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Abstract
Serine proteases have been implicated in many stages of cancer development, facilitating tumor cell
growth, invasion, and metastasis, and naturally occurring serine protease inhibitors have shown
promise as potential anticancer therapeutics. Optimal design of inhibitors as potential therapeutics
requires the identification of the specific serine proteases involved in disease progression and the
functional targets responsible for the tumor-promoting properties. Here, we use the HMT-3522 breast
cancer progression series grown in 3D organotypic culture conditions to find that serine protease
inhibitors cause morphological reversion of the malignant T4-2 cells, assessed by inhibition of
proliferation and formation of acinar structures with polarization of basal markers, implicating serine
protease activity in their malignant growth behavior. We identify PRSS3/mesotrypsin upregulation
in T4-2 cells as compared to their nonmalignant progenitors, and show that knockdown of PRSS3
attenuates, and treatment with recombinant purified mesotrypsin enhances, the malignant growth
phenotype. Using proteomic methods, we identify CD109 as the functional proteolytic target of
mesotrypsin. Our study identifies a new mediator and effector of breast cancer growth and
progression.
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Introduction
The serine proteases of the chymotrypsin superfamily are highly represented in human biology,
with over 100 functional enzymes encoded in the human genome (MEROPS database;
http://merops.sanger.ac.uk/) [1]. Many of these enzymes carry out essential physiological
tasks, including key roles in digestion, blood coagulation, fibrinolysis, reproduction, the
immune response, and signal transduction from the extracellular environment to the cell, while
the functions of others are still being elucidated. The serine proteases share a common chemical
mechanism featuring a reactive serine residue at the catalytic site, but vary tremendously in
the nature and degree of substrate selectivity, ranging from promiscuous enzymes that carry
out general protein digestion, to exquisitely precise enzymes that cleave only a single peptide
bond within a single protein substrate.
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Serine proteases are also important players in tumor growth and progression [2–6]. A broad
array of extracellular membrane-bound and secreted serine proteases activate chemokines,
growth factors, growth factor receptors, and other signaling receptors, contributing in a
signaling capacity to tumor initiation, proliferation, and metastasis [2,3,5–10]. Plasmin and
plasminogen activators (PLAU), tumor-associated trypsins, tissue kallikreins, and neutrophil
elastase break down extracellular matrix and cellular adhesion molecules, facilitating
angiogenesis, invasion, and metastasis [2,3,5,6]. Several natural polypeptide and
phytochemical inhibitors of serine proteases have shown promise as cancer chemopreventive
or therapeutic agents [11–17]. Surprisingly, for some of these inhibitors, the specific target
proteases have not been identified, and this remains a critical frontier [18].

Over the past two decades, the increasing diagnosis of breast cancer at earlier stages has resulted
in a growing treatment focus on tertiary cancer prevention, identifying the best adjuvant
therapies to prevent relapse after surgery to remove preinvasive or localized breast lesions
[19,20]. Antiendocrine adjuvant therapies have led to important reductions in breast cancer
mortality [21,22], but identification of new molecular targets, particularly for treatment of the
30–40% of breast cancer patients with non-endocrine-responsive tumors, remains a high
priority [20,22]. Given the importance of a permissive microenvironment for tumor growth
and progression, the tumor microenvironment is an increasingly important focus for locating
points of therapeutic intervention.

The stroma surrounding a developing tumor has the potential to exert either normalizing or
tumor-promoting influences [23,24]. Organotypic cell culture systems in which breast
epithelial cells are grown in 3D extracelluar matrix gels have been used to dissect how
extracellular factors control progression to the malignant phenotype, and how modulation of
these signaling pathways can cause a stable reversion of breast cancer cells [25–27]. These
same model systems can be employed to identify novel molecular targets for breast cancer
therapy. Here, we use 3D models to elucidate one mechanism by which serine proteases
stimulate early progression of breast cancer, as manifested by loss of responsiveness to
normalizing microenvironmental stimuli, loss of cell polarity, and deregulated proliferation.
We identify the atypical trypsin isoform mesotrypsin as a specific contributor to aberrant
growth, and we use transcriptional and proteomic profiling approaches to define the
mechanistic basis whereby mesotrypsin promotes breast cancer progression.

