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The MYC onco-protein is a transcription factor that regulates cell proliferation, metabolism, protein synthesis,
mitochondrial function and stem cell renewal. A region on chromosome 8q24 encompassing the MYC locus is
amplified in prostate cancer, but this occurs mostly in advanced disease suggesting thatMYC alterations occur
late in prostate cancer. In contrast,MYCmRNA is elevated in most prostate cancers, even those of relatively low
stage and grade (eg Gleason score 6) suggesting that MYC plays a role in initiation. However, since MYC protein
levels are tightly regulated, elevated MYC mRNA does not necessarily imply elevated MYC protein. Thus, it is
critical to determine whether MYC protein is elevated in human prostate cancer, and if so, at what stage of
the disease this elevation occurs. Prior studies of MYC protein localization have been hampered by lack of
suitable antibodies and controls. We utilized a new anti-MYC antibody coupled with genetically defined control
experiments to localize MYC protein within human tissue microarrays consisting of normal, atrophy, PIN,
primary adenocarcinoma, and metastatic adenocarcinoma. Nuclear overexpression of MYC protein occurred
frequently in luminal cells of PIN, as well as in most primary carcinomas and metastatic disease. MYC protein
did not correlate with gain of 8q24, suggesting alternative mechanisms for MYC overexpression. These results
provide evidence that upregulation of nuclear MYC protein expression is a highly prevalent and early change in
prostate cancer and suggest that increased nuclear MYC may be a critical oncogenic event driving human
prostate cancer initiation and progression.
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A central problem in cancer biology is the
identification of the molecular changes that cause
neoplastic transformation. Studies of prostate
cancer have revealed a large number of genetic
and epigenetic alterations in oncogenes, tumor
suppressor genes, caretaker genes, and telomeres;1–3

yet the elucidation of what changes are required for
the initiation and maintenance of neoplastic trans-
formation, the ordering of events of these changes,
and the phenotype of the cell types involved remain
poorly characterized. One such proto-oncogene
implicated in prostate cancer development and
progression is MYC (Although most authors have
referred to this gene and protein as C-MYC, the
official gene name is the V-MYC avian myelocyto-
matosis viral oncogene homolog, and the official
gene symbol is MYC.).

MYC is present on human chromosome 8q24 and
encodes the MYC protein which is a transcription
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factor that plays a key role in regulating a number of
cellular processes including cell-cycle progression,
metabolism, ribosome biogenesis, protein syn-
thesis, mitochondrial function, and stem cell self
renewal.4,5 MYC is overexpressed in a large variety
of tumor types, which in many cases is associated
with somatic genetic alterations such as transloca-
tions and gene amplification.6 In prostate cancer,
there is evidence that MYC is involved in disease
progression since a region encompassing the MYC
locus (8q24) is somatically amplified at low levels in
a subset of patients6–9 and the presence of amplifica-
tion correlates with both high histological grade and
a worse prognosis.7,8 Whether there is amplification of
MYC in the likely precursor to many prostate
adenocarcinomas, high-grade prostatic intraepithelial
neoplasia (HGPIN), is controversial because MYC
amplification has been reported in up to 50% of
HGPIN lesions,9 but more recent experiments revealed
a lack of MYC amplification in HGPIN.10 Other genes,
such as TRPS1, EIF3S3, RAD21, KIAA0916, and PSCA
are within or near the 8q24 region and, at times, are
also amplified in prostate carcinoma11–15 complicating
the data implicating MYC as the key target of
amplification in this chromosomal region.

It has been long known that a subset of prostate
cancer lesions express elevated levels of MYC
mRNA16–18 relative to benign matched prostate
tissues, and recent transcription profiling studies
have confirmed and extended these findings indi-
cating that a large fraction of prostate cancer cases
overexpress MYC mRNA as compared to matched
normal appearing tissues (see results section).
Further, targeted overexpression of the human
MYC gene in the mouse prostate results in PIN,19,20

