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Abstract
Prostate Cancer (CaP) is rapidly becoming a worldwide health issue. While CaP mortality has decreased in recent years, coin-

cident with the widespread use of Prostate-Specific Antigen (PSA) screening, it remains the most common solid tumor in men and

is the second leading cause of cancer death in the United States. The frequency of CaP is growing not only in western cultures, but

also its incidence is dramatically increasing in eastern nations. Recently, examination of data from long-term trials and follow up

has cast a shadow on the effectiveness of employing PSA as a primary screening tool for CaP. In this review, we not only

summarize opinions from this examination and synthesize recommendations from several groups that suggest strategies for

utilizing PSA as a tool, but also call for research into biomarkers for CaP diagnosis and disease progression. We also describe

our recent work that identified a smooth muscle contractile protein in prostate epithelia, namely smooth muscle gamma actin, and

indicate the potential for this molecule as a new unique footprint and as a CaP marker.
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Introduction

The prostate is an accessory gland of the male reproductive
system that in adults resides just under the bladder.1 In
humans, it arises from the epithelial budding of the urogeni-
tal sinus,2,3 with glandular epithelium budding into sur-
rounding mesenchyme. It surrounds the urethra which is
joined within the glandular tissue by the ejaculatory ducts
from the seminal vesicle providing the route for sperm
release.4,5 The gland remains small and relatively inactive
until puberty when the surge in circulating androgen leads
to its rapid growth and the secretory function of the gland
becomes active.2,3,6–9 While the prostate lacks the architec-
ture normally associated with secretory glandular tissue,
the prostate is said to be zonal, containing central, transi-
tional, and peripheral zones3 surrounded by a fibromuscu-
lar stroma. The outermost peripheral zone is the largest of
the zones and is the site in which the majority of the CaP
arises.1,10

Prostate cancer is one of the most pronounced, non-cuta-
neous malignancies diagnosed in men. In 2012, over 240,000
men were diagnosed with CaP in the United States with

approximately 30,000 deaths attributed to the disease
(American Cancer Society11–13). CaP is considered a disease
of the elderly because the incidence of clinically diagnosed
cancer is strongly associated with ageing. Rarely is CaP
observed in men younger than 40 years and 97% of clinical
cases are diagnosed in men 50 years and older.14,15

However, histopathological analyses have shown initiating
lesions in prostate glandular tissue (PIN) can be observed in
men as young as 20 and increases in frequency as men age
to 50 years.3 The lifetime risk for a male in the United States
to develop CaP is about one in six, while estimates based
upon pathological analyses may suggest that all men 50
years and older have initiating lesions.3,7,16 Aside from
age, recent analyses have demonstrated other risk factors
for CaP including, race, life style, family history, and gen-
etics.14 It is interesting that in African-American men, CaP is
much more prevalent than other races, and these men are
more likely to have an aggressive cancer leading to
death.17–19 While nationality has been considered a risk
factor due to the lower rates observed in Asian cultures,
more recent application of screening protocols indicate
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that this difference may be due to early detection through
screening of asymptomatic individuals.16,20

Similarly, the effects of life style and diet have been
implicated as potential risk factors in CaP. However, the
exact role has not been elucidated, and it is possible that
these will accompany an increased inflammatory response,
both systemic and prostate specific (termed prostatitis),
which has been positively correlated with the risk of
many cancers.21,22 CaP also has a clear genetic component.
If a direct relative (parent, sibling, or offspring) has cancer,
there is a higher risk of cancer development, and the more
relatives that have cancer the higher the risk factor of cancer
development.23 Several genes and genetic loci have been
shown to be associated with CaP risk.23–28 Some of these
are common to other cancers (for example, BRCA2 for
breast cancer) although the clinical application of genetic
markers has not been fully realized. It is clear that research
into molecular markers will further the definition of CaP,
and hopefully identify more definitive risk identifier(s) of
cancer at the molecular level.

