiviral particles. Control cells
were infected with PLKO lentiviral particles. As shown in
Fig. 1, TMPRSS2 overexpression had no significant effect
on the cell growth (left two panels). Interestingly,
TMPRSS2 overexpression could significantly increase the
PCa cell invasion (Fig. 1, right two panels). Moreover,
DU145 cells transfected with wild-type (WT) TMPRSS2
plasmids significantly increased the cell invasion, while
protease-dead S441A mutant TMPRSS2 had no significant
effect on the cell motility. It suggests that the proteolytic
activity of TMPRSS2 is important for promoting PCa cell
invasion (Fig. S1). The results together indicate that
TMPRSS2 plays a positive role in PCa cell invasion.

Identification of TMPRSS2 interacting protein(s) in
PCa cells

To understand the mechanisms how TMPRSS2 promoted
PCa cell invasion and progression, in addition to its
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substrates (Matriptase, extracellular matrix and HGF) [8, 9],
we further set up to identify TMPRSS2’s interacting protein
(s) or endogenous inhibitor(s) in PCa cells. As shown in
Fig. 2a, after pull-down using α-flag beads and immuno-
blotting, co-immunoprecipitated proteins were more effi-
ciently eluted with less IgG and non-specific proteins by
using the acid solution than that using SDS sample buffer.
The eluent from acid elution was then collected and sub-
jected to in-solution digestion and LC-MS/MS analysis. The
results showed that more than 300 proteins were identified.
Based on the subcellular localization, protein scores and
coverages of the identified proteins, there were 10 candi-
dates with high potentials as TMPRSS2-interacting proteins

(Fig. 2b, a list of potential TMPRSS2-associated proteins).
Among them, Kunitz-type protease inhibitor 2 and 1 (HAI-2
and HAI-1) received our attention because of their functions
to be serine protease inhibitors. The results indicate that
HAI-1 or HAI-2 may function as a cognate inhibitor for
TMPRSS2 in PCa cells.

Interaction of TMPRSS2 with HAI-1 and HAI-2

We then further validated the interaction between
TMPRSS2 and HAI-1/2 using the co-immunoprecipitation
assay. As shown in Fig. 2c, both HAI-1 and HAI-2 proteins
could be pulled down by TMPRSS2. The molecular mass of

Fig. 1 TMPRSS2 promoted PCa cell invasion. TMPRSS2 was
overexpressed in (a) LNCaP cells, (b) PC3 cells, and (c) DU145 cells.
Left panels: Immunoblot analysis of TMPRSS2 expression in vector
and TMPRSS2-overexpressing PCa cells. Middle panels: Analysis of
the cell proliferation of control (PLKO) and TMPRSS2-
overexpressing PCa cells using trypan blue exclusion assays and
hemocytometer counting. Three independent experiments were per-
formed for statistical calculation. Right panels: Effect of TMPRSS2
overexpression on the invasion of PCa cells. For analyzing the

invasive ability of stable TMPRSS2-overexpressing PCa cells, cells
were seeded at a density of 4 × 105 (LNCaP) or 5 × 104 (PC3 and
DU145) per Boyden chamber with Matrigel-coating and cultured for
42 h (LNCaP) or 16 h (PC3 and DU145). Cells were fixed and stained
with crystal violet. Invaded cells were imaged under a light micro-
scope. The results were a representative of three independent experi-
ments. The cell invasion results were statistically calculated and
represented as mean ± SEM from three independent experiments.
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HAI-1 proteins was ~65 kDa, while the molecular mass of
HAI-2 was ranged from 30 to 55 kDa. The broad distribu-
tion of HAI-2 may be due to N-glycosylation [28, 33]. To
further examine the subcellular localizations of TMPRSS2,
HAI-1 and HAI-2 in PCa cells, immunofluorescence
staining was performed in CWR22Rv1 cells. As shown in
Fig. 2d, the subcellular localization of TMPRSS2, HAI-1
and HAI-2 were mainly observed on the plasma membrane.
Compared with HAI-1, HAI-2 showed a high intensity of
co-localization with TMPRSS2 in the invadopodia-like
region of the cell. To further validate the interaction
between TMPRSS2 and HAI-2, the results (Fig. 2e) from
immunoprecipitation showed that TMPRSS2 proteins could

be co-immunoprecipitated more effectively by HAI-2 than
those by HAI-1. The data together indicates that HAI-2 has
tight interaction and co-localization with TMPRSS2 in
PCa cells.

HAI-2 could inhibit TMPRSS2 activity

To further examine the role of HAI-1 and HAI-2 in the
proteolytic activity of TMPRSS2, the extracellular portions
of recombinant TMPRSS2 (rTMPRSS2) proteins were
purified and used for the proteolytic activity assays in the
presence of the indicated concentrations of purified
recombinant HAI-1 or HAI-2 (rHAI-1 or rHAI-2) proteins.
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The results (Fig. 2f) showed that rHAI-2 exhibited more
effectively inhibitory effects on the proteolytic activity of
TMPRSS2 than rHAI-1, although both rHAIs could inhibit
TMPRSS2’s proteolytic activity in a dose-response manner.
In fact, 0.2 nM of rHAI-2 had a similar effect to 20 nM of
rHAI-1 on inhibiting TMPRSS2 activity, while 0.2 nM
rHAI-1 showed no significant effects on TMPRSS2. To
further examine whether HAI-1 or HAI-2 could form
complexes with TMPRSS2, we used rTMPRSS2 and rHAIs