early invasive prostate adenocarcinoma20 and rare
metastatic adenocarcinoma,20 providing definitive
evidence that MYC overexpression can drive neo-
plastic transformation in the mouse prostate, and
supporting a model whereby MYC may play a role in
initiation of human prostate cancer development.
Additionally, retrovirally induced overexpression of
MYC can transform primary cultures of benign
prostate epithelial cells.21 Nevertheless, because of
a lack of suitable antibodies that can be readily
applied for cellular and subcellular localization in
archival tissues, the phase of prostate cancer devel-
opment in which MYC protein is expressed in
humans is still unclear. It is critical to directly
ascertain MYC protein levels because MYC protein
levels are tightly regulated by post-transcriptional
and post-translational mechanisms, and the pre-
sence of MYC mRNA does not necessarily imply the
presence of MYC protein.22,23 Therefore, the precise
role of MYC protein in the early phases of human
prostate cancer development, if any, remains un-
defined. Clearly, an improved assessment of the role
of MYC in all stages of prostate cancer progression
would be provided by an ability to use human
archival tissue specimens to readily localize the
MYC protein.

While there have been prior studies that describe
MYC protein expression as detected by immunohis-
tochemistry in prostate cancer7,24,25 and even one
prior study in high-grade PIN,7 the results of these
studies are difficult to interpret. For example, in two
of these studies MYC staining was localized either
exclusively7 or nearly exclusively24 to the cyto-
plasm. This lack of nuclear staining is surprising
because all of the known functions of MYC in
cellular transformation have been ascribed to ac-
tions in the nucleus; endogenous MYC has been
localized to the nucleus,26 and in cells genetically
modified to express exogenous MYC, the protein
localizes predominantly to the nucleus.27,28 In the
third paper that examined MYC staining in prostate
cancer, staining was localized predominantly to the
nucleus and was positive in 33 of 45 cases.25

Surprisingly, however, there was very little differ-
ence in MYC staining between benign and malig-
nant epithelial cells.25

Perhaps the most compelling reason to revisit this
question of MYC protein expression and localiza-
tion in prostate cancer is the fact that no prior
studies of MYC immunohistochemical staining in
prostate cancer reported on the performance of
positive control experiments beyond staining of
presumed positive tumor tissues, nor did they
perform negative control experiments beyond sim-
ply leaving out the primary antibody. We conclude
that MYC protein expression and localization in
prostate cancer remains poorly defined and that the
determination of the localization of immunore-
activity in normal, pre-neoplastic and neoplastic
prostate tissues is still a critical unanswered ques-
tion in prostate carcinogenesis. In this paper, we
employ for the first time a newly developed rabbit
monoclonal antibody and a highly sensitive immu-
nohistochemical protocol, developed in conjunction
with genetically defined control experiments, to
obtain strong nuclear staining for MYC in human
clinical prostate cancer.

Materials and methods

Antibodies

The anti-MYC rabbit monoclonal antibody used for
both western blotting and immunohistochemistry
was obtained from Epitomics (Burlingame, CA,
USA, Clone Y69).

Tissues and Tissue Microarray Construction

This study was approved by our institutional
internal review board. Tissue specimens were
obtained from radical retropubic prostatectomies
performed at the Johns Hopkins Hospital. Patient
ages ranged from 37 to 89 years (mean¼ 59), the
final Gleason sums varied from five to nine
(mean¼ 6.6), and the pathological stages ranged
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from T2N0Mx to T3BN1Mx (see Table 1). For
metastatic tissue samples, tissues were obtained
from pelvic lymph node dissections that were or
were not accompanied by radical prostatectomy, or
surgical excisions of distant metastases. All tissues
were fixed in 10% neutral-buffered formalin and
processed into paraffin blocks.

Nine high-density tissue microarrays were em-
ployed for MYC immunostaining. Matched cancer
and normal tissue microarrays (N¼ 6) were con-
structed with matched samples from 40 patients per
array as described previously.29 Additional tissue
microarrays were designed to compare matched
normal and atrophy and matched PIN and normal.
A final tissue microarray was constructed of tissues

from hormone naive metastatic prostate cancer
obtained from surgical specimens from pelvic
lymph nodes, soft tissue, and bone.29

Images of each tissue microarray core were
captured by scanning of the tissue microarray
slides using the BLISS scanner (Bacus laboratories,
Chicago, IL, USA) and were imported into the TMAJ
images application (http://tmaj.pathology.jhmi.edu)
as described.29 Histologic diagnoses were applied to
all images and these diagnoses are listed in Table 2.
All images and image data are available for viewing
and download at http://demarzolab.pathology.
jhmi.edu/Pubs.html.