As indicated above, the lesion within prostate tissue
termed prostatic intraepithelial neoplasia or PIN is believed
to be a precursor for human CaP. PIN is recognized as a
continuum of morphologies that describe the events that
lead from normal prostate tissue to metastatic cancer.9

Moreover, advancement of cancer through PIN morpho-
logical stages can be correlated with watershed events in
CaP progression, therefore, allowing a model or description
of cancer initiation.3,7,9,28 This is evident in genetic analyses
of chromosome aberrations in CaP tumors/tissues which
have demonstrated losses in heterozygosity at chromo-
somes 8p, 10q, 13q, and 17p. Further losses have been
described for chromosomes 6q, 7q, and 18q.29–32 Some of
these aberrations have been linked to potential tumor sup-
pressor genes including Nkx3-1 on chromosome 8p6; PTEN
on chromosome 10q20,33; and p53 on chromosome 17q.34

Most frequently, allelic loss is found to result in a reduction
of the expression of the associated tumor suppressor genes;
however, the finding that there is no singular chromosomal
event being causative of CaP leads us to the conclusion that
prostate adenocarcinoma requires cumulative chromo-
somal events to manifest a metastatic state. This accumula-
tion of chromosomal events idea is consistent with recent
findings in mouse models for CaP, and might be the basis
for the deliberate progression of this cancer in humans.6,9,35

Prostate-specific antigen

The use of biomarkers has long been a staple for the detec-
tion and management of CaP. Prostate-specific antigen
(PSA) was initially identified in the 1970s as a low-molecu-
lar weight protein component of the seminal fluid
expressed by prostate epithelia.36–38 It was subsequently
demonstrated to be a serine protease of the kallikrein
family, encoded by the kallikrein 3 gene (KLK3), that par-
ticipates in maintaining the fluidity of the seminal fluid for
sperm motility.39 In 1987, Stamey et al.39 demonstrated that
PSA, found in low levels in the serum, increased in serum
content, coincident with altered prostate function, and PSA
detection was more sensitive than that of prostatic acid

phosphatase. These studies led the US Food and Drug
Administration to approve the measurement of PSA levels
as an adjunctive test to the digital rectal exam for the detec-
tion of CaP in men older than 50,40 being adopted even
though the specificity of the assay was unsure.
Subsequent validation of PSA as a marker for prostate in
large clinical studies, coupled with enhanced clinical tech-
niques in surgery and biopsy, cemented its rise as the diag-
nostic for CaP. It was initially thought that PSA would be
discriminatory between benign and malignant prostate
because of its apparent difference in expression levels in
these cells compared with normal prostate tissue. With
the widespread application of PSA testing as a detector of
CaP, there was a large increase in the number of men diag-
nosed with the disease, peaking in the United States in the
early 1990s (1991–1992). The testing of asymptomatic men
led to a detection of cancer at a much earlier stage and has
led to a change of diagnosing men without metastatic
cancer.41–43 This has brought a paradigm shift in thinking
of the best management for men with disease diagnosis. As
more men have been identified with CaP, there has been a
concomitant rise in clinical procedures with marked
increases in biopsies. This increase in invasive procedures
has led many to question the validity of PSA testing, spe-
cifically there emerged a picture of men with an elevated
PSA result that demonstrated no cancer upon biopsy.41,44

Indeed, estimates of PSA-directed false positives have been
estimated to be 25–40% or higher44–46; thus, large numbers
of patients were undergoing unneeded biopsy, and the side
effects accompanying these avoidable procedures were
increasing. The large numbers of men those have been
PSA tested has allowed for a look at its usefulness with
some certainty. It is becoming apparent that PSA testing
has limited usefulness for management of cancer, likely
due to studies indicating that serum PSA may demonstrate
better correlations with the progression of benign prostate
hyperplasia (BPH), since BPH nodules are normally present
near CaP foci.47–49 While mortality rates for CaP have
decreased since the 1990s, and the introduction of wide-
spread PSA testing has detected cancer at stages much ear-
lier in its progression, it is not clear that the benefits for early
detection warrant the aggressive treatments of cancer and
has initiated a vigorous debate to elucidate better, perhaps
different management protocols.

Many of the clinical procedures and therapies developed
for CaP can have negative consequences as side effects.
Biopsies can have issues with bleeding, introduction of
infections, and possibility of urinary difficulties.43,50–53

These can lead to an increase in hospitalizations and time
incurred in the hospital for these patients.52,53 Additionally,
recognized CaP therapies of radiation and surgery have
been associated with sexual dysfunction, altered bowel
function and urinary incontinence in significant numbers
(40–50%) of patients. Moreover, the psychological stress
associated with a diagnosis and worry if therapy will be
effective can be debilitating, which is exacerbated by the
large numbers of over diagnoses. Since an elevated PSA
level can lead to a diagnosis that will likely not manifest
in clinical presentation, the aggressive nature of biopsy and
treatment have been called into question. Adding to this
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idea is the realization of a high false positive rate observed
for PSA screening and the fact that this can be a very slowly
progressing cancer. Thus, many patients will present with
other issues before metastatic cancer. This is borne out in
recent data that showed a similar survival benefit for men
who were closely monitored, the so called ‘‘watchful wait-
ing,’’ in comparison with those who had radical prostatec-
tomy.54–56 As a result, a strenuous review on the value of
PSA as a singular diagnostic and therapy guide was essen-
tial to bring clarity to patients and physicians regarding
efficient and effective care of CaP.

