
Prostate-Specific Antigen (PSA) Is Activated by KLK2 in Prostate
Cancer Ex Vivo Models and in Prostate-Targeted PSA/KLK2
Double Transgenic Mice

Simon A. Williams, Yi Xu, Angelo M. De Marzo, John T. Isaacs, and Samuel R. Denmeade*

The Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins, Baltimore, Maryland

Abstract
BACKGROUND—Prostate-specific antigen (PSA) is a serine protease secreted as a zymogen.
Previously, cell-free biochemical studies have identified various kallikreins (KLK) as candidate
activating proteases. In this study, KLK2-mediated activation of PSA in cell-based in vitro,
xenograft, and transgenic models was evaluated.

METHODS—Du145-derived PSA- or KLK2-expressing clones were coincubated in vitro and in
vivo to evaluate KLK2-induced PSA activity. While mice possess orthologs of KLK4-15, they do
not have functional orthologs of PSA or KLK2. Therefore, transgenic animals expressing PSA or
both PSA and KLK2 were generated to assess orthotopic PSA activation.

RESULTS—PSA is activated by KLK2 when the cells are physically in contact, and through co-
conditioned media. In vivo, the free (inactive PSA) to total (active + inactive PSA) ratio in the
blood is decreased when PSA and KLK2-expressing cells are co-inoculated subcutaneously,
suggesting increased active PSA. Additionally, double-transgenic mice expressing both genes in
the prostate produce more active PSA compared to single transgenic animals. A longitudinal
evaluation over a 2-year period demonstrated no morphologic changes (i.e., no PIN or prostate
cancer) due to PSA or PSA/KLK2 double transgene expression relative to non-transgenic mice.

CONCLUSIONS—These data demonstrate, with biologically relevant models, that KLK2 is the
protease responsible for activating PSA. While PSA is involved in the processing and release of a
number of important growth factors, our results suggest that active PSA is not sufficient to induce
the development of prostate cancer or prostate cancer precursors in aging PSA transgenic mice.
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INTRODUCTION
Prostate-specific antigen (PSA) is used extensively to screen for prostate cancer, to detect
recurrence following local therapies and to follow response to therapies. While much is
known about PSA’s role as a biomarker, the exact physiologic role it plays in the normal
prostate and in the pathobiology of prostate cancer has not been clearly defined. However, it
is clear that prostate cancer cells, including those from the majority of metastatic sites from
patients with poorly differentiated, castration resistant disease, continue to produce high
levels of PSA that manifests as increasing serum PSA levels as the disease progresses [1].
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Prostate cancer tumors also maintain the machinery required to process PSA to an
enzymatically active form. PSA is synthesized as a zymogen or prepropeptide form that
includes a 17 amino acid leader (pre)sequence removed intracellularly by signal peptidases,
and a seven amino acid inhibitory (pro)sequence that is removed extracellularly. PSA must
be correctly processed to become enzymatically active [2]. Under- and over-processing of
the pro-peptide have been demonstrated and both result in the production of enzymatically
inactive PSA. While the physiologic protease(s) responsible for this correct processing of
pro-PSA to active PSA in vivo is unknown, the presence of arginine at the cleavage site
suggests that pro-PSA is activated by an enzyme with trypsin-like substrate specificity. PSA
is a member of the kallikrein (KLK) gene family (now termed KLK3) [3] and, since the
normal prostate produces a number of kallikreins with trypsin-like activity, several studies
have evaluated the ability of various kallikreins to correctly process PSA. Previously,
recombinant KLK2 was shown to convert pro-PSA into active PSA in vitro, suggesting that
KLK2 may be the physiologic PSA processing protease [4–6] However, previous analyses
of the LNCaP human prostate cancer cell line demonstrated that both its endogenously
produced PSA and KLK2 are predominantly in their pro forms [7]. Previously we
demonstrated that only 15–20% of the PSA produced by the LNCaP cell line is active in
serum-free media [8]. These results suggest that either this processing is KLK2-dependent
but occurs suboptimally in cell lines, or that other proteases may be involved in PSA
processing. In this regard KLK4 [9], 14 [10], and 15 [11] can also activate PSA in vitro.
PSA, therefore, may be activated by a number of kallikreins or non-kallikrein trypsin-like
proteases that are preferentially expressed in prostate tissue. Alternatively, PSA activation
may require a cascade of proteases for activation [12].