Immunohistochemistry

Immunohistochemistry was performed with the
Dako catalyzed signal amplification kit (DAKO
Cytomation, Carpentaria, CA, USA). Slides were
steamed for 40min in EDTA solution (Zymed, South
San Francisco, CA, USA) for antigen retrieval. Slides
were incubated with the rabbit monoclonal anti-MYC
antibody overnight at 41C. Biotinylated anti-rabbit IgG
(Vector, Burlingame, CA, USA) was used as secondary
antibody. Staining was visualized using 3,30-Diamino-
benzidine (DAB) (Sigma, Saint Louis, MO, USA,
FAST 3,30-Diamino-benzidine Tablets) and slides were
counterstained with hematoxylin.

Table 1 Pathologic features of radical prostatectomy cases used
in this study on tissue microarrays

Gleason score Pathological stage

T2 T3A T3B-N1 Total

5–6 97 22 2 121
7 43 21 6 70
8–9 4 13 10 27
Total 144 56 18 215

Gleason score was strongly related to pathological stage, Fisher’s exact
test, Po0.001.

Table 2 Histopathology of tissue microarray cores evaluated by automated image analysis for C-MYC staining

Histologic type no. TMA cores
(no. of patients)

Median C-MYC nuclear
area ratio (25th, 75th

percentiles)

P-value* Median C-MYC score
(25th, 75th percentiles)

P-value*

Normal/benign
Normal prostatic epithelium 759 (190) 0.0219 (0.00574, 0.0693) — 2.56 (0.741, 8.57) —

Atrophy
Simple atrophy 183 (65) 0.0186 (0.00236, 0.0651) 0.0448 1.77 (0.272, 6.52) 0.0045
Simple atrophy with cyst formation 11 (10) 0.00581 (0.000292, 0.0507) 0.0090 0.689 (0.0365, 6.64) 0.0248
Post atrophic hyperplasia 5 (4) 0.00993 (0.00911, 0.0264) 0.926 0.817 (0.771, 3.11) 0.926
Total atrophy 199 (66) 0.0155 (0.00200, 0.0648) 0.0235 1.67 (0.257, 6.52) 0.0034

PIN
Low grade 54 (37) 0.0835 (0.0453, 0.195) o0.0001 8.64 (4.38, 17.8) o0.0001
Mixed high and low grade 52 (36) 0.169 (0.0852, 0.250) o0.0001 17.5 (9.08, 27.8) o0.0001
High grade 91 (50) 0.235 (0.106, 0.365) o0.0001 25.8 (13.4, 47.7) o0.0001
Total PIN 197 (83) 0.172 (0.0777, 0.287) o0.0001 17.6 (8.01, 34.6) o0.0001

Carcinoma
Adenocarcinoma, Gleason 3 485 (169) 0.266 (0.113, 0.472) o0.0001 31.1 (12.0, 66.4) o0.0001
Adenocarcinoma, Gleason 4 102 (47) 0.127 (0.0572, 0.241) o0.0001 12.5 (6.11, 25.2) o0.0001
Adenocarcinoma, Gleason 5 11 (8) 0.191 (0.104, 0.532) o0.0001 23.2 (7.05, 54.6) 0.0003
Total carcinoma 598 (186) 0.233 (0.0985, 0.451) o0.0001 27.1 (10.0, 59.4) o0.0001

Metastatic carcinoma
Pelvic lymph nodes 109 (46) 0.141 (0.0618, 0.424) o0.0001 14.9 (5.81, 43.8) o0.0001
Distant metastases 24 (11) 0.128 (0.0156, 0.429) 0.0323 12.6 (1.58, 42.8) 0.0432
Total metastatic carcinoma 133 (57) 0.141 (0.0431, 0.424) o0.0001 14.9 (4.24, 43.8) o0.0001

Total 1886 (272)

*Obtained from linear regression with robust variance estimation.
All P values represent comparisons between the tissue indicated and normal.
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Western blotting