Presently, watchful waiting is often the prescribed
approach for those patients presenting with low Gleason
score (Gleason <6) tumors since they are normally con-
sidered to be low risk based on clinical parameters.
Although the majority of patients harboring the low
Gleason score tumors will remain without symptoms for
the remainder of their lives, a very small number of those
tumors will advance to a more metastatic state. As a result,
the need to distinguish among those low Gleason score
tumors that are destined to become aggressive versus
those that will remain indolent will be an essential clinical
tool that can be used to prevent unnecessary overtreatment.
As such, previous studies using gene signature enrichment
analyses (GSEA) identified distinct gene signatures respon-
sible for not only identifying normal, benign, and metastatic
CaP clinical subgroups but also correlated those samples
with stage-specific prostate cancer stem cells.57 Additional
GSEA studies were carried out by Ishrad et al.58,59 compar-
ing a defined gene signature from low Gleason score
(Gleason 6) indolent versus aggressive prostate tumors
divided into subgroups based on different time frames for
biochemical recurrence (BCR) revealed a differential
expression of genes associated with ageing and senescence,
strongly suggesting a 19-gene indolence signature.
Furthermore, decision tree model analyses identified
CDNK1A, FGFR1, and PMP22 as the specific molecular bio-
markers for distinguishing indolent versus aggressive
tumors with low Gleason score. Not only was the differen-
tial expression of this 3-gene signature verified at the
mRNA and protein expression level, but it was also
shown to be useful as a prognostic factor in prostate
tumor samples assessed.58,59 The future development of
this signature as a diagnostic tool, when combined with
other clinical parameters, such as PSA levels and Gleason
scores, promises to help thwart some of the overtreatment
of CaP seen in recent years while using PSA as one of the
sole diagnostics.

Approximately, over the 20-year experience of PSA
screening, there have been several studies aimed at evalu-
ating the effectiveness of this diagnostic tool. The two trials
of most importance are the Prostate, Lung, Colorectal, and
Ovarian (PLCO) trial in the United States,51 and the
European Randomized Study of Screening for CaP
(ERSPC).53 Each was a large cohort of men with significant
follow up (�8–11 years) and while the ERSPC found a rela-
tively significant reduction in mortality among men from 55
to 69 years of age, both of these large trials failed to find an
overall benefit to PSA screening with regard to patient sur-
vival. In reviewing this data, and that of other smaller trials,

the US Preventative Task Force (USPSTF) recently pub-
lished a recommendation that no man be PSA screened
unless they exhibited signs of CaP.60,61 This USPSFT recom-
mendation sparked a major debate concerning PSA screen-
ing by many groups including National Comprehensive
Cancer Network (NCCN), the American Cancer Society
(ACS), and American College of Preventive Medicine
(ACPM), among others. Although most agree with the
basic tenants of the large trials, there has been much scru-
tiny of the methods, patient populations, and analyses of
the data to explain the nuanced differences and similarities
of the analyses. Moreover, the PSA CaP test has become
fully integrated into the physician practice. Thus, many
are not inclined to change their behavior, as shown by a
recent survey.62 A synthesis of the available data from
trials and the estimates of cost/benefit of over diagnoses
with concomitant aggressive therapies by the American
Society of Clinical Oncology (ASCO) produced a reasoned
approach to clinical guidelines. There are four major points
of the ASCO guidelines: (1) In men with life expectancy of
�10 years, general screening for CaP with PSA be discour-
aged due to harms outweighing the potential benefits; (2) In
men with life expectancy �10 years, the physicians should
discuss fully with patients if PSA testing is appropriate for
monitoring cancer progression; (3) Information on the effi-
cacy of PSA testing should be written in concise and clear
lay language and be available for the physician to facilitate
the discussions of risk/benefit of PSA screening; and (4)
More research is needed for the benefit/harm of PSA
screening and to initiate analysis of further biomarkers to
help guide more effectively CaP therapies. It is also recog-
nized that PSA can be useful in the monitoring of cancer
reoccurrence following surgical treatments for patients
where such action is warranted.48,54 Although the implica-
tions of these guidelines on CaP care are not yet realized, it
surely will have an impact on the usefulness of planned
major screens in Asian countries (China and others) as
well as the coverage of test costs by insurance in the chan-
ging medical practice environment. Clearly, thoughtful
debate will result in further biomarker research and pro-
vide a framework to move forward in the diagnostics and
therapies for CaP.