The goal of this study was to use co-culture, xenograft, and transgenic systems to clarify
whether KLK2 is the physiologic PSA activator. Using the KLK2- and PSA-null human
prostate cancer cell line, Du145, we generated clones stably expressing either PSA or
KLK2. This cellular system shows that KLK2 can indeed activate PSA. Since the murine
genome contains orthologs to all members of the human KLK family except PSA and KLK2
[13], we generated transgenic mice expressing these genes within the prostate. While the
PSA isolated from the PSA mouse had little activity, crossing these animals with KLK2
transgenic mice resulted in increased production of active PSA within the prostate. These
mice were subsequently used to perform longitudinal studies to determine whether
expression of PSA and KLK2 in the prostates of aging mice could initiate prostate
carcinogenesis.

MATERIALS AND METHODS
mRNA Isolation, cDNA Production, and qPCR

LNCaP and Du145 human prostate cancer cell lines (ATCC) were maintained in RPMI
(Invitrogen) supplemented with 10% FBS (Invitrogen). Following growth to 70%
confluence, the cells were washed with HBSS (Invitrogen) before the addition of Trizol
(Invitrogen). The plates were then scraped and the material was then subjected to column-
based RNA isolation (RNeasy, Qiagen). One microgram of total RNA was then used for
cDNA generation with oligo dT primers (Super-Script III First-Strand, Invitrogen). One
microliter of cDNA was mixed with iQ SYBR Supermix (Bio-Rad) and primers to a final
volume of 25 µl. The primers, used to a final concentration of 200 nM, were 5′-
GAACCAGAGGAGTTCTTGCG-3′ (forward) and 5′-CCCAGAATCACCCCCACAA-3′
(reverse) for KLK2, 5′-AGCATTGAACCAGAGGAGTTCT-3′ (forward) and 5′-
CCCGAGCAGGTGCTTTTG-3′ (reverse) for PSA, 5′-GTACCACCCCAGCATGTTCT-3′
(forward) and 5′-GGCTTTTCCGAAAGACACAA-3′ (reverse) for KLK4, 5′-
CCGCTACATAGTTCACCTGG-3′ (forward) and 5′-
AGGTGTGAGGCAGGCGTAACT-3′ (reverse) for KLK11, 5′-
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CTTGGAGTGGATCAGGGAAA-3′ (forward) and 5′-TCCGTTCTGTTCCATGTCAG-3′
(reverse) for KL-K15, and 5′-TGAACGGGAAGCTCACTGG-3′ (forward) and 5′-
TCCACCACCCTGTTGCTGTA-3′ (reverse) for GAPDH. Thermocycling was run on the
iCycler iQ Real Time Detection System (Bio-Rad). Threshold cycle calculations were used
as indications of KLK expression and normalized to GAPDH.

PSA and KLK2 Expression Constructs
Both the PSA and KLK2 cDNAs were cloned into the pcDNA3.1+Zeo vector (Promega)
downstream of a CMV promoter. A cationic lipid (TransFast, Promega) was mixed with the
expression constructs and used to transfect the Du145 cells. These were then subjected to
selective pressure with maintenance media containing zeocin (Invitrogen) at 0.5mg/ml.
Surviving clones were isolated, expanded and characterized for their secretion of the
respective KLK.