to conduct in-tube complex formation assays. After incu-
bation, the solutions were then subjected to immunoblot
analysis under a non-boiling, non-reducing condition. As
shown in Fig. 2g, rTMPRSS2 proteins formed complexes
with rHAI-2 proteins in a molecular mass range of
65–70 kDa, while there was no significant complex for-
mation between rTMPRSS2 and rHAI-1 proteins. However,
there was a cleaved product (~40 kDa) of rHAI-1 proteins
after the addition of rTMPRSS2 into the HAI-1 solution,
indicating that HAI-1 might be able to be proteolytically
processed by rTMPRSS2. Due to high glycosylation, the
molecular mass of HAI-2 ranged from 25 to 55 kDa. The
results together indicate that HAI-2 can interact with
TMPRSS2 to inhibit the protease activity.

Identification of the functional domain of HAI-2 to
inhibit TMPRSS2 proteolytic activity

HAI-2 contains two Kunitz domains, which possess the
inhibitory activity against its targets [19, 27]. In order to
identify which functional domain of HAI-2 was critical for
inhibiting TMPRSS2 activity, the plasmids encoding full-
length HAI-2 (HAI-2-FL), KD1-deleted HAI-2 (HAI-2-
ΔKD1), KD2-deleted HAI-2 (HAI-2-ΔKD2) and trans-
membrane domain-deleted HAI-2 (HAI-2-ΔTM) were
constructed. HEK293A cells were transfected with the
mutant HAI-2 plasmids in the presence of TMPRSS2
plasmids, and lysates were subjected to immunoprecipita-
tion and immunoblot analysis. The result (Fig. 3a) showed
that HAI-2-ΔKD2 and HAI-2-ΔTM proteins had a
decreased interaction with TMPRSS2, while HAI-2-ΔKD1
had a better interaction with activated TMPRSS2 because of
an increased level of the N-terminus of TMPRSS2 after
immunoprecipitation. The data together indicates that the
KD2 of HAI-2 is important for the interaction with
TMPRSS2 in cells. The DNA fragments encoding the
extracellular region (EC), KD1 and KD2 proteins of HAI-2
were then constructed into pMAL vectors. The recombinant
proteins (EC, KD1 and KD2 of HAI-2) were purified from
the E. coli expression system. Using proteolytic activity
assays, the results (Fig. 3b) showed that the extracellular
region of rHAI-2 proteins displayed more inhibitory effects
on TMPRSS2 activity than KD1 or KD2 alone, although
both HAI-2’s KD1 and KD2 could suppress the proteolytic
activity of TMPRSS2 in a dose-response manner. More-
over, rHAI-2 proteins with the deletion of KD1 (ΔKD1) and
KD2 domain (ΔKD2) were also purified from baculovirus
expression system, and used to determine their inhibitory
effects on TMPRSS2. As shown in Fig. 3c, rHAI-2 proteins
with the deletion of KD1 or KD2 still could significantly
suppress the proteolytic activity of TMPRSS2 in a dose-
response manner. In order to support the interaction
between HAI-2 and TMPRSS2, we performed the

Fig. 2 Identification and validation of TMPRSS2-interacting pro-
teins. a Identification of TMPRSS2-interacting protein(s) by co-
immunoprecipitation using M2 beads carrying anti-flag Abs. Arrows
indicate the signals of TMPRSS2 or TMPRSS2 complexes.
TMPRSS2-overexpressing LNCaP cells were lysed and the cell lysates
were incubated with M2 beads at 4 °C, gentle rotation, overnight. The
beads were then washed using TBST, four times and subjected to
Laemmli sample buffer (SB) elution and acid elution, respectively. b
List of proteins identified after Co-IP and LC/MS/MS analysis. The
eluent from acid elution was subjected to LC/MS/MS analysis. The top
ten protein identities with high #PSMs were listed in the table. c
Interactions between TMPRSS2 and HAI-1/HAI-2 were validated by
co-immunoprecipitation and immunoblot analysis in TMPRSS2-
overexpressing LNCaP cells. The eluted proteins from immunopreci-
pitation were subjected to immunoblot analysis with anti-HAI-1
(Genetex) and anti- HAI-2 (LTK) antibodies. Square bracket, HAI-2.
Arrows, HAI-1. d Analysis of the subcellular localization of HAI-1,
HAI-2 and TMPRSS2 in PCa cells. Immunofluorescence staining of
HAI-1, HAI-2 and TMPRSS2 was performed in PCa
CWR22Rv1 cells. Cells were transiently transfected with TMPRSS2
plasmids using lipofectamine 3000 (Thermo, IL, USA). Two days after
transfection, cells were fixed with 4% paraformaldehyde and blocked
with 5% BSA plus 2% normal goat serum. Cells were stained with a
monoclonal anti-Flag antibody (TMPRSS2, green), HAI-1 (M19, red)
and HAI-2 (DC16, red). e Interaction between endogenous HAI-2 and
TMPRSS2 in PCa cells. The interaction between HAI-2/HAI-1 and
TMPRSS2 was examined in LNCaP cells using co-
immunoprecipitation and immunoblot analysis. LNCaP cells were
lysed and the cell lysates were incubated with an anti-HAI-2 antibody
or an anti-HAI-1 antibody at 4 °C overnight. Protein G Sepharose
beads were then added into the solution to isolate antibody-captured
protein complexes. Normal mouse IgG (M-IgG) and rabbit IgG (R-
IgG) were used as negative controls. The eluted proteins were sub-
jected to immunoblot analysis with anti-HAI-2, anti-HAI-1 and anti-
TMPRSS2 (AL-20) antibodies. FL full length of TMPRSS2. PD
protease domain of TMPRSS2. f Analysis of the effects of the
recombinant extracellular regions of HAI-1 and HAI-2 proteins (R&D)
on the proteolytic activity of recombinant TMPRSS2 proteins by the
measurement of the fluorescence signal of Boc-Gln-Ala-Arg-AMC
substrate (ENZO). 0.2 nM of rTMPRSS2 proteins were incubated with
the indicated concentrations of recombinant HAI-1 or HAI-2 proteins
and then subjected to fluorescence detection in various time points.
Measurements were performed in triplicate. Three independent
experiments were performed, statistically calculated and presented as
mean ± S.D. g TMPRSS2 formed complexes with HAI-2. Fifty
nanograms (50 ng) of human rTMPRSS2 proteins were incubated with
50 ng of human rHAI-1 or rHAI-2 for 1 hour in PBS at 37 °C. The
complex formation between rTMPRSS2 and rHAI-1 or rHAI-2 was
analyzed using immunoblot analyses under boiling/reducing or non-
boiling/non-reducing condition, using anti-TMPRSS2 (Abcam), anti-
HAI-1(Genetex), as well as anti-HAI-2 (LTK) antibodies. The arrows
indicated the complexes of rTMPRSS2 and rHAI-2 proteins.