Prostate cancer biomarker research

The application of molecular techniques to the discovery of
new disease biomarkers has revolutionized the pace of
bringing these to the clinical setting. Analyses of individual
tumor and tissue samples with high throughput techniques
including genome-wide sequencing,26,31 microarray RNA
profiling,63 and mass spectrometry protein profiling64–66

advance a molecular definition of cancer and defined
newer biomarker signatures. These studies have also
demonstrated nuances in DNA modifications and epigen-
etic signatures, which accompany cancer progression.67–70

For CaP, these analyses have identified several promising
loci for predicting cancer risk and response to therapeutic
interventions, in addition to the altered expression of
known tumor-associated genes.71 While these studies
have led to an advanced genomic sequencing/profiling of
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individual cancer tumors to promote an individual thera-
peutic approach, another emphasis has technologically
advanced the concept of noninvasive assays to detect
cancer and hopefully determine progression, both are
unmet needs in CaP.72 There will be investigations into
developing markers, including miRNAs and circulating
tumor cells7,71,72 to begin meeting these needs, and here
we will focus upon the best defined current assays devel-
oped around molecules for noninvasive CaP detection:
Prostate Cancer Antigen 3 (PCA 3) and TMPRSS2–ERG
gene fusion, and then discuss our work to define a new
prostate-specific molecular signature, smooth muscle
gamma actin (SMGA).

PCA 3

PCA 3 was first identified as a cancer related gene RNA that
was identified by PCR assays of cancer tumors compared
with normal prostate tissue.73 It was found at high levels in
tumor cells, at significantly lower levels in RNA derived
from PIN tissues and undetectable levels in normal prostate
epithelium. It appears to be a long noncoding RNA that
varies in levels strictly in prostate epithelia. That is, it is
not found in normal tissues from several organs (testicle,
bladder, kidney, lungs, and others) but increased in tissues
with prostate epithelia dysfunction and importantly was
not observed in BPH tissues. With this apparent sensitivity
and selectivity in mind, a landmark study in 2003 demon-
strated that PCA 3 mRNA could be detected from sloughed
cells into urine samples and that the detection of PCA 3 was
superior to PSA in detecting cancer in patients undergoing
biopsy protocols.74–77 This was quickly followed by several
studies examining the discrimination of cancer in various
patient populations confirming the initial results and lead-
ing to more extensive clinical trials.

Multicenter trials concerning the effectiveness of PCA 3
as a diagnostic were conducted in the United States and in
Europe in patients undergoing clinical biopsy protocols.74,78

Although there were some minor differences in these stu-
dies, both concluded that adding a PCA 3 analysis in com-
bination with risk factors such as age, digital rectal
examination, and free PSA percentile did enhance the diag-
nostic value. Based upon these initial results, others have
found that adding PCA 3 into the calculation of risk
improved the predictive values for cancer.79,80 Further,
application of a PCA 3 test to the risk calculations allowed
a reduction in biopsies that were deemed unnecessary and
demonstrated to be accurate, potentially allowing for a sig-
nificant reduction in invasive protocols and fewer hospital
complications.81,82 However, PCA 3 is not without detrac-
tions. Although the test is �10 times more expensive to
perform than the PSA exam, this might be offset with a
reduction in unneeded invasive procedures. Additionally,
it has not been studied in unscreened populations, so the
real effectiveness of PCA 3 mass screening of asymptomatic
patients has not yet been tested. Weighing the positive
aspects of studies indicating a reduction in invasive proced-
ures with PCA 3 testing, the US Food and Drug Agency in
2012 approved the use of a PCA 3 test developed by Gen-
Probe, San Diego, California (Progensa test) in patients over

50 who have at least one negative biopsy, and that further
biopsy has been indicated based upon the prevailing stand-
ard of care. The European Association of Urology has
adopted similar guidelines, however, they also note that
the cost of PCA 3 testing might be a mitigating factor.81,82

PCA 3 has been proven to be superior to PSA (both total
PSA and free PSA ratios) in detecting cancer with elevated
PSA levels. While it shows promise, it remains to be deter-
mined if the examination of asymptomatic men with a PCA
3 test to direct clinical CaP therapy will prove efficient.