Immunoblotting
Forty micrograms of protein from conditioned media or mouse prostatic tissue protein
extract was subjected to polyacrylamide gel electrophoresis (PAGE) on a 12% denaturing
gel. This was followed by a PSA western of the resulting blot with a polyclonal rabbit anti-
human PSA antibody that cross-reacted with KLK2 (Dako).

Enzymatic Activity Assays
Enzymatic activity assays were performed as previously described [14] using PSA or KLK2
immuno-concentrated from serum-free media conditioned by transfected Du145 cells.
Enzymatic activity was assayed using a 40 µM solution of the fluorescent peptide substrate
(Mu-HSSKLQ-AMC for PSA, Mu-GKAFRR-AMC for KLK2). For enzymatic activity
assays of PSA derived from transgenic animals, mouse prostates were isolated and
homogenized in RPMI, from which samples were used to determine total protein and PSA
levels. Five hundred nanograms of PSA from tissue homogenates and comparative total
protein levels from control animals were subjected to immunoprecipitation and incubated
with the PSA-specific fluorogenic substrate as described above.

Tumor Xenograft Studies
Xenograft studies were performed as previously described [15] by subcutaneous injection of
cells suspended in a 60% mixture of Matrigel Matrix (BD Biosciences) into the flank of 6-
week-old male nude mice (n = 10). Four weeks post-inoculation, blood was collected by
cardiac puncture and assayed for free and total plasma PSA levels.

Transgenic Animals
The PSA and KLK2 cDNAs were cloned into the pGL2-Basic vector (Promega)
downstream of the composite (ARR)2 probasin (PB) promoter, previously demonstrated to
target gene expression to the murine prostate at high levels [16]. The linearized constructs
were provided to the Transgenic Animal Core Facility at The Johns Hopkins School of
Medicine, who generated founder mice in a C57 B10.D2 background. Candidate animals
were genotyped by PCR, and used for subsequent studies. Homozygous PSA animals were
crossed with heterozygous KLK2 mice. Mouse prostates were isolated from 6-month-old
animals.

Immunohistochemistry
PSA staining was performed as previously described [17]. Slides were then overlaid with a
coverslip prior to evaluation under brightfield illumination to assess PSA distribution.

Williams et al. Page 3

Prostate. Author manuscript; available in PMC 2012 September 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RESULTS
Generation of Du145-Derived Clones Expressing PSA and KLK2

The Du145 human prostate cancer cell line lacks the androgen receptor and does not express
PSA, KLK2, 4, 11, or 15 to any significant degree, while LNCaP cells make an abundance
of PSA in addition to significant amounts of KLKs 2 and 4 (Fig. 1A). The expression of
PSA or KLK2 isolated from serum-free conditioned media from transfected Du145 cells
was confirmed by Western blotting (Fig. 1B). PSA and KLK2 immuno-precipitated from
serum-free conditioned media from the respective clones was then assayed for enzymatic
activity using previously described PSA [14] and KLK2 [18] substrates (Fig. 1C). The PSA-
selective substrate was not cleaved by recombinant purified KLK2 (Fig. 1C). Overall, the
activity of purified KLK2 with the PSA-selective substrate was significantly lower than
activity of purified KLK2 with the KLK2-selective substrate. The KLK2 isolated from
serum-free conditioned media of the KLK2-expressing Du145 cells had a high degree of
activity against the KLK2 substrate.

PSA Activation by KLK2 Co-Expression and Co-Culture
KLK2 was transiently transfected into Du145 cells already stably expressing PSA. The PSA
isolated from serum-free conditioned media had twice as much activity as controls (Fig.
2A). Subsequently, mixing together of cells stably expressing PSA or KLK2 resulted in a
sixfold increase in PSA activity (Fig. 2B). To determine if KLK2 activation was cell contact
independent, media conditioned by KLK2-secreting cells was added to the PSA-secreting
cells. The PSA activity in this context was markedly greater than any of the control
conditions (Fig. 2C). Overall, these results demonstrate that, while KLK2 is secreted in an
active form by these transfected Du145 cells, PSA is secreted in a predominantly inactive
form but can become activated in the presence of active, soluble KLK2.