Materials and methods
Cell culture and reagents

HMT-3522 T4-2 mammary epithelial cells were provided by Dr. Mina J. Bissell, Lawrence
Berkeley National Laboratory, Berkeley, CA, USA. Cells were cultured in H14 medium
consisting of DMEM/F12 (Invitrogen, Carlsbad, CA, USA) supplemented with 250 ng/ml
insulin (Sigma, St Louis, MO, USA), 10 µg/ml transferrin (Sigma), 2.6 ng/ml sodium selenite
(BD Biosciences, San Jose, CA, USA), 0.1 nM estradiol (Sigma), 1.4 µM hydrocortisone
(Sigma), and 5 µg/ml prolactin (Sigma) as previously described [26,28]. 3D cultures were
established by growing cells to 70–80% confluence as monolayers on collagen-coated plates
(Inamed Biomaterials, Fremont, CA, USA), followed by trypsinization with 0.25% trypsin and
embedding into growth factor-reduced Matrigel (BD Biosciences) using the “on-top” protocol,
in which single cells are allowed to attach to a bed of 100% Matrigel before deposition of a
blanketing layer of 10% Matrigel in medium, as previously described [29]. On the second day
following set up of 3D cultures, fresh medium without Matrigel was overlaid, and subsequently
was aspirated and replaced every 2 days.

In some experiments, the protein protease inhibitors aprotinin (United States Biochemical,
Cleveland, OH, USA), soybean trypsin inhibitor (United States Biochemical), or Bowman–
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Birk inhibitor (Sigma) were used to supplement the culture medium. The inhibitor was added
both to the upper layer of matrix in establishing 3D cultures, as well as to the culture medium
replenished every 2 days.

In other experiments, recombinant human mesotrypsin was used to supplement the culture
medium. Recombinant mesotrypsinogen was expressed in Escherichia coli, refolded, purified,
and activated to produce mesotrypsin as previously described [30,31]. Active mesotrypsin
concentrations were quantified by active site titration using the titrant 4-nitrophenyl 4-
guanidinobenzoate (Sigma) [32]. For 3D cultures treated with mesotrypsin, active mesotrypsin
was added to a final concentration of 100 nM both to the upper layer of matrix and to the culture
medium replenished every 2 days; this concentration was selected for maximal phenotypic
effect following preliminary experiments testing a range of concentrations.

Indirect immunofluorescence
Cells from 3D cultures were stabilized by successive incubation in PBS containing 15% and
then 30% sucrose, smeared onto slides, air dried, fixed with 4% formaldehyde, permeabilized
with PBS containing 0.1% Triton X-100, then blocked overnight in PBS containing 0.2% Triton
X-100, 0.05% Tween 20, 0.1% BSA, and 5% goat serum (Sigma). Slides were washed with
PBS, incubated with primary antibodies for 2 h and then with FITC- or Alexa Fluor 488-
conjugated secondary antibodies for 1 h, then nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI, Sigma) or with Hoechst 33342 (Invitrogen). Control slides
were stained with secondary antibodies only. Primary antibodies used were as follows: anti-
E-cadherin MAb clone 36 (BD Biosciences); rat anti-integrin a6 [CD49f] MAb clone NKI-
GoH3 (Chemicon International, Temecula, CA, USA); anti-Ki-67 clone MIB-1 (Dako,
Carpinteria, CA, USA). Fluorescence microscopy was performed using an Olympus IX71
inverted microscope and a Quantafire X1 camera. All images were obtained in grayscale and
pseudocolored using Adobe Photoshop CS. For quantification of acinar size and polarity, at
least 50 cell structures were assessed in four replicates for each experimental condition; data
are presented as the average and SD of the replicates.

Lentiviral shRNA knockdowns
Lentiviral short hairpin RNA constructs NM_002771.2–302s1c1 (C23) and NM_002771.2–
454s1c1 (C24) targeting human PRSS3 and NM_133493.1–3107s1c1 targeting human CD109
were obtained from the MISSION TRC-Hs1.0 library (Sigma). A nontarget control (NTC)
lentiviral vector containing a short hairpin that does not recognize any human genes was used
as a negative control in all RNAi experiments. Conditioned media containing infective
lentivirus particles were produced using HEK 293FT cells and following supplier protocols.
For lentiviral transduction, T4-2 cells were seeded into six-well plates at 50–60% confluency.
After 24 h, medium was replaced with 600 µl/well of complete medium, 400 µl/well of viral
supernatant, and a final concentration of 6 µg/ml of polybrene (Chemicon International). Cells
were incubated with virus for 24 h at 37°C, then washed and grown for another 24 h in fresh
culture medium before selection with 5 µg/ml puromycin. After 24 h of selection with
puromycin, cells were trypsinized and used immediately to set up 3D experimental cultures,
or were split and maintained under puromycin selection for up to a week prior to setting up 3D
experiments.