5954 C.-J. Ko et al.



computational docking of HAI-2’s KD1 and KD2 with
TMPRSS2 protease domain using the crystal structures
(HAI-2’s KD1, PDB ID: 4U3274; the model of HAI-2’s
KD2 and TMPRSS2 protease domain was constructed by
SWISS-MODEL [34, 35]) and ClusPro web server [36–40].
The predicted docking models showed that both KD1 and
KD2 of HAI-2 had close contacts with the protease domain
of TMPRSS2 (Fig. S2A, B). Moreover, both active sites
(R48 for KD1 and R143 for KD2) in HAI-2’s KD1 and
KD2 domains deeply inserted into the protease domain and
directly contacted with the catalytic residue (S441) of
TMPRSS2 (Fig. S2C, D). The results of docking prediction
suggest that both KD1 and KD2 of HAI-2 can interact with
the protease domain of TMPRSS2 with a direct contact
between KDs’ active sites and TMPRSS2’s catalytic resi-
due. The data together indicate that HAI-2’s KD1 and KD2
domains have an inhibitory effect against TMPRSS2, and
the KD2 of HAI-2 may function as an important domain to
interact with TMPRSS2 in cells.

HAI-2 inhibited TMPRSS2-induced PCa invasion and
substrate procession

To further evaluate the importance of HAI-2 in the mod-
ulation of TMPRSS2, we co-overexpressed HAI-2 and
TMPRSS2 in LNCaP, PC3 and DU145 cells, and then
analyzed their invasive ability using transwell assays. The
ectopic expression levels of TMPRSS2 and HAI-2 were
validated by immunoblot analysis. The results showed that
TMPRSS2 overexpression induced LNCaP (Fig. 4a), PC3
(Fig. 4b), and DU145 cell invasion (Fig. 4c), and HAI-2
overexpression could suppress TMPRSS2-induced PCa cell
invasion, down to the basal level. To further investigate the
role of HAI-2 and TMPRSS2 in PCa cells, the expression
levels of TMPRSS2 and HAI-2 were analyzed by qRT-
PCR. In addition, Matriptase was also examined since this
protease has been identified as a substrate of TMPRSS2 [8].
As shown in Fig. S3A, compared to LNCaP cells,
TMPRSS2 mRNA levels were decreased in VCaP,

Fig. 3 Identification of the functional domain of HAI-2 for the
inhibition of TMPRSS2 proteolytic activity. a Schematic structure
of wild-type and various mutants of HAI-2. Wild-type HAI-2 (HAI-2-
FL), ΔKD1 HAI-2 (the deletion of kunitz domain 1), ΔKD2 HAI-2
(the deletion of kunitz domain 2) and ΔTM HAI-2 (the deletion of
transmembrane domain) were constructed in pcDNA3.1 vectors with a
Myc/His tag. Interaction between various HAI-2 mutants and
TMPRSS2 was analyzed by co-immunoprecipitation and immunoblot
analysis. HEK293 cells were transfected with wild-type HAI-2, ΔKD1
HAI-2, ΔKD2 HAI-2 and ΔTM HAI-2 (Myc tag) plasmids in the
presence of TMPRSS2 (a flag tag) plasmids. Cell lysates were used for
immunoprecipitation using an anti-Myc antibody. The eluted proteins
were subjected to SDS-PAGE and western blotting analysis with anti-
Myc or anti TMPRSS2 (Abcam) antibodies. The arrows indicated the
full length or amino (N) terminus of TMPRSS2. The (*) indicated IgG.
b The extracellular region (EC, a.a.38–a.a.183), kunitz domain I (KD1,
a.a.38–a.a.88) and kunitz domain II (KD2, a.a.133–a.a.183) portions