In Vivo Co-Culture
The results from these cell-based studies support earlier cell-free studies demonstrating that
KLK2 can activate PSA. However, this KLK2 activation of PSA has never been evaluated
in vivo. We took advantage of the fact that active PSA becomes complexed with serum
protease inhibitors upon entering the circulation. We measured the difference between total
(inactive- + active complexed) and free (inactive) PSA in the blood of tumor-bearing
animals as a surrogate for the amount of active PSA entering the blood from the xenografts.
Using this approach, we established chimeric xenografts of Du145 consisting of the same
clonal mixtures used for the in vitro studies. After four weeks of growth, the plasma from
these chimeric tumor-bearing mice was subjected to total and free PSA analysis. The results
showed that the control PSA-secreting tumor chimera produced PSA protein that was
entirely free PSA, consistent with a lack of activation within the xenograft. In contrast, in
PSA/KLK2 chimeric tumors levels of ACT-bound PSA reached over 20% of the total
circulating PSA protein, consistent with PSA activation by KLK2 within the xenograft (Fig.
3).

PSA/KLK2 Transgenic Mice
The above results demonstrate that enzymatically active PSA can be generated in human
prostate cancer cells by KLK2 in a variety of cellular settings. The ability of KLK2 to
activate PSA in the context of the normal prostate, however, requires a transgenic approach.
Although mice express functional orthologs of KLK4-15, they do not have an ortholog of
either PSA or KLK2. We used the (ARR)2 PB promoter to maintain prostate-specific
transgene expression and successfully generated homozygous mice that produce PSA in
their prostates (Fig. 4A,B). The PSA isolated from prostate tissue homogenates of these
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animals had low measurable levels of enzymatic activity compared to non-transgenic mice
(Fig. 4C). To ask whether these mice would produce higher levels of enzymatically active
PSA when co-expressed with KLK2, we generated KLK2 transgenic mice also using the
(ARR)2 PB promoter and expression construct. KLK2 heterozygotes were crossed with
homozygous PSA mice. Homogenates of ventral prostates from these mice had comparable
total PSA levels (Fig. 4B) but revealed almost a fourfold increase in the PSA activity in the
PSA/KLK2 transgenic animals (Fig. 4C).

PSA Expression Does Not Initiate Cancer in the Transgenic Mouse Prostate
To study whether the production of PSA, active or inactive, in the mouse prostate was
sufficient to initiate prostate carcinogenesis, transgenic animals expressing either PSA or
PSA/KLK2 were sacrificed at varying time points (Fig. 5B). Animals were evaluated up to
an age of 24 months based on the normal mouse life span of 2.5 years in order to encompass
the full range of the life of the adult male. Overall, the majority of these aging transgenic
animals did not have detectable PSA in the blood (Fig. 5B). A higher percentage of
detectable PSA (i.e., ≥0.02 ng/ml) was observed in PSA transgenic, while none was
detectable in the blood of the PSA/KLK2 group (Fig. 5B). This was despite comparable
production of PSA in their prostates (Fig. 5A). No prostate pathology was observed in either
the PSA or PSA/KLK2 mice (Fig. 5B).

DISCUSSION
Although the utility of PSA screening in the detection of prostate cancer continues to be the
subject of much debate, PSA still remains the most important non-invasive indicator of the
emergence and progression of prostate cancer. While thousands of papers have been written
describing the use of PSA as a biomarker since its discovery more than 25 years ago, many
questions remain unanswered regarding PSA, including its full function in the prostate, its
repertoire of biologically relevant substrates, and the mechanisms whereby the inactive
zymogen form is converted to the active protease.