RNA extraction, cDNA synthesis, and quantitative real-time PCR
RNA was isolated from 2D and 3D cultures using TRIZol reagent (Invitrogen) according to
manufacturer protocols. cDNA was synthesized according to kit specifications using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA).
Quantitative real-time PCR was performed using TaqMan gene expression assays (Applied
Biosystems) on an Applied Biosystems 7900HT Fast Real-Time PCR System according to
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manufacturer protocols. TaqMan assays employed included: GAPDH, Hs99999905_m1;
PRSS1, Hs006056 31_g1; PRSS2, Hs00828418_gH; PRSS3, Hs006056 37_m1; PLAU,
Hs00170182_m1; PLAT, Hs002634 92_m1; ST14, Hs00222707_m1; TMPRSS6, Hs005421
84_m1; TPSG1, Hs00202948_m1; HGFAC, Hs001735 26_m1; PRSS8, Hs00173606_m1;
TMPRSS3 Hs002251 61_m1; PRSS21, Hs00199035_m1; PRSS12, Hs00186 221_m1; EGFR,
Hs00193306_m1; CD109, Hs003703 47_m1; ITGAV, Hs00233808_m1; BOP1, Hs003748
84_m1; CD74, Hs00269961_m1.

Microarrays
RNA was isolated from 3D cultures as described above. RNA integrity was confirmed by
electrophoresis on an Agilent 2100 instrument, and only samples with RINs of >8 were
analyzed. RNAs were labeled and hybridized to Affymetrix HU133V2 chips. Labeling,
hybridization, and scanning were carried out by the Mayo Clinic Microarray Facility in
Rochester, MN. Pre-processing, normalization, and background correction were carried out
using the GCRMA functions of GeneSpring (Agilent Technologies, Santa Clara, CA, USA),
which was used to identify genes that were significantly regulated (P < 0.01, fold change >
1.99 at false discovery rate as less than 0.05, using the standard analysis methods in the
Genespring software package).

Biotinylation, cleavage, capture, and identification of shed proteins
T4-2 cells grown to 90–95% confluence in monolayer culture were washed extensively with
cold PBS and labeled with a 0.5 mg/ml solution of biotin-XX, SSE (Invitrogen) in PBS/4%
DMSO for 30 min at 4°C. Subsequently, cells were washed and treated with 200-nM
mesotrypsin in DMEM serum-free medium for 4 h at 37°C. Conditioned medium was collected
and biotinylated proteins were isolated using Streptavidin Agarose Resin (Pierce
Biotechnology, Rockford, IL, USA). Recovered proteins were dissociated from streptavidin
beads by boiling in SDS-PAGE loading buffer, resolved by SDS-PAGE, and stained using
SilverSNAP Stain for Mass Spectrometry (Thermo Scientific/Pierce). Bands of interest were
excised, subjected to in-gel tryptic digestion, extraction, and identification by nano-flow liquid
chromatography tandem mass spectrometry (nanoLC-MS/MS) at the Mayo Proteomic
Research Center as previously described [33].

Western blotting
Whole cell lysates were prepared from cells grown in monolayer culture by lysis in RIPA buffer
(50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate).
Protein constituents of conditioned media were concentrated 20-fold by trichloroacetic acid
(TCA) precipitation followed by resuspension in SDS-PAGE loading buffer. Cell extract and
concentrated media samples were resolved by SDS-PAGE, blotted to Immobilon-FL PVDF
membrane (Millipore, Billerica, MA, USA), and probed with appropriate primary and
horseradish peroxidase-conjugated secondary antibodies according to standard protocols.
Immunoblots were developed using the ECL Plus Western Blotting Detection System (GE
Healthcare, Piscataway, NJ, USA) and images were captured using a ChemiDoc XRS imager
(Bio-Rad Laboratories, Hercules, CA, USA); alternatively, chemiluminescent signal was
recorded on Kodak BioMax MR film, and films were subsequently imaged using the ChemiDoc
XRS imager.
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Results
Serine protease inhibition suppresses malignant growth in a 3D culture model of human
breast cancer

Defining phenotypic effects activated by secreted proteases represents a particular challenge,
as their expression and activities are often modulated in response to the cellular
microenvironment [34], and their proteolytic functions often target extracellular structures,
many of which exist only in organized tissue architecture [2,3,5,35]. Here, we used 3D
epithelial culture systems in which breast epithelial cells, when cultured within basement-
membrane-like matrices, organize into structures that resemble their normal tissue architecture
and that recapitulate some aspects of differentiated function [36,37]. We used the HMT3522
breast cancer cell progression series [24]; when cultured in a 3D laminin-rich reconstituted
basement-membrane gel (lrBM), early passage normal breast epithelial S1 cells develop into
hollow, polarized spherical acini and growth arrest, whereas the derivative T4-2 cells, which
have undergone malignant transformation conferring tumorigenicity in mice, proliferate into
tumor-like masses [24]. The 3D model also allows for evaluating the phenotypic effects of
modulating key signaling pathways: activation of oncogenic pathways in nonmalignant cells
stimulates the malignant phenotype [38], while inhibition of key oncogenic signaling pathways
in T4-2 cells stimulates a phenotypic reversion [39], in which the cells organize into growth-
arrested acini with basal polarity [24–26,28,39,40].