TMPRSS2–ERG gene fusion

Gene fusions are common genomic rearrangements found
in many cancer lesions. This occurs through an altered
DNA/genomic maintenance mechanism(s) that results in
the joining of DNA molecules from dissimilar genetic loci.
This fusion leads to aberrant expression of a molecule
under direction of different genetic elements, or through
fusing the activities of proteins forming a protein with a
new function. If the abnormal expression or activity
causes increased cell proliferation, this can be an integral
activity driving cancer progression.83,84 In CaP, there have
been several of these gene fusion identified. Recent studies
have shown that there is a prominent fusion event between
the gene TMPRSS2; a loci located at 21q22.3 which is regu-
lated by androgen,85–87 and ERG (21q22.2) and ETS-related
gene that have previously been shown to be highly
expressed (overexpressed) gene products in prostate
tumors88–91 and is proto-oncogenic through activation of
C-MYC.92,93 Genetic studies indicate that TMPRSS2–ERG
gene fusions can account for upwards of 85–90% of all
fusion events in CaP86,87,94,95 and appear to be most prom-
inent in prostate and considered specific to CaP.86,87

TMPRSS2–EGR fusions have been detected in PIN lesions
adjacent to cancerous tissue, but are absent in benign
tissue.96–98 These findings have increased the interest in
developing a non-invasive test for the TMPRSS2–EGR
fusion as a potential diagnostic tool.

Similar to PCA 3 analyses, RNA for TMPRSS2–EGR
fusion can be detected in the urine using a PCR based
assay.87,94,96 The detection of TMPRSS2–EGR RNA in the
urine is highly specific and demonstrates a high positive
predictive value for CaP,87 which suggests it would be a
good candidate for a prognostic test for cancer presence.
A recent significant study showed that TMPRSS2–EGR
fusion RNA analyses combined with a PCA 3 analysis
was better at predicting CaP, outperforming standard PSA
screening analyses.86,87 Further, recent studies have shown
a positive correlation with aggressive cancer86,87; however,
this has not been a universal finding in that others have not
seen this association.99,100 Moreover, some studies have
indicated that the TMPRSS2–EGR fusion may be most asso-
ciated with early onset CaPs and that late onset cancers do
not show the androgen-regulated gene fusions.101,102 It has
also been shown that the TMPRSS2–EGR fusion may not be
prevalent in Asian populations which limit the usefulness
of this assay as a universal diagnostic and screening tool.
With these caveats, TMPRSS2–ERG fusion products may be
more inviting as therapeutic targets than as a diagnostic.
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ETS factors have been targets in other cancers,103 and recent
studies have linked the TMPRSS2 promoter as been regu-
lated by the Nkx 3-1 homeodomain transcription factor, a
critical tumor suppressor gene for CaP, which is being eval-
uated as a mechanism of targeted therapeutics.104 Thus, the
TMPRSS2–EGR fusion may be more useful for targeted
therapy instead of a diagnostic, and there remains a need
for further identification of biomarkers that provide a
unique footprint of CaP progression.

Smooth muscle gamma actin: A unique
biomarker for prostate cancer

Nkx 3-1 is an important regulator of prostate development
and also is a critical factor in the initiation of CaP. It is the
gene residing in the human chromosome 8p21 region that
exhibits haploinsufficiency in CaP. The subsequent misre-
gulation of Nkx 3-1 expression is correlated with cancer
progression. Many studies of Nkx 3-1 activity in human
as well as mouse and other models have defined this home-
odomain as a tumor suppressor for CaP.7,14 Therefore, a
fundamental understanding of prostate development and
carcinogenesis would be gained from knowledge of Nkx 3-1
regulated genes. We have identified the SMGA gene as a

molecular target for Nkx 3-1.105–107 In our studies, we
demonstrated that Nkx 3-1 required the co-expression of
serum response factor (SRF) to activate SMGA transcrip-
tion. These proteins work synergistically to activate
SMGA transcription, and required a specific DNA sequence
(termed the NK/CArG motif) for transcriptional activation.
It is a novel biological target for Nkx 3-1, and the transcrip-
tional synergy of this homeodomain with SRF works
through an Nkx 3-1 dependent mechanism.105,107,108