This latter question is important to resolve since a number of clinical tests involving
unprocessed or incorrectly processed PSA are either currently in use or under evaluation in
an effort to improve the predictive value of the PSA test [19]. The PSA-activating protease
may also play an important role in advanced prostate cancer since even poorly differentiated
prostate cancer cells obtained at autopsy from castrate resistant patients maintain both
production of high amounts of PSA as well as the enzymatic machinery required to process
PSA to an enzymatically active form [1].

Several trypsin-like proteases, including trypsin [20], urokinase [20], and the previously
mentioned kallikreins [21], have been described that could either activate pro-PSA or cleave
a fluorescent substrate made from the pro-sequence. A kallikrein appears to be the most
likely candidate PSA-activator since, with the exception of PSA, KLK7, and KLK9, all have
trypsin-like activity and most (i.e., KLKs 1, 2, 4, 5, 6, 8, 10, 11, 14, and 15) are either
expressed in the prostate or the seminal fluid [22]. KLK2 has attracted most attention for
several reasons. KLK2 is 80% homologous to PSA, including in its pro-domain (VPLIQSR
verses APLILSR for PSA) which it effectively removes during auto-activation [20]. KLK2
expression is elevated in prostate cancer and can be found in the blood [23].

Several reports have documented that KLK2 can activate PSA using cell-free settings that,
while demonstrating the biochemical potential of the candidate protease to act on PSA, are
limited in what can be interpreted biologically. Our studies were designed to characterize the
processing and activation of PSA by KLK2 in vivo. These studies were performed in the
mouse, which lacks both genes. In fact, only old world monkey, primate, and human
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genomes contain KLK2 and PSA [13]. We confirmed by co-incubation that PSA is activated
by KLK2 both when PSA and KLK2-expressing clones are physically in contact, and
through conditioned media. Subsequently, we co-inoculated these cells subcutaneously and
demonstrated that the free-(inactive PSA) to-total (active and inactive PSA) ratio in the
blood was altered, consistent with increased activation of PSA by KLK2-expressing Du145
cells. The lack of active PSA in the control blood suggests that any mouse kallikreins
present in the subcutaneous compartment were unable to activate PSA.

We also generated transgenic animals expressing either PSA or KLK2 and crossed them to
produce PSA/KLK2 double-transgenic animals. Previously, Wei et al. [24] generated
transgenic mice expressing PSA in the prostate to evaluate mechanisms of
immunomodulation. However, this group did not report on the activity of PSA in this
system. Additionally, we evaluated the prostates from these animals with the PSA-selective
flourogenic substrate used in this study, and found the PSA it produced to be inactive
(unpublished data). In our study, PSA and KLK2 expression was directed specifically to the
prostate using the (ARR)2 PB promoter. This system produced similar levels of PSA
expression in the prostates of the PSA and PSA/KLK2 mice but minimal PSA activity in the
absence of KLK2. In contrast, PSA activity increased fourfold in the presence of KLK2. As
with the subcutaneous model, the low level of PSA activity in the PSA-only mice suggests
that the mouse prostate lacks the appropriate PSA-processing enzyme.

Accumulating evidence suggests that PSA may play a role in inflammation, in cleavage of
biologically relevant cytokines, and in degradation of basement membrane components [25].
We wanted to use our transgenic models to evaluate whether continued expression of active
PSA over the life of the adult animal would cause morphologic changes or carcinogenesis in
the prostate. The initial conclusion from these studies is that PSA or KLK2 (unpublished
data) do not by themselves or combined appear to play a role in the initiation of prostate
cancer. However, there are multiple complicating limitations to the mouse model. First, the
levels of PSA produced by this transgenic system are up to 1,000-fold lower than the human
prostate. Additionally, there are gross anatomical differences between mouse and human
prostates, and the aging mouse prostate does not exhibit the same degree of inflammatory
pathology as that observed for the aging human [26]. Interestingly, the PSA transgenic mice
had either no detectable PSA or low levels of PSA in the serum even out to 24 months,
while no detectable PSA was found in the serum of the PSA/KLK2 mice out to 10 months of
age. Our findings in the transgenic mouse suggest there may be differences in PSA flux
between species that might limit the utility of the mouse prostate as a model system for
assessing PSA’s role in the initiation of prostate cancer.