We evaluated the role of serine proteases in the malignant growth phenotype of T4-2 cells by
treating 3D cultures with several serine protease inhibitors at a range of concentrations. We
found that treatment of 3D cultures with high concentrations (1 mg/ml; approximately 150
µM) of aprotinin attenuated the malignant phenotype, suppressing disorganized proliferation
and restoring basal polarity and acinar morphology (Fig. 1). Soybean trypsin inhibitor (SBTI)
produced similar effects at lower concentrations (20 µg/ml; approximately 1 µM), but marked
cytotoxicity at higher concentrations, while the Bowman–Birk inhibitor from soybean had no
comparable effect at concentrations up to 1 mg/ml (not shown).

Specific serine proteases are upregulated with progression to malignancy in the HMT3522
progression model of breast cancer

The phenotypic alteration of T4-2 cells treated with aprotinin or SBTI implicates serine
proteases as important functional mediators of malignancy in these breast cancer cells. As T4-2
cells belong to the HMT3522 progression series [24,41,42], we hypothesized that the
tumorigenic serine protease(s) of interest would show increased expression with progression
to malignancy in this cell series. Accordingly, we assessed candidate proteases for increased
transcription in T4-2 cells relative to nonmalignant precursor S1 cells in 3D culture. As both
aprotinin and SBTI are well-known trypsin inhibitors, and as trypsins have been reported to
play roles in progression of other tumor types [5,43], we included human trypsinogen genes
PRSS1, PRSS2, and PRSS3 among our candidate proteases. Further candidates, gleaned from
previous reports of upregulation or correlation with malignancy in breast cancer or relevant
models, included urokinase plasminogen activator (PLAU) [44], tissue plasminogen activator
(PLAT) [34], matriptase-1 (ST14) [45,46], matriptase-2 (TMPRSS6) [47], tryptase-γ1
(TPSG1) [47], and hepatocyte growth factor activator (HGFAC) [45,46]. Additionally, our
candidate list included transmembrane protease serine 3 (TMPRSS3), prostasin (PRSS8),
testisin (PRSS21), and neurotrypsin (PRSS12), serine proteases identified as upregulated in
T4-2 cells relative to S1 cells in 3D culture according to a recent microarray analysis [48].
Testing expression by quantitative RT/PCR, we found significant upregulation of five
candidate transcripts in T4-2 cells relative to S1 cells: PRSS3 (14-fold increase), PRSS8 (14-
fold increase), TMPRSS3 (4.6-fold increase), PRSS12 (2.1-fold increase), and ST14 (1.7-fold
increase) (Supplemental Fig. 1).
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PRSS3 knockdown suppresses malignant growth of T4-2 cells in 3D culture, while active
mesotrypsin enhances malignant growth

To assess the individual roles in promoting malignant growth of the five proteases found to be
upregulated in T4-2 cells, we evaluated the effect of RNAi knockdown via stable transduction
with lentiviral shRNA constructs on inhibition of the malignant phenotype in 3D culture. The
strongest effects were found with knockdown of PRSS3, where variable efficiencies of
transcriptional repression of PRSS3 by two different viruses correlated closely with
suppression of malignant growth in 3D cultures (Fig. 2); virus C23 reduced both PRSS3
transcript levels and colony size modestly, while virus C24 very effectively reduced PRSS3
transcript levels and more substantially reduced colony size.

PRSS3 encodes mesotrypsinogen/trypsinogen IV, proteolytic activation of which is expected
to produce active mesotrypsin. We tested the effect of active recombinant mesotrypsin on
growth of T4-2 cells in 3D culture, and found that mesotrypsin enhanced malignant growth,
significantly increasing the average colony size (Fig. 3).

Mesotrypsin exposure modulates gene transcription in T4-2 cells in 3D culture
To gain insight into potential mechanisms involved in the promotion of malignant growth in
breast cancer cells by mesotrypsin, we performed transcriptional profiling on T4-2 cells grown
in 3D culture using Affymetrix GeneChip Human Genome U133 Plus 2.0 microarrays
detecting 54,695 transcripts. Comparing control cultures to (a) cultures in which PRSS3
transcription was inhibited by shRNA knockdown using virus C24 and (b) PRSS3 knockdown
cultures treated with recombinant mesotrypsin, we found 68 distinct transcripts that were
downregulated by PRSS3 knockdown but upregulated by recombinant mesotrypsin; 42 distinct
transcripts showed the opposite effect, being upregulated by PRSS3 knockdown and
downregulated by mesotrypsin treatment (Fig. 4a, b). Several candidate transcripts of particular
relevance to breast cancer malignant growth were selected for validation by qRT/PCR, which
confirmed transcriptional regulation by mesotrypsin (Fig. 4c).