Although this is consistent with our overall hypothesis
that SRF works as a platform for other regulatory proteins,
we reasoned that for this to be the case in prostate, SMGA
and SRF needed to be expressed in epithelial cells. To test
this idea, we examined SMGA, SRF, and Nkx 3-1 mRNA
levels in an androgen responsive (LNCaP) and androgen
insensitive (PC-3) CaP cell lines. Nkx 3-1 was responsive
to treatment of the LNCaP cells with the synthetic androgen
R1881, and importantly, this androgen-dependent increase
in Nkx 3-1 is followed/paralleled by an increase in SMGA
mRNA.108 Additionally, these data showed that SMGA
mRNA is over expressed in the PC-3 cells, cells that do
not express Nkx 3-1, indicating that SRF is no longer receiv-
ing differentiated signals (via Nkx 3-1), ultimately resulting
in an altered gene regulation program leading to altered cell

Figure 1 Identification of muscle actin(s) in prostate epithelia. (a) This shows a gel displaying lysates from adult chicken tissues, spleen, and gizzard, as well the

human prostate cancer cell line LNCaP. The LNCaP cells were treated with the synthetic androgen R1881 or vehicle only as outlined in Fillmore et al.108 This shows that

prostate lysates contained proteins that were not significantly degraded through the lysis protocol. We next conducted a protein dot blot to display the proteins from the

tissues shown on the gel and an amount (15 ng) of actin purified from adult chicken gizzard, which is known to contain �90% SMGA. The dotted proteins were

incubated in the SMGA selective monoclonal antibody; clone B4, which recognized proteins only in the gizzard lysate and the purified SMGA. The Ponceau stain

demonstrates that protein of approximately the same content/amount was placed in each dot. (b) Western blots were prepared from gels containing PC-3 prostate

cancer cell protein lysates and actin protein purified from adult chicken tissue. The blot on the left was incubated with the monoclonal antibody HUC 1-1, which

recognizes a region of the protein common to all muscle actin isoforms. Both the purified SMGA and PC-3 lysates contained immunoreactive material. The blot on the

right was incubated with the monoclonal B4, which recognizes SMGA selectively. This antibody epitope maps to the amino terminal 8–10 amino acid of the mature

SMGA molecule. Only the purified SMGA demonstrated B4 reactivity. (c) RNA isolated from PC-3 cells was subjected to RT-PCR analysis to quantify the mRNA for the

human muscle actin isoforms using primers specific for the various isoforms. Only human SMGA shows significant RNA content in PC-3 cells for the muscle actins

tested
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growth functions characteristic of late stage CaP. We have
further demonstrated that SMGA gene transcription is dir-
ectly regulated by Nkx 3-1/SRF interactions in prostate
epithelia, and this occurs via specific protein:protein and
protein:DNA interactions.105,108 Changes in the transcrip-
tional regulatory partner milieu available, particularly at
certain times like the metastatic state, may help provide
an explanation for the disparate regulated appearance of
SMGA in androgen-responsive versus overexpression in
androgen-independent metastatic CaP. For example, Pten
and Smad4 (both interacting partners with SRF) inactivation
is correlated with tumor cell proliferation and invasion, and
has been implicated as part of a metastatic prostate gene
signature (see Figure 4). While SRF has been shown to regu-
late Pten expression via induction of a specific miRNA, it
has also been shown that cells depleted for Pten or SRF have
altered smooth muscle-specific protein expression.109

Similarly, studies in which Smad4 was depleted in mice
not only led to embryonic lethality, but also to an alteration

in the expression of smooth muscle-specific genes, thus
ultimately leading to cellular proliferation and migration.110

Thus, upsetting the balance in the transcriptional factors
essential for expression of smooth muscle proteins such as
SMGA in prostate epithelia, likely the reason for its loss of
regulated expression in metastatic CaP. As these experi-
ments conclusively show that SMGA mRNA is produced
(and regulated) in the differentiated prostate epithelial cell,
it begs the interesting question of what function a smooth
muscle contractile protein might have in a decidedly non-
smooth muscle cell.