P493-6 cells are Epstein–Barr virus transformed
human B lymphocytes30 that express a tetra-
cycline-regulated (Tet-off) conditional MYC
construct. The cells were cultured in RPMIþ 10%
fetal calf serum with penicillin/streptomycin. They
were grown to B3� 105 cells/ml and treated with
0.1 mg/ml of tetracycline for 24 h. To prepare the cell
lysates, the cells were collected by centrifugation at
2000 g for 5min. The pellet was washed once with
Hank’s Balanced Salt Solution (HBSS) and the
supernatant discarded. Ice-cold RIPA buffer was
added and the cells were incubated on ice for
15min. The mixture was then centrifuged at 14 000 g
for 20min at 41C and the supernatant was collected.
Protein concentrations were determined using the
BCA protein assay kit (Pierce Biotechnology,
Rockford, IL, USA). Samples were prepared in Laemmli
sample buffer with b-mercaptoethanol and run on
5–20% gradient SDS-polyacrylamide gels (Bio-Rad).
Proteins were transferred to PVDF membranes and
the membranes were blocked using 5% non-fat dry
milk in Tris-buffered saline with 1% Tween 20
(TBST) for 3 h at room temperature. The membrane
was then incubated overnight at 41C with the rabbit
monoclonal anti-MYC antibody (1:1000 dilution),
followed by 1h of incubation at room temperature
with the secondary horseradish peroxidase-
conjugated Donkey polyclonal anti-rabbit antibody
(1:5000 dilution, Amersham, Piscataway, NJ, USA).
Proteins were visualized using an ECL chemilumi-
nescence detection system, following the manufac-
turer’s protocol and Hyperfilm ECL (Amersham). As
a protein loading and integrity control, immunoblots
were also probed with an anti-actin antibody (1:5000
dilution in 5% NFDM for 1 h, followed by 1:5000 of
secondary antibody [Mouse IgG, HRP-Linked Whole
Ab from sheep, GE Healthcare NA931] in 1% NFDM
for 1 h at room temperature). Prostate cancer cells
(LnCaP, CWR22Rv1, LAPC-4, C42B, PC3 and
DU145) lines were obtained from the American
Type Culture Collection and grown to 80% con-
fluence according to the ATCC recommendations.
All cell lines were fixed in formalin and paraffin-
embedded for use in immunostaining for MYC as
above. LnCaP and CWR22Rv1 cells were lysed and
analyzed for western blotting as above.

Lo-MYC Mice

Lo-MYC mice, which are transgenic for the human
MYC gene under the control of the rat probasin
promoter,20 were obtained from the Mouse Reposi-
tory of the National Cancer Institute Mouse Models
of Human Cancer Consortium at NCI Fredrick, MD,
USA. Animals were housed in an animal facility
maintained on a 12-h light/dark cycle, at a constant
temperature (22±21C) and relative humidity
(55±15%). Tap water and food were available ad
libitum.

Analysis of Immunohistochemical Staining

The tissue microarray scanned images were as-
signed a diagnosis by both BG and AMD. For
image analysis we used FrIDA (FRamework for
Image Dataset Analysis),31 a custom open source
image analysis software package (available at http://
sourceforge.net/projects/fridajhu/) for the analysis
of RGB color image datasets, including those
generated from scanning of tissue microarray slides.
Hue Saturation and Brightness (HSB) segmentation
ranges for DAB brown staining and hematoxylin
alone (nuclei not staining brown) were defined from
the tissue microarray image set, and a region of
interest (ROI) was created from each tissue micro-
array image. The ‘MYC ratio’ was defined as the
DAB area in the ROI divided by the sum of the DAB
area and the hematoxylin area in the ROI. The ROI
mask was created by including epithelial structures
while excluding the stroma and glands that did not
correspond with the primary diagnosis in the tissue
microarray core. Thresholds for automated image
analysis were set such that any brown staining
within nuclei detected visually was included.