of HAI-2 were constructed into pMAL-c2x vectors. The plasmids were
used to transform E. coli strain BL21-DE3 for the protein over-
expression and purification. The effects of purified rHAI-2-EC, rHAI-
2-KD1 and rHAI-2-KD2 proteins on TMPRSS2’s proteolytic activity
were examined by measuring the fluorescence signals of Boc-Gln-Ala-
Arg-AMC substrates. Measurements were performed in triplicate in
each experiment. Three independent experiments were carried out and
statistically calculated as mean ± S.D. c The HAI-2 mutants with
deletion of KD1 (HAI-2-ΔKD1) or deletion of KD2 (HAI-2-ΔKD2)
were constructed into Bacmid vectors for their overexpression in insect
cells. The effects of purified recombinant HAI-2-ΔKD1 and HAI-2-
ΔKD2 proteins on TMPRSS2’s proteolytic activity were performed by
monitoring the fluorescence signals of Boc-Gln-Ala-Arg-AMC sub-
strate. Measurements were performed in triplicate each experiment.
Three independent experiments were carried out and statistically cal-
culated as mean ± S.D.
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CWR22Rv1, PC3, and DU145 cells, while there were
comparable mRNA expression levels of HAI-2 in these
cells. Moreover, the western blot results (Fig. S3B) showed
that the protein levels of TMPRSS2, Matriptase, and HAI-2
were consistently correlated with their gene expression
levels in these cells. The protein levels of TMPRSS2 were
higher in LNCaP and VCaP cells, compared to
CWR22Rv1, PC3 and DU145 cells (Fig. S3B). The

activated levels of Matriptase (a substrate of TMPRSS2)
were also correlated with TMPRSS2 expression in LNCaP
and VCaP cells (Fig. S3B). Since the expression levels of
TMPRSS2, Matriptase and HAI-2 were low in DU145 cells
(Fig. S3B), DU145 cells were further used to examine the
role of HAI-2 in TMPRSS2-induced pericellular proteolytic
activity. As shown in Fig. 4d, the overexpression of
TMPRSS2 in DU145 cells enhanced the pericellular

Fig. 4 Inhibitory role of HAI-2 in TMPRSS2-induced cell invasion
and substrate cleavage. a–c Role of HAI-2 in TMPRSS2-induced
PCa cell invasion. PCa LNCaP (a), PC3 (b), and DU145 cells (c) were
transfected with TMPRSS2 plasmids in the presence or absence of
HAI-2 plasmids and stable pools were established after antibiotic
selections. Control cells were transfected with pLKO (vector for
TMPRSS2) or pcDNA 3.1 (vector for HAI-2). Cell lysates were col-
lected, subjected to SDS-PAGE and immunoblot analysis using anti-
TMPRSS2 (AL20) and anti-HAI-2 antibodies. β-actin was used as
control. Left panels: Immunoblots of TMPRSS2 and HAI-2 in the
transfectants. Middle and Right panels: Effect of TMPRSS2- or HAI-
2-overexpression on the invasion of the PCa cells. For invasion assays,
cells were seeded at a density of 4 × 105 (LNCaP) or 5 × 104 (PC3 and
DU145) per Boyden chamber with Matrigel-coating and cultured for
40 h (LNCaP) or 16 h (PC3 and DU145). Cells were fixed and stained
with crystal violet. Invaded cells were imaged under a light micro-
scope. The cell invasion results were statistically calculated from three
independent experiments and represented as mean ± SEM. d Analysis
of the role of HAI-2 in TMPRSS2-induced pericellular proteolysis of
PCa cells by monitoring the fluorescence signals of Boc-Gln-Ala-Arg-
AMC substrate. DU145 transfectants with the overexpression of HAI-
2, TMPRSS2 and TMPRSS2/HAI-2 were seeded, cultured one day,
and starved for 16 h. Cells were then washed with PBS and incubated
with 10 μM of fluorescence substrates. The conditioned media were
then collected at indicated times and used for the measurement of the
fluorescence signals. Results were statistically calculated from three
independent experiments. e Analysis of the pericellular proteolytic
activity of CWR22Rv1 cells with or without TMPRSS2 over-
expression in the presence or absence of various HAI-2 mutants.
CWR22Rv1 cells were transfected with wild-type HAI-2, HAI-2-
R48L, HAI-2-R143L, HAI-2-R48L/R143L double mutant plasmids in