The demonstration that PSA in either an active or inactive form does not initiate prostate
cancer in mice suggests that PSA expression is not sufficient to initiate neoplastic changes.
Other known oncogenes and tumor suppressors have also displayed no tumor-inducing
effects in mouse transgenic systems modeling prostate cancer and need to be modulated in
combination with another oncogene or tumor suppressor [27]. The next step in the
evaluation of PSA’s role in prostate cancer development must be to cross these PSA/KLK2
mice with mouse models of early stage of prostate cancer, including the lo-myc [28] and
skp2 [29] mouse models, which develop low-grade and high-grade prostatic intraepithelial
neoplasia (PIN). These contexts may determine if PSA can drive progression from PIN to
invasive prostate cancer.
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Fig. 1.
PSA and KLK2-expressing Du145 clones. A: Relative mRNA levels of PSA and candidate
activating KLKs in LNCaP and Du145 cells. B: Whole cell lysates of representative clones
were used for Western blotting with an antibody that recognizes both PSA and KLK2.
Compared to the vector clone (DuP), strong bands can be seen in lanes containing lysates
from a PSA-expressing clone (DuPSA), and a KLK2-expressing clone (DuKLK2). Western
blot of representative clones. C: Fluorogenic substrates cleaved selectively by PSA or
KLK2. The PSA-specific substrate (Mu-HSSKLQ-AMC), or the KLK2-specific substrate
(Mu-GKAFRR-AMC) were incubated with isolated PSA, rKLK2, or media conditioned by
Du145 cells or KLK2-expressing Du145 cells. Experiments repeated in triplicate. Results
presented as mean ± SE.
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Fig. 2.
The effect of KLK2 on PSA activity in vitro. A: PSA-expressing Du145 -derived clones
transiently expressing KLK2 display increased substrate cleavage activity. Cells stably
expressing PSA were transiently transfected with either an empty vector or a KLK2
expression construct. B: PSA-expressing Du145 cells were mixed with KLK2-expressing
clones or control cells before plating. C: PSA-expressing clones incubated in Du145 clone
conditioned media. Media conditioned for 96 hr by KLK2-expressing cells (DuKLKCM) or
vector controls (DuPCM) were added to PSA-expressing Du145 cells. Experiments repeated
in triplicate. Results presented as mean ± SE.
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Fig. 3.
Blood from mice bearing mixtures of Du145-derived clones. Xenografts of PSA-expressing
cells mixed with either control cells or KLK2-expressing cells were established and left for
4 weeks. Plasma from these animals was tested for total and free PSA. ACT-bound
(complexed) PSA was determined by subtracting free PSA from total PSA. Results
presented as mean ± SE.
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Fig. 4.
PSA and PSA/KLK2 transgenic animals. A: Six-week-old candidate transgenic mice were
genotyped by PCR for the incorporation of PSA (upper bands) or KLK2 (middle bands)
cDNA. GAPDH cDNA levels (bottom bands) indicated equal loading. Lane numbers refer
to individual genotyped animals. B: Prostatic tissue from non-transgenic (null), single PSA,
or double PSA/KLK2 transgenic mice was used for Western blotting with the PSA/KLK2
cross-reactive antibody used previously. Western blot of representative mouse prostates. C:
PSA extracted from transgenic mouse prostatic tissue was subjected to the PSA enzymatic
activity assay as previously described. Experiments repeated in triplicate. Results presented
as mean ± SE.
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Fig. 5.
Tissue and blood characteristics of transgenic animals. A: Immunohistochemical staining for
PSA expression in the ventral, lateral and dorsal prostate lobes from representative 9 -
month-old mice. Images from representative mouse prostates. B: Age-dependant blood PSA
levels and prostate morphological features of transgenic mice. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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