We estimate that on average between 50 and 1000
cells on each tissue microarray core were circled.
Many of the samples contained heterogeneous staining
for MYC. However, because our currently employed
image analysis technology only allows us to quantify
overall areas and intensity values, and does not allow
us to count individual cells, we simply provided the
area fraction of positively stained nuclei and did not
attempt to quantify heterogeneity. In a previous study
from our laboratory using image analysis on tissue
microarrays we used similar methods after scanning
slides using the Automated Cellular Imaging System
(ACISs from DAKO Inc.) in which we validated the
strong correlation between the number of cells staining
positive by visual estimation and the area of positive
staining obtained by image analysis.29 In the current
study, therefore, the area fraction of staining is roughly
equivalent to the fraction of nuclei staining positively.
We have also recently found that the quantitative
image analysis data obtained using FrIDA is highly
correlated with that obtained using the ACIS (AM De
Marzo, unpublished observations). The ‘MYC Score’
was defined as the DAB integrated intensity divided by
the sum of the DAB area and the hematoxylin area.
Statistical analyses were performed using SAS. To
compare the distribution of MYC staining for each
histologic type to normal, MYC values were first
transformed (to the power of 1/4) to approximate a
normal distribution. P-values were then calculated by
linear regression with robust variance estimation to
account for the correlation between observations. In
addition to providing overall values for area of nuclear
staining (MYC ratio) and the MYC score, we also
compared the values among tissue types such that
positive staining was defined when the overall MYC
ratio was greater than the median MYC ratio for all
samples.
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Results

Overexpression of MYC mRNA in Prostate Cancer

Figure 1 shows a box-plot of relative MYC expres-
sion at the mRNA expression level in which we
compared matched cases of prostate cancer and
normal appearing prostate tissues. The data was
extracted from a dataset that we recently pub-
lished.32 The majority of cases contained markedly
elevated MYC mRNA expression in tumor tissue, as
compared with matched normal appearing prostate
tissue or benign prostatic hyperplasia tissue. These
findings were further validated by querying the
Oncomine database33 in which five separate pub-
lications deposited mRNA profiling data using
prostate cancer tissues.34–38 In each experiment
evaluating tumor tissue compared with normal or
BPH tissue in non-pretreated patients (n¼ 7 separate
experiments from the five different papers), MYC
mRNA was found to be markedly elevated in the
cancer tissue (Figure 2). These results showing
highly consistent upregulation of MYC at the mRNA
level in prostate cancer led us to determine whether
MYC protein was also elevated in human prostate
cancer clinical specimens.

Specificity of MYC Immunohistochemical Staining

Initial attempts at immunohistochemistry emplo-
yed the well-known mouse monoclonal antibody,
clone 9E10, which recognizes the epitope from MYC
that is often used to ‘tag’ recombinant proteins for
use in immuno-precipitation and western blotting
of the tagged proteins. As a positive control we
used prostate tissues from transgenic mice that
overexpress human MYC (8-week-old ‘Lo-MYC’
mice) in the mouse prostate.20 Despite several
attempts using different immunohistochemistry
protocols and kits, we were unable to obtain specific
nuclear staining with the 9E10 antibody (data not
shown).

Next we tried a recently introduced rabbit mono-
clonal antibody raised against N terminus of the
human MYC protein that has been reported by the
manufacturer to perform well in immunohistochem-
istry (see Materials and methods). The specificity of
the rabbit monoclonal antibody is shown at Figure 3.
As an initial control, we used the antibody for
western blotting using a cell line that expresses
MYC under the control of a tetracycline-regulated
promoter (‘Tet-off’ system).30 As seen in Figure 3a,
with tetracycline, there were no bands present. After
tetracycline withdrawal, a strong band appeared at a
predicted molecular weight of B64 kDa, which is
near the apparent molecular weight at which the
MYC protein is known to migrate.39 In addition,
prostate carcinoma cell lines (LnCaP and
CWR22Rv1) were subjected to western blotting
using this same antibody and each showed a
single band at the same apparent molecular weight

(Figure 3a). To test the specificity of this antibody
for immunohistochemistry we stained prostate
tissue sections from the Lo-MYC20 mouse. As shown
in Figure 3, although there was very little or no
staining in the prostates of the wild type mouse
litter mates (FVB), there was intense staining in the
nuclei of the epithelial cells of the MYC-expressing
transgenic animals in their ventral prostate (Figure 3c).
As another control we stained liver tissue from
an additional transgenic mouse model that expresses
MYC specifically in the liver in a doxycycline
repressible fashion,40 and we found strong nuclear
staining in hepatocytes for MYC in the mouse that was
not treated with doxycycline but no expression was
seen in hepatocytes from mice that were pretreated
with doxycycline (data not shown). Taken together,
the western blot and the immunostaining data estab-
lish the specificity of this antibody for MYC for
immunohistochemistry on archival tissue specimens.
Interestingly, all prostate cancer cell lines tested that
were subjected to formalin fixation and paraffin
embedding, including LnCaP, CWR22rv1, LAPC-4,
C42B, PC3, and DU145 showed strong staining
for MYC in the nuclei of the majority of tumor cells
(not shown).