Enhancement of malignant growth by mesotrypsin is mediated by cleavage of CD109
Our data showing suppression of malignant growth by treatment with aprotinin or SBTI, and
enhancement of malignant growth by treatment with recombinant mesotrypsin, suggest that
secreted mesotrypsin acts extracellularly to stimulate cancer growth. To identify physiological
substrates of mesotrypsin through which these effects might be mediated, we designed a
proteomic screen to identify cell surface proteins shed from T4-2 cells by mesotrypsin
treatment. Live cells were treated with a membrane impermeant activated biotin reagent to
label all cell surface proteins, and then treated with mesotrypsin to allow proteolysis of
mesotrypsin targets. Biotinylated proteins shed from the cell surface into the medium were
affinity purified, resolved by SDS-PAGE, and identified by nanoLC-MS/MS. As shown in Fig.
5a, we identified a 70-kDa protein band from a mesotrypsin-treated sample for which the top
probability match, with 38 matching peptides and 31% sequence coverage, was CD109, a 180-
kDa glycosylphosphatidylinositol-linked cell surface glycoprotein.

We next confirmed by western blot with immunostaining for CD109 that this protein is shed
from the surface of T4-2 cells upon treatment with recombinant mesotrypsin (Fig. 5b). We
detect a relatively small amount of the shed 120 kDa CD109 ectodomain band in the media of
untreated cells (Fig. 5b, lane 5); this presumably represents the low level of CD109 shedding
that occurs during the 4 h course of the experiment, mediated by endogenous mesotrypsin and
possibly other endogenous serine proteases. We have detected this band consistently in
multiple repetitions of the experiment, and have also consistently observed an absence of the
band in cultures treated with 1 mg/ml aprotinin (Fig. 5b, lane 4), confirming that the relevant
sheddases are all serine proteases. By contrast with the low level of endogenous shedding seen
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in untreated cultures, a very large amount of the shed 120 kDa CD109 ectodomain, along with
a smaller amount of the 70 kDa fragment, are present following a 4 h treatment with
recombinant mesotrypsin (Fig. 5b, lane 6), showing that mesotrypsin can efficiently mediate
or induce shedding of CD109.

To directly assess the potential role of CD109 in the malignant growth of T4-2 cells, we
inhibited CD109 expression by stable transduction with a lentiviral shRNA construct.
Knockdown of CD109 in T4-2 cells grown in 3D culture was confirmed both by qRT/PCR
(Fig. 6a) and by western blot (Fig. 6b). Mesotrypsin treatment of the control cells stimulated
malignant growth and led to larger colonies, whereas CD109 knockdown produced small
colonies unresponsive to mesotrypsin, as shown in Fig. 6c, d. Knockdown of CD109 also
caused a reversion of the T4-2 cells, as assessed by basal localization of α6-integrin and lateral
localization of E-cadherin (Fig. 7). These results, taken in combination with the demonstration
of CD109 shedding from the cell surface by mesotrypsin (Fig. 5), suggest that CD109 is
activated by cleavage to stimulate growth, and in the absence of CD109, mesotrypsin dependent
malignant growth is abrogated. To directly assess the impact of PRSS3/mesotrypsin and its
target CD109 on cell proliferation, we stained 3D cultures for the proliferation marker Ki-67.
We found that inhibition of either PRSS3 or CD109 expression by stable transduction with
lentiviral shRNA constructs resulted in a significant reduction in Ki-67 staining (Fig. 8),
suggesting that stimulation of proliferation is one mechanism by which mesotrypsin promotes
malignant growth.

Discussion
We found that serine proteases are required for the malignant growth of HMT3522 T4-2 breast
cancer cells in 3D culture, since in the presence of the serine protease inhibitors aprotinin or
SBTI, these cells form acini with basal polarity and undergo growth arrest. We found that
PRSS3/mesotrypsin is upregulated with progression in the HMT3522 cell series, and that
knockdown of the PRSS3 gene suppressed malignant growth of T4-2 cells in 3D culture, while
treatment with active recombinant mesotrypsin enhanced the malignant phenotype. All of these
findings implicate mesotrypsin as a serine protease upon which malignant growth of T4-2 cells
depends. Furthermore, the concentrations at which different serine protease inhibitors effected
reversion of T4-2 cells were consistent with the relative affinities of these inhibitors toward
mesotrypsin. BPTI reverted T4-2 cells at a concentration around 150 µM, consistent with the
Ki of BPTI for mesotrypsin of 14 µM [30], while SBTI blocked the T4-2 malignant phenotype
at a concentration around 1 µM, consistent with the Ki of SBTI for mesotrypsin of 0.4 µM
[31,49].