the presence of TMPRSS2 plasmid or vector alone. Cell lysates were
used for SDS-PAGE and immunoblotting analysis using anti-
TMPRSS2 (AL20) or anti-Myc antibodies (Santa Cruz). β-actin was
used as control. Immunoblots were shown in the left panel. The effects
of TMPRSS2 and HAI-2 mutant overexpression on the pericellular
proteolytic activity of CWR22Rv1 cells were performed by monitoring
the fluorescence signal of Boc-Gln-Ala-Arg-AMC substrate (ENZO).
For the pericellular proteolysis assays, transfectants were washed with
PBS and incubated with 30 μM of fluorescence substrates. The con-
ditioned media were then collected after incubation at 37 °C for 40 min
and used for the measurement of fluorescence signals. f Examination
of the effects of purified rHAI-2 mutant proteins (from E. coli) on the
proteolytic activity of TMPRSS2 on Nidogen-1 cleavage. Three
micrograms (3 μg) of Matrigel (Corning) were incubated with
rTMPRSS2 proteins (10 nM) in the presence of different concentra-
tions of purified recombinant HAI-2 mutant proteins with MBP/His
tag. After incubation, the mixture was then subjected to SDS-PAGE
and western blot analysis with anti-Nidogen-1 (GeneTex), anti-
TMPRSS2 (TM2; Abcam), anti-His (Thermo) and anti-HAI-2 (LTK)
antibodies. g, h Inhibitory effect of HAI-2 on TMPRSS2-induced pro-
HGF cleavage and c-Met activation in PCa cells. Fifty nanograms
(50 ng) of pro-HGF were incubated with 20 nM rTMPRSS2 or 200 nM
rHAI-2 (R&D) in PBS for an hour, and some of the solutions after the
proteolytic processing were subjected to the immunoblot analysis
using an anti-HGF antibody (g). The remaining of the TMPRSS2-
processing solutions was added to serum-starved DU145 cells for
10 min, and cell lysates were collected, followed by SDS-PAGE and
immunoblot analysis using anti-HAI-2 (LTK), anti-TMPRS22 (TM2;
Abcam), anti-phospho-Met (p-met, Cell Signaling), anti-c-Met
(Spring), and anti-β-actin antibodies (h).
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proteolytic activity and the overexpression of HAI-2 could
suppress TMPRSS2-induced proteolytic activity, indicating
that PCa with overexpression of TMPRSS2 or down-
regulation of HAI-2 augments TMPRSS2’s proteolytic
activity to cleavage TMPRSS2’s substrates. Moreover, we
overexpressed TMPRSS2 and different HAI-2 proteins (wild-
type, R48L, R143L, and R48L/R143L HAI-2) in
CWR22Rv1 cells. As shown in Fig. 4e, HAI-2 also could
inhibit the proteolytic activity of TMPRSS2 in
CWR22Rv1 cells, and the HAI-2 mutants within KD1
(R48L) or KD2 (R143L) reduced their inhibitory effect on
TMPRSS2 activities. Compare to wild-type HAI-2, R48L/
R143L HAI-2 (double mutation on KD1 and KD2 domain)
almost lost its function on suppressing TMPRSS2 activity.
Since Nidogen-1 (a component of extracellular matrix) has
been identified to be one of TMPRSS2’s substrates [8], we
then used purified rTMPRSS2 proteins to confirm the role of
TMPRSS2 in Nidogen-1 cleavage and found that TMPRSS2
could cleave Nidogen-1 in a dose-response manner (Fig.
S4A). Moreover, we examined the effects of HAI-2 proteins
on TMPRSS2-cleaved Nidogen-1. As shown in Fig. 4f and
S4B, rHAI-2 proteins could significantly inhibit TMPRSS2 to
cleave Nidogen-1, while R48L/R143L HAI-2 proteins
showed reduced effects to suppress TMPRSS2-induced
Nidogen-1 degradation. Purified rHAI-2 proteins alone had
no effect on Nidogen-1 degradation (Fig. S4C). In order to
examine the role of HAI-2 in TMPRSS2-activated c-Met
signaling, DU145 cells were treated with pro-HGF which was
pre-incubated with or without rTMPRSS2 in the presence or
absence of rHAI-2 proteins. The results showed that
rTMPRSS2 could proteolytically activate pro-HGF (Fig. 4g),
leading to c-Met activation (indicated by its phosphorylation)
(Fig. 4h), and rHAI-2 could suppress TMPRSS2-induced pro-
HGF procession and c-Met phosphorylation (Fig. 4g, h).
Thus, the results together indicate that HAI-2 can suppress
TMPRSS2’s function on substrate procession and PCa cell
invasion.

Correlation of HAI-2 and TMPRSS2 in PCa specimens

To evaluate the clinical relevance of TMPRSS2 and HAI-2
expression, we used PCa cDNA arrays to examine the
levels of TMPRSS2 and HAI-2 in PCa specimens [28]. The
mRNA levels of TMPRSS2 showed an inverse correlation
with HAI-2 mRNA levels in the PCa specimens, compared
to normal prostate tissues (Figs. 5a and S5A). The expres-
sion levels of TMPRSS2 were relatively low in normal
prostate tissues and increased in PCa specimens, while the
expression levels of HAI-2 displayed an inverse trend to
TMPRSS2 with downregulation in PCa specimens (Fig.
5b). The levels of TMPRSS2 were correlated with the PCa
progression following the tumor stages and Gleason scores
(Fig. 5c). The levels of HAI-2 in PCa patients with Gleason

scores 6–7 and 8–9 were significantly reduced, compared
with normal prostate tissues [28]. To further analyze the
correlation between HAI-2 and TMPRSS2 in PCa pro-
gression, we further analyzed the expression ratio of
TMPRSS2 to HAI-2. The results showed that the ratio of
TMPRSS2 to HAI-2 was increased in PCa groups, com-
pared to normal groups. Moreover, the ratio of TMPRSS2
to HAI-2 was also significantly increased during the PCa
progression which was analyzed by tumor stages and
Gleason scores (Fig. 5d). Analysis of The Cancer Genome
Atlas Prostate Adenocarcinoma (TCGA-PRAD) database
further supported the increased ratio of TMPRSS2 to HAI-2
during PCa progression (Fig. S5B). The results indicate that
an increased ratio of TMPRSS2 to HAI-2 may contribute to
the dysregulation of TMPRSS2 activity and thereby PCa
progression.