With the novel finding of mRNA encoding a smooth
muscle contractile protein in prostate epithelia, we next
wanted to localize SMGA in these cells as a prelude to
understanding function. Using an SMGA-specific monoclo-
nal antibody (Clone B4), we were unable to detect the
SMGA polypeptide. This is the same antibody we and
others have used for numerous studies106,108,111 to localize
SMGA in smooth muscle tissue. The epitope of this

(a)

(b)

Figure 2 Immunoprecipitation of smooth muscle gamma-actin from PC-3 prostate cancer cell lysates. (a) 12.5% polyacrylamide gel displaying the results from an

experiment in which muscle actin was immunoprecipitated from protein lysate derived from PC-3 prostate cancer cells. Lane 1 shows the PC-3 whole protein lysate.

Lane 2 shows PC-3 lysate after immunoprecipation with HUC 1-1 actin antibody. The asterisks indicate the migration of the antibody heavy and light chains while the

arrow denotes the band that was subsequently cut from the gel and subjected to MS/MS proteomic mass spectrometry. Lane 3 indicates the results of a control

immunoprecipitation performed in parallel using�100 ng of SMGA purified from adult chicken gizzard tissue along with the HUC 1-1 antibody. The asterisks and arrow

denote the same proteins indicated above. (b) This shows the results from a representative MS/MS mass spectrometry experiment in which actin bands from two

separate PC-3 lysate samples and the SMGA immunoprecipitated from control reactions (as specified above) were subjected to proteomic evaluation. The upper

portion of the figure demonstrates the positions of peptides that were sequenced from this analysis; the upper two from the PC-3 lysates and the lower one from the

purified chicken gizzard SMGA sample. The yellow bars demonstrate peptides identified as human SMGA sequence shown in the lower portion of the figure, with the

green demonstrating amino acids that differ from the sequence. This shows that the majority of the actin precipitated from the PC-3 lysate was SMGA
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antibody maps to the first eight amino acids of the native
smooth muscle protein. As shown in Figure 1, protein lys-
ates derived from CaP cell lines (PC-3) do not demonstrate
immunoreactive material with the amino terminal-specific
SMGA monoclonal antibody (clone B4). We then tested a
second monoclonal antibody, clone HUC 1-1, which recog-
nizes an epitope shared by muscle actins within the central
segment of the protein, but not found on non-muscle actin
isoforms.112–114 This antibody recognizes a 42–43 kDa pro-
tein in lysates derived from PC-3 CaP cells that was not
identified using the anti-SMGA monoclonal B4 (Figure
1(b)). Our previous studies showed that of the muscle
actins, only SMGA mRNA is measurable in CaP PC-3
cells108 which we confirmed with real time PCR (Figure
1(c)). Thus, we conclude that the HUC 1-1 immunoreactive
material is SMGA. Although a reasoned conclusion, at the
protein level we acknowledge a conundrum: whereas the
HUC1-1 antibody will recognize all of the four muscle
actins, one of which is SMGA, the antibody that is specific
to SMGA (B4) does not identify protein in prostate samples.
Thus, we set out to directly demonstrate SMGA in PC-3
samples using the HUC 1-1 antibody to immunoprecipitate
material from lysates and subject the �43 Kd precipitin to
mass spectroscopy sequencing analyses. Figure 2 demon-
strates that the HUC 1-1 antibody immunoprecipitates a
protein of �42 Kd in PC-3 cell protein lysates which is simi-
lar migration to that of purified SMGA from chicken

gizzard. The region of gel containing the PC-3, 42 Kd
band and the purified SMGA band was cut from the gel,
incubated in protease solution and then subjected to
Tandem MS/MS mass spectrometry sequencing. The
results of this analysis demonstrated multiple peptides
diagnostic of SMGA elucidated from the PC-3 protein lys-
ates (Figure 2(b)), definitively identifying the HUC 1-1
immunoprecipitated actin from the prostate epithelial
cells as the smooth muscle gamma isoform of actin.
Interestingly, the mature amino-terminal segment from
the control SMGA isolated from chicken gizzard was iden-
tified, yet the same segment of the protein was not identi-
fied in the prostate cell SMGA molecule. We have shown
that SMGA mRNA from LNCaP and PC-3 CaP cells is iden-
tical to that sequenced from smooth muscle,108 and no
altered SMGA gene structures have been identified to
date. Thus, we put forth the hypothesis that SMGA in pros-
tate cells is different from its smooth muscle counter part
due to post-translational events which mask the amino ter-
minal epitope for the clone B4 SMGA antibody (Figure 3).
The mature SMGA in smooth muscle is cleaved post-trans-
lationally to remove the terminal Met-Cys dipeptide. Thus,
the prostate SMGA might be alternately cleaved to remove
most or all of the amino terminal epitope identified by the
clone B4 monoclonal SMGA antibody. It also may be altered
by no cleavage and/or the addition of other agents (phos-
phates, methyl groups, etc.) post-translationally. Either of