A few previous studies have examined a potential role for PRSS3 expression in cancer
progression. Tumor-derived epithelial cell lines from prostate, colon, and lung have been found
to express PRSS3 transcripts [50–52]. Tumor growth of PC-3 prostate cancer xenografts was
inhibited by the broad-spectrum serine protease inhibitor ecotin, and an effort to identify the
serine proteases expressed in this system found PRSS3 transcripts among several other
candidates [53]. Additionally, comparative microarray studies of non-small cell lung cancer
(NSCLC) patients found PRSS3 expression to be associated with metastasis and predictive of
poor survival [43]. Furthermore, overexpression of PRSS3 in NSCLC cultures led to increased
transendothelial migration, highlighting a potential functional role for mesotrypsin in
metastasis [43]. By contrast, a study of esophageal squamous cell carcinoma found that
promoter hypermethylation frequently silenced PRSS3 expression in this cancer, while a
similar phenomenon in gastric adenocarcinoma correlated with increased invasion and tumor
stage, suggesting a potential tumor suppressive role for mesotrypsin [54]. Epigenetic silencing
of PRSS3 has subsequently been reported in NSCLC [55] and in bladder cancer [56], although

Hockla et al. Page 7

Breast Cancer Res Treat. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



only in the latter was the silencing associated with advancing tumor stage. It may be that the
malignancy promoting function of mesotrypsin depends upon the tumor type.

Using microarray analysis and qRT-PCR validation, we found that a considerable number of
genes were regulated by mesotrypsin. Among these, EGFR, ITGAV, and CD109 were
upregulated by mesotrypsin, while BOP1 and CD74 were downregulated by mesotrypsin.
While unlikely to be exclusively responsible, these alterations are suggestive of the signaling
pathways that may underlie promotion of T4-2 malignant growth by mesotrypsin. EGFR and
other members of the EGF-responsive family of growth factors have been found to play a
central role in the progression of cancers of the breast and other organs [57], inhibition of EGFR
is a critical area of breast cancer research [58], and inhibition of EGFR has been previously
found to be sufficient for reversion of T4-2 cells [28]. Integrin-av is a component of the integrin
αvβ3 heterodimer, which is expressed on aggressive tumor cells of breast and other cancers,
and which promotes tumor progression [59] and metastasis of breast cancer to bone [60].
Among genes downregulated by mesotrypsin, block of proliferation-1 (BOP1) was first
identified in a screen for inhibitors of proliferation [61] and has been implicated in colorectal
cancer progression [62], while CD74, the receptor for the tumor growth factor macrophage
migration inhibitory factor [63,64], plays a critical role in breast cancer cell proliferation
[65]. Identification of how these genes are regulated and how they contribute to the effects of
mesotrypsin will be an important area for future study.

Our studies with recombinant mesotrypsin indicate that mesotrypsin acts extracellularly to
promote malignant growth, presumably through proteolysis of extracellular or cell surface
targets. A previous study suggested that mesotrypsin may activate protease-activated receptors
(PARs) on the surface of epithelial cells[50], potentially triggering pathways that have been
linked to breast cancer development and progression [66–69]; however, contrasting studies
have questioned the ability of mesotrypsin to signal through epithelial cell PARs [70]. Here,
we identify CD109 as an alternative potential mesotrypsin substrate involved in malignant
growth. We found that mesotrypsin treatment of cells both upregulated CD109 at the
transcriptional level, and led to shedding of 120 and 70 kDa CD109 ectodomain fragments;
shedding was blocked by the serine protease inhibitor aprotinin. The simplest hypothesis
consistent with our data is that mesotrypsin cleavage releases CD109 from the cell surface.
However, as a very high concentration of aprotinin is required to inhibit mesotrypsin, and at
this concentration, aprotinin inhibits a broad-spectrum of serine proteases, an alternative
interpretation also consistent with our data is that mesotrypsin may stimulate increased activity
of another serine protease responsible for CD109 shedding. CD109 is highly expressed in many
lung, esophageal, and cervical squamous cell carcinomas [71–73], and is also diagnostic for
the basal-like subtype of breast carcinoma [74]. We found that RNAi knockdown of CD109
both suppressed malignant growth and blocked responsiveness to mesotrypsin treatment,
consistent with a model in which CD109 shed from the cell surface by mesotrypsin participates
in a pro-growth signaling function. A member of the α2-macroglobulin/complement family of
proteins involved in innate immunity [75,76], CD109 contains an internal thioester bond that
may become activated upon proteolytic cleavage, triggering covalent attachment to adjacent
molecules or cells [75]. While this could provide a plausible chemical basis for a growth
signaling activity, further studies must focus on elucidating the mechanism, identifying CD109
attachment sites or binding partners, and understanding how these events stimulate breast
cancer malignant growth. It should also be noted that knockdown of CD109 was more effective
for phenotypic reversion than knockdown of PRSS3 (Fig. 7), which suggests that other serine
proteases upregulated in T4-2 cells (Supplemental Fig. 1) may also be involved in CD109-
mediated pathways.