HAI-2 inhibited TMPRSS2-induced tumor growth
and metastasis in PCa xenograft mouse models

In order to evaluate the significance of HAI-2 on TMPRSS2
regulation in PCa, we further examined whether HAI-2 could
suppress TMPRSS2-induced PCa tumor growth and metas-
tasis. Since DU145 cells had relatively low expression levels
of HAI-2, TMPRSS2 and Matriptase among PCa cells, we
then used DU145 cells as a cell model to examine the role of
HAI-2 in TMPRSS2-induced PCa tumor growth and metas-
tasis. The results from an orthotopic xenograft animal model
showed that TMPRSS2 overexpression significantly
increased the tumor growth (Fig. 6a, c) and tumor mass (Fig.
6d) with no significant effect on the mouse body weights (Fig.
6b). Moreover, HAI-2 overexpression suppressed TMPRSS2-
induced tumor growth and masses in the xenograft animal
experiment (Fig. 6a–d). The protein levels of TMPRSS2 and
HAI-2 in tumor lesions were further detected using immu-
nohistochemical staining and shown in Fig. 6e. In addition,
we searched for the metastatic lesions after the animals were
euthanized. The results (Fig. 6f) showed that TMPRSS2
overexpression significantly increased the liver metastatic rate
of PCa DU145 cells from 16.7% to 50%, and HAI-2 over-
expression inhibited TMPRSS2-induced PCa metastasis (Fig.
6f, up-left Table). The metastatic tumor tissues were further
examined using H&E staining and the images showed the
representative metastatic or inflammatory lesions (Fig. 6f,
bottom and right). The data together indicate that HAI-2 plays
a suppression role in TMPRSS2 action on prostate tumor
growth and metastasis.

Discussion

Cancer metastasis is the main reason for the dead of
patients. Dysregulation of androgen-regulated TMPRSS2
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has been shown to increase prostate cancer (PCa) metastasis
[8, 9]. It thus becomes an important issue to identify a
potential inhibitor for TMPRSS2, in order to explore whe-
ther there is an imbalance between TMPRSS2 and its
cognate inhibitor for TMPRSS2 dysregulation, or to provide
new information for the development of a novel approach
against TMPRSS2-induced PCa progression and metastasis.
In this study, we used co-immunoprecipitation and LC/MS/
MS analysis and isolated more than 300 TMPRSS2-
associated proteins. Among them, we identified HAI-2 to
be a novel cognate inhibitor for TMPRSS2 in human PCa
cells and further found out HAI-2 was a critical inhibitor to
suppress TMPRSS2 protease activity and TMPRSS2-
induced PCa cell invasion and metastasis (Fig. 7).

Our present study indicates TMPRSS2 is important for
the invasion and metastasis of PCa cells. However, it does
not show a positive correlation between TMPRSS2 levels
and invasive capability among the prostate cancer cell lines
no matter of androgen receptor (AR) expression. Since

TMPRSS2 is an androgen-regulated transmembrane serine
protease and highly expressed in AR-positive PCa LNCaP
and VCaP cells, it implies that TMPRSS2 may briefly play
a role in AR-positive PCa cell invasion. Indeed, TMPRSS2
has been shown to be important for androgen action on
prostate cancer cell invasion and matriptase activation [8, 9]
and its expression levels were related to the activated level
of its substrate matriptase (Fig. S3B). Thus, the data sug-
gests that TMPRSS2 may be mainly involved in AR-
positive PCa cell motility and progression. In this study, in
order to investigate the functional roles of TMPRSS2 and
HAI-2 in prostate cancer cells under the less interference of
androgen receptor signaling on PCa cell invasion and
metastasis, prostate cancer cell lines such as PC3 and
DU145 cells with little/no TMPRSS2 expression were
selected to be the cell models for the study. Our results
together indicate that TMPRSS2 alone also can promote
prostate cancer cell invasion no matter of AR, which is ably
suppressed by HAI-2.

Fig. 5 Correlation of the expression of TMPRSS2 and HAI-2 in
PCa specimens. The expression levels of TMPRSS2 and HAI-2
mRNA in normal human prostate and PCa were analyzed using q-PCR
in a PCa cDNA array including 9 normal and 39 cancerous prostate
specimens. qPCR results were presented using the comparative Ct
values with normalization to β-actin levels and presented as means ±
SEM. a Correlation of TMPRSS2 and HAI-2 mRNA levels in archival
PCa specimens. b Correlation of TMPRSS2 and HAI-2 mRNA levels
at normal prostate tissues and cancer tissues of archival PCa speci-
mens. c The expression levels of TMPRSS2 and HAI-2 mRNA in the