Figure 3 Model of SMGA found in prostate epithelia. This diagram summarizes the results from the HUC1-1 immunoprecipitation experiment of actin from prostate

epithelia. The clone B4 does not recognize an actin in prostate, which indicates the amino terminal 8–10 amino acids of the muscle actin in prostate cells is different from

the smooth muscle (SMGA) mature protein isoform. It is possible that it is not present due to amino terminal cleavage, similar to the Met-Cys dipeptide that is cleaved in

smooth muscle cells. It is also possible that the Met-Cys dipeptide is not cleaved at all in prostate or that there is a blocking of the amino terminal prostate SMGA

sequence such that it renders the amino terminus unrecognizable by the B4 amino terminal epitope

Fillmore et al. Prostate cancer screening 799
. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . .



these would create a unique prostate-specific smooth
muscle actin, which we believe presents a new footprint
for the prostate epithelia that can be utilized as a biomarker
for normal and diseased tissue.

Summary and conclusion

Presently, the most utilized diagnostic screening test for
CaP is analysis of Prostate Serum Antigen (PSA). This is
the elevated presence of PSA in blood, which has been cor-
related with cancer onset and progression. However, the
PSA test has many issues, including the frequency of false
reports (both positive and negative), leading to much
anguish and increased clinical, invasive procedures which
elevate cost and can have devastating side effects. Although
many improvements have been identified since the original
PSA test, the analyses of long term studies have called into
question the screening of asymptomatic men due to
undesirable cost/benefit issues. This discussion has
evolved to the point in which many organizations, includ-
ing the US Preventative Task Force and American Urologic
Association have issued statements to discontinue PSA
screening. With some modifications, a general guideline
has emerged which includes not screening men under age
40; selective screening of men aged 40–55 (those

demonstrating multiple risk factors); sharing in the decision
with their physician whether screening would be useful for
men aged 55–69; no routine screening of men greater than
70 or with life expectancy less than 5 years; and, finally,
support for research to identify more biomarkers of CaP
diagnosis. With the application of molecular techniques,
many genetic alterations have been identified for CaP.
From this research, several new potential markers of CaP
progression have emerged. The best of these new markers
include PCA 3 and TMPRSS2–EGR fusion, which are pres-
ently being evaluated for their potential use in cancer iden-
tification and to monitor cancer progression. We have
identified a prostate-specific actin that is a post-translation-
ally modified form of the SMGA that is normally predom-
inately found in enteric muscle. We propose that identifying
the unique character of this actin will provide a new diag-
nostic footprint for CaP initiation and progression. From
our data that demonstrates increased SMGA expression in
aggressive CaP cell lines we have tentatively assigned
SMGA in the lineage of cancer progression at the boundary
of organ-confined and aggressive/metastatic cancer steps
(Figure 4). Going forward, it is likely that future
therapies for CaP will be guided by multiplex analyses of
markers, one of which will be the prostate-specific SMGA
molecule.

Figure 4 Correlation of SMGA in CaP progression. This diagram shows the progression of prostate cancer from PIN to aggressive cancer and major genetic

changes. CaP follows a pathway from initiation of cancer that begins with lesions of replicative cells within the gland (Step 1, PIN) and continues with cells that undergo

an epithelial-to-mesenchymal transition (Steps 2 and 3). Leading to either a slow growing indolent cancer (Step 4) or can lead to an aggressive highly metastatic cancer

(Step 5). There are several confirmed genetic changes that are diagnostic of this progression, shown on the left margin of the diagram. Recent bioinformatics have

allowed the definition of potential signatures of genes that help define the ability of cancer to be either slow growing (Indolent) or aggressive (metastatic). These are in

addition to the PSA, PCA3, and TMPRSS2–EGR biomarkers defined to date. We propose that post-translationally modified SMGA will be a marker for the transition of

cancer from the Organ-confined to aggressive, metastatic CaP
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