As a protease that acts to stimulate malignant growth of breast cancer cells, mesotrypsin offers
a potential target for breast cancer therapy. If additional studies in other systems validate the
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role we have identified for mesotrypsin in breast cancer progression, the T4-2 cells and 3D
culture assay could be used for the development and testing of mesotrypsin-targeted
therapeutics. Other proteases have been pursued as targets for breast cancer therapy, most
notably the matrix metalloproteases (MMPs). Clinical trials with MMP inhibitors in both early
and late stage breast cancer gave disappointing results; trials were complicated by drug
nonspecificity, dose-limiting side effects, and failure to reach therapeutic plasma levels [77–
81]. Given that closely related proteases can possess contrasting protumorigenic and
antitumorigenic functions [78], and thus nonspecific targeting of a class of proteases can have
a negative impact on survival [79], it will likely be critical for a protease-targeted therapeutic
to inhibit a unique tumor-promoting enzyme in a highly selective fashion. As a potential drug
target, mesotrypsin possesses the advantage of having unique sequence, steric, and electrostatic
features that differentiate it from closely related proteases and may offer an opportunity to
design highly selective inhibitors [30,49]. However, these features also render mesotrypsin
unusually resistant to inhibition by several classes of polypeptide inhibitors, as it is instead
remarkably proficient at metabolizing these inhibitors [30,31]. The challenge of developing
inhibitors capable of binding tightly, stably, and selectively to mesotrypsin will depend upon
further structural and mechanistic studies of this intriguing enzyme.
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Fig. 1.
Effect of serine protease inhibitor aprotinin on growth morphology of T4-2 cells in 3D culture.
Cells were cultured in Matrigel for 8 days either in the absence (panels a, c) or in the presence
(panels b, d) of 1 mg/ml aprotinin. Aprotinin suppressed disorganized growth and led to
formation of acini with basal polarity, as demonstrated by phase contrast microscopy (a, b),
and by immunofluorescence staining for α6 integrin (c, d). Scale bar, 50 µm. e Quantitative
analysis of polarity by percentage of colonies with polarized distribution of basal α6 integrin
confirmed that a significantly greater proportion of colonies showed basal polarity in the
aprotinin-treated culture. Data are expressed as mean ± SD. * P < 0.01 (unpaired t test)
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Fig. 2.
Effect of PRSS3 knockdown on malignant growth of T4-2 cells in 3D culture. a Cells
transduced with lentiviral shRNA vectors C23 or C24 targeting PRSS3 revealed lower
transcript levels in 2D cultures compared with cells transduced with a non-target control vector
(NTC), as assessed by real-time qRT/PCR. Values represent normalized PRSS3/GAPDH
transcript levels ± SEM. * P < 0.05 (unpaired t test). b–e Cells transduced with control, C23,
or C24 vectors were grown in Matrigel for 7 days, then photographed and assessed for colony
size. Photographs of representative fields show a reduction of colony size in cultures transduced
with C23 (c) and C24 viruses (d) relative to control cultures (b), in a pattern that correlates
with PRSS3 transcript levels. Scale bar, 100 µm. e Colony size was significantly reduced for
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both C23 and C24 transduced cultures relative to control cultures; data represented as mean ±
SEM. * P < 0.001 (unpaired t test)
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Fig. 3.
Effect of recombinant mesotrypsin treatment on malignant growth of T4-2 cells in 3D culture.
Cells were grown in Matrigel for 4 days in the absence (a) or presence (b) of 100-nM
mesotrypsin. Scale bar, 100 µm. c Average colony size was significantly increased for
mesotrypsin-treated versus untreated cells; data represented as mean ± SEM. * P < 0.0001
(unpaired t test)
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Fig. 4.
PRSS3 knockdown and treatment with recombinant mesotrypsin alter expression patterns of
multiple genes in T4-2 cells grown in 3D culture. Cells transduced with lentiviral shRNA non-
target vector (NT) or PRSS3-targeting vector C24 (C24), or cells transduced with C24 and also
treated with recombinant mesotrypsin (C24 + MT), were grown in 3D for 5 days, then RNA
was harvested and hybridized to Affymetrix GeneChip Human Genome U133 Plus 2.0
microarrays. a Relative to the control cells (NT), 68 transcripts were downregulated by
knockdown of PRSS3 (C24) and upregulated by mesotrypsin treatment (left panel), while 42
transcripts showed the opposite effect, being upregulated by PRSS3 knockdown and
downregulated by mesotrypsin treatment (right panel). b List of the individual transcripts
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upregulated by mesotrypsin (right three columns) or downregulated by mesotrypsin (left two