PCa tissues with different tumor stages and Gleason scores. Data were
analyzed using the comparative Ct method with normalization to
β-actin levels and presented as means ± S.E.M (*p < 0.05; **p < 0.01;
***p < 0.001). d Ratio of TMPRSS2 to HAI-2 mRNA levels in PCa
tissues at different tumor stages and Gleason scores. The ratios of
TMPRSS2 to HAI-2 were further statistically calculated for the dif-
ference after the subtraction of HAI-2 Ct values by TMPRSS2 Ct
values (TMPRSS2 Ct value minus HAI-2 Ct value) and presented as
means ± S.E.M (*p < 0.05; **p < 0.01; ***p < 0.001).
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During the past decade, several groups devoted to look
for small chemical drugs to inhibit TMPRSS2, such as
bromhexine hydrochloride [41], benzylsulfonyl-dArg-Pro-
4-amidinobenzylamide or other synthetic inhibitors
[42, 43]. However, small molecule-based targeted drugs
have been estimated to be at least an average of 6.3 targets
[44] suggesting that small molecules for targeted therapy
exhibit more off targets and consequent unknown side
effects. Instead, protein-based drugs have been demon-
strated with better target-specificity and fewer side effects
than chemical targeted drugs. Thus, the advantage of the
protein-derived drugs strongly encourages us to identify the
cognate inhibitor(s) of TMPRSS2, and the finding of
TMPRSS2’s cognate inhibitor will provide an important
information to develop protein-based therapeutic approa-
ches against TMPRSS2-mediated malignancy or virus
infection. Recent reports have also shown that

downregulated expression of two cognate inhibitors of
matriptase (HAI-1 and HAI-2) is correlated with the pro-
gression of PCa and other cancers [28, 45–47], and occurs
in parallel with matriptase activation and cancer cell inva-
sion [28, 48]. Thus, reduced levels of HAI-1 or HAI-2
contribute to matriptase activation and cancer progression.
In fact, an engineered serine protease inhibitor HAI-1 has
been developed with an excellent inhibitory effect on its
target serine protease matriptase [49]. Thus, the results
together indicate that the protease-inhibitory domains of
HAI-2 and HAI-1 may exhibit some potentials for the
development of therapeutic recombinant proteins after
protein engineering, and will be clinically useful for
TMPRSS2- or their target protease-induced prostate cancer
progression, even used against viral infection.

Protein glycosylation plays a critical role in regulating
protein function, structure and stability, which are also

Fig. 6 Suppression role of
HAI-2 in TMPRSS2-induced
PCa tumor growth and
metastasis. DU145 cells (2 ×
105 cells per mouse) were
injected into the anterior
prostates of mice. The tumor
volumes were weekly measured
as bioluminescence images
using an in vivo IVIS system.
Three representative images at
week 1 (W1) and week 6 (W6)
from each group (n= 6) were
shown in a. b The body weights
of mice were measured weekly.
c Tumor growth was statistically
calculated from the
bioluminescence images at each
week as mean ± SEM, and
plotted. *p < 0.05; **p < 0.01. d
After 6 weeks, tumor weights at
each group were measured,
plotted, and statistically
calculated as mean ± SEM. *p <
0.05; **p < 0.01. e
Immunohistochemical analysis
of TMPRSS2 (left panel) and
HAI-2 (right panel) in the
primary tumors using anti-
TMPRSS2 and anti-HAI-2 Abs.
f The histological section from
the livers of xenografted mice
were stained with haematoxylin.
and eosin, and then were
subjected to the measurement of
the metastatic lesions and
inflammation. Representative
H&E images were shown in the
up right (inflammation) and
bottom panels (metastatic
lesions).

Inhibition of TMPRSS2 by HAI-2 reduces prostate cancer cell invasion and metastasis 5959



involved in human disease progression [50]. HAI-2 has
been reported to be a heavily glycosylated protein [19], and
HAI-2 also exhibits different patterns of glycosylation in
PCa cells (Fig. S6A). N-Glycan modification on HAI-2 has
been reported to be crucial for HAI-2 to inhibit matriptase in
breast cancer cells [33], but our data showed that the N-
glycosylation of recombinant HAI-2 proteins was not quite
important for rHAI-2 proteins to suppress TMPRSS2 pro-
teolytic activity (Fig. S6B, C). Thus, the importance of
glycosylation on HAI-2 function to inhibit its target pro-
teases may be dependent on cell types or targeted proteases
and remains more investigation. Since Matriptase is one of
TMPRSS2’s substrates to mediate TMPRSS2 signaling for
PCa cell invasion, tumor growth and metastasis [8], in this
study, we unexpectedly identified HAI-2 to be a cognate
inhibitor of TMPRSS2. Moreover, our results further show
that HAI-2 can suppress TMPRSS2-mediated Matriptase
activation (Fig. S7). Thus, the results indicate that HAI-2
functions as a bi-specific inhibitor by simultaneous sup-
pression on TMPRSS2 and Matriptase at this proteolytic
cascade in human PCa cells. The data suggest that the
application of the same protease inhibitor on a protease
cascade may provide an efficient regulation on the proteo-
lytic signal pathway.

Our present study showed that HAI-2 could suppress
TMPRSS2-induced c-Met activation by inhibiting the pro-
cession of pro-HGF. Lucas et al. also showed that HGF
activated by TMPRSS2 promoted c-Met signaling activa-
tion and induced a pro-invasive epithelial-to-mesenchymal
transition phenotype. They further demonstrated that
TMPRSS2-activated HGF promoted prostate cancer cell
invasion [9]. Moreover, c-Met expression was positively
correlated with the Gleason score [51], and the levels of
serum HGF and urine c-Met are elevated in PCa patients
with metastatic tumor compared to patients with localized
tumor [52]. The results together indicate that there is a link
between the ratio of TMPRSS2/HAI-2 and c-Met activity
axis, and dysregulation of TMPRSS2/HAI-2 ratio in favor
of proteolysis to promote PCa cancer progression may be
through modulating c-Met signaling.