panels). c Transcriptional regulation in 3D cultures of several candidate mesotrypsin-
responsive genes was validated by qRT/PCR, including the upregulated transcripts CD109,
EGFR, and ITGAV and the downregulated transcripts BOP1 and CD74. Values represent
relative transcript levels normalized to GAPDH, ± SEM. * P < 0.05 (unpaired t test)
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Fig. 5.
Identification of CD109 as a mesotrypsin proteolytic target. a Biotinylation and capture of cell
surface proteins from conditioned medium of T4-2 cells yielded several silver-stained bands
that were present after mesotrypsin treatment (right lane) but absent in an untreated control
(left lane); the 70-kDa band was identified as CD109 by nanoLC-MS/MS. b T4-2 cells were
grown in monolayer culture without treatment or in the presence of 100 µM aprotinin or 200
nM recombinant mesotrypsin, and then whole cell protein lysates and conditioned media were
recovered and analyzed by western blotting using a sheep anti-human CD109 polyclonal
primary antibody (R&D Systems, Minneapolis, MN, USA) at 0.15 µg/ml, and a rabbit anti-
sheep HRP-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at 1:1,000 dilution. Immunostaining of cell lysates for CD109 was reduced when cells were
treated with mesotrypsin (lane 3) relative to untreated cells (lane 2) or cells treated with
aprotinin (lane 1). Conditioned medium from the mesotrypsin-treated cells contained 120 and
70 kDa CD109 fragments (lane 6). Conditioned medium from untreated cells showed evidence
of limited CD109 shedding (lane 5), which was suppressed by aprotinin (lane 4)
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Fig. 6.
CD109 knockdown blocks malignant growth response to mesotrypsin in T4-2 cells in 3D
culture. Cells transduced with lentiviral shRNA non-target vector (NT) or a vector targeting
CD109 (CD109kd) were grown in Matrigel with or without 100 nM mesotrypsin for 4 days,
and then photographed and harvested for RNA. a CD109 transcript levels in 3D cultures were
assessed by realtime qRT/PCR; values represent normalized CD109/GAPDH transcript levels
± SEM. * P < 0.005 (unpaired t test). b CD109 protein level was assessed by western blot of
2D culture lysates from the same knockdowns shown in a, immunostaining with anti-human
CD109 monoclonal antibody clone HU17 (eBioscience, San Diego, CA, USA) at 3 lg/ml and
goat anti-mouse HRP-conjugated secondary antibody (Pierce Biotechnology) at 1:10,000
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dilution. The blot was subsequently stripped and reprobed for actin as a loading control, using
goat polyclonal actin (I-19) (Santa Cruz Biotechnology) at 1:2,000 dilution, and a donkey anti-
goat HRP-conjugated secondary antibody (Santa Cruz Biotechnology) at 1:15,000 dilution.
c Photographs of representative fields of 3D cultures with and without shRNA knockdown of
CD109, and with and without treatment with 100 nM recombinant mesotrypsin, are shown.
Scale bar, 100 µm. d Quantitative analysis of colony size shows a significant size increase in
NTC + mesotrypsin versus untreated control cultures, and a significant reduction in CD109kd
cultures, both with and without mesotrypsin treatment, relative to untreated controls. Data are
shown as mean ± SEM. * P < 0.0001 (unpaired t test)
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Fig. 7.
Effects of PRSS3 knockdown and CD109 knockdown on the growth morphology and cell
polarization of T4-2 cells in 3D culture. Cells transduced with control lentiviral shRNA vector
(NT) or with PRSS3-targeting vector C24 (PRSS3 kd) or CD109-targeting vector (CD109 kd)
were cultured in Matrigel for 7 days. Knockdown of PRSS3 or CD109 suppressed disorganized
growth and led to formation of acini with basal polarity, as demonstrated by
immunofluorescence staining for E-cadherin (a–c) and α6-integrin (d–f). Scale bar, 25 µm.
g Quantitative analysis of polarity by percentage of colonies with polarized distribution of basal
α6-integrin confirmed that a significantly greater proportion of colonies in cultures with PRSS3
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and CD109 knockdown showed basal polarity. Data are expressed as mean ± SD. * P < 0.05;
** P < 0.01 (unpaired t test)
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Fig. 8.
PRSS3 knockdown inhibits cell proliferation in 3D culture. Cells transduced with control
lentiviral shRNA vector (NT) or with PRSS3-targeting vector C24 (PRSS3 kd) or CD109-
targeting vector (CD109 kd) were cultured in Matrigel for 7 days, and then cell proliferation
was assessed by expression of Ki-67. a Knockdown of PRSS3 or CD109 reduced the number
of cells staining positive for Ki-67. Scale bar, 50 µm. b Quantification revealed a statistically
significant reduction in number of positively staining cells. Data are expressed as mean ± SD.
* P < 0.05; ** P < 0.01 (unpaired t test)
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