In addition to being a protease inhibitor, HAI-2 may also
serve as a chaperone or stabilizer for TMPRSS2 proteins
because the overexpression of HAI-2 could further sig-
nificantly increase the protein levels of TMPRSS2 in PC3
and HEK293T cells. This observation is similar to the role
of HAI-1 to Matriptase, because HAI-1 has been reported to
be crucial in the biosynthesis, intracellular trafficking,
activation of Matriptase, in addition to its role in the pro-
tease inhibition [53]. Thus, the data together suggest that
HAI-2 may also serve as a chaperone-like inhibitor for
TMPRSS2, like HAI-1 to Matriptase, to ensure their
appropriate intracellular processing, proteolytic activation
and subsequent inhibition.

Tumor microenvironment has been proposed to play
important roles in tumor progression. In general, the para-
crine or juxtacrine signaling from the tumor microenviron-
ment (cytokines, chemokines, or growth factors) can
facilitate tumor cell survival, proliferation or motility [54].
In the tumor microenvironment, cancer-associated fibro-
blasts (CAFs) act as a pivotal role in supplying pre-
metastatic factors including pro-HGF [55]. In head and neck
squamous cell carcinoma (HNSCC), pro-HGF that is
secreted by CAFs increases HNSCC glycolysis and pro-
motes HNSCC progression [56]. In hormone-refractory PCa
patients, the levels of HGF in the plasma are increased and
the high HGF levels are associated with poor prognosis
[57]. Moreover, CAFs have been reported to promote PCa
drug resistance to anti-androgen treatment [58]. Our results
indicate that HAI-2 can inhibit TMPRSS2-induced pro-
HGF maturation to HGF, leading to inhibition of c-MET
signaling. Following the PCa progression, CAFs increase in
the tumor microenvironment and secret a high abundance of
pro-HGF. Once HAI-2 down-regulation or TMPRSS2
upregulation following the PCa progression will offer an
increased proteolytic activity for pro-HGF maturation and
lead to the activation of c-MET signaling. This molecular
mechanism may provide an explanation regarding why

Fig. 7 Schematic model for the inhibition of TMPRSS2 by HAI-2.
After binding to androgens, androgen receptors (ARs) are released
from heat shock proteins (HSP), dimerized and moved to the nucleus.
The AR dimers would bind to the ARE (androgen response elements)
of TMPRSS2 and turn on the gene expression. After androgen-induced
transcription/translation or its aberrant up-regulation, TMPRSS2 pro-
teins will be translocated to the plasma membrane for its biological
functions on Matriptase activation (a), ECM degradation (b), and the
processing of pro-HGF to HGF (c), leading to PCa cell invasion, tumor
growth and metastasis. HAI-2 can inhibit the proteolytic activity of
TMPRSS2 to reduce the activation of Matriptase, the ECM degrada-
tion and the proteolytic activation of pro-HGF to HGF, and simulta-
neously suppresses the activated Matriptase, all contributing to down
regulation of pericellular proteolysis, c-Met signaling, PCa cell moti-
lity, tumor growth and metastasis. As a result, inhibition of TMPRSS2
by HAI-2 can prevent PCa progression.
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HAI-2 downregulation or TMPRSS2 overexpression can
enhance PCa cell motility and metastasis via proteolytic
processing of environmental pro-HGF. Therefore, the
blockade of TMPRSS2 or pro-HGF maturation may shed
the light on treating refractory PCa patients.

In summary, we used co-immunoprecipitation, LC/MS/
MS approaches, biochemical and image analyses, to iden-
tify HAI-2 as a cognate inhibitor for TMPRSS2. Moreover,
the forced expression of HAI-2 could decrease TMPRSS2-
induced PCa cell invasion, tumor growth and metastasis.
Thus, the results together provide information to explain
how TMPRSS2 can be modulated and inhibited by a non-
covalent inhibitor HAI-2. These findings may further indi-
cate the dysregulation of TMPRSS2 and HAI-2 in favor of
pericellular proteolysis plays a role in human PCa pro-
gression, and give a hint that targeting pericellular serine
proteases may be an alternative approach for developing a
novel cancer therapy against PCa.

Material and methods

Due to page limits, the detailed information of cell culture,
invasion assay, co-immunoprecipitation, tissue array qPCR
analysis, tumor xenografts was described in Supplementary
information. Detailed information for all primary antibodies
used in this study was listed in Supplementary Table 1. The
sequences of primers used for Quantitative Real-Time RT-
PCR in this study were listed in Supplementary Table 2.

Statistical analysis

The intensities of images or bands were measured using
ImageJ software, analyzed using GraphPad Prism 8.0
(GraphPad Software, CA, USA). For tumor growth, the
statistical analysis was determined by a two-way ANOVA
with Bonferroni correction. All other statistical analyses
were performed by a two-tailed unpaired t test. P values of
< 0.05 were considered significant in all studies. *p < 0.05;
**p < 0.01; ***p < 0.001.
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