Qualitative and Quantitative Analyses of MYC
Immunohistochemical Staining in Human Prostate
Tissues

MYC staining in normal epithelium was often
completely absent (Figure 4a). In other cases, there
were low levels of MYC staining with a median
MYC ratio of 2.2% and a median MYC score of 2.6
(Table 2). When staining was present, it was
restricted to nuclei and was generally more com-
monly seen in basal epithelial cells rather than

Figure 1 Box plots of MYC mRNA expression values in BPH
(n¼9), normal (n¼25), and cancer tissues (n¼25). The expres-
sion values were normalized to the common BPH reference
denominator as described in detail.32 Each box is lined at lower
quartile, median, and upper quartile score values for each group,
and extended to 95 percentiles by the whiskers. The ‘þ ’ symbols
mark data values beyond the ends of the whiskers.
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luminal epithelial cells (Figure 5a and b). There was
also strong staining of the endothelial cell nuclei in
some of the tissue microarray cores (Figure 5a

and b), although this finding was quite variable.
Non-endothelial stromal cells were negative. When
using the overall median MYC ratio of MYC staining

Figure 3 Verification of the specificity of the anti-MYC antibody. (a) Western blot of LnCaP, CWR22Rv1 and p493 cell lines, the latter
without (�Tet) or with (þTet) application of tetracycline, stained with anti-MYC antibody. (b) Wild type FVB mouse prostate tissue
stained with anti-MYC antibody showing negative staining. (c) Lo-MYC mouse prostate tissue, expressing the human MYC protein,
stained with anti-MYC antibody showing strong staining in epithelial cells, primarily within nuclei. The Lo-MYC mice are on the FVB
background.

Figure 2 Differential expression of MYC mRNA in the prostate. The results from seven experiments from five different studies34–38

obtained through the Oncomine database are represented as box plots as output from the Oncomine website built in features. NP: normal
prostate, PCa: primary prostatic carcinoma, NAP: normal adult prostate, NPP: normal pre-pubertal prostate, HRM: hormone-refractory
metastatic prostate carcinoma, AT: atrophic epithelium, PIN: prostatic intraepithelial neoplasia, MET: metastatic prostate carcinoma,
CaLN: metastatic prostatic carcinoma in lymph node. a–g represent the different experiments with investigators as indicated.
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for the entire set of tissue microarray spots as a
cutoff value (7.55%) for scoring as positive, 23% of
the tissue microarray spots containing normal-
appearing epithelium scored as positive. In prostate
atrophy lesions, there also was variable staining of
nuclei with the median MYC ratio being similar to
normal prostate epithelium (Table 2) (21% were
above the 7.55% median cutoff value). However, in
contrast to the normal epithelium, there was a shift
in the compartmentalization of staining from pre-
dominantly basal cell staining in normal epithelium
to predominantly luminal cell staining in atrophy
(Figure 4). To quantify the relative number of
luminal and basal cells staining positively in
atrophy as compared with normal, we manually

counted the number of cells staining for MYC in
each compartment in a subset of normal regions and
atrophy lesions on one of the tissue microarrays
(n¼ 63 normal and 68 atrophy tissue microarray
spots were counted) in which there was some MYC
staining. The median number of cells positive in the
luminal compartment in normal prostate was 0.25%
and in atrophy was 0.75% (Po0.0001 sign rank
test), and the median number of cells positive in the
basal compartment of normal was 0.75% and in
atrophy was 0.25% (Po0.0001 sign rank test).

In prostatic intraepithelial neoplasia (PIN), MYC
staining was elevated in both low- and high-grade
lesions as compared with normal epithelium and
atrophic epithelium (Figure 4, Table 2). The median

Figure 4 Human prostate tissues stained with anti-MYC antibody. (a) Normal prostate tissue. (b) Focal prostate atrophy (simple atrophy).
Note the nuclear staining in luminal epithelial cells (arrows). (c) High-grade PIN. (d) PIN, higher power view. Widespread nuclear
staining in the luminal epithelial cells can be seen (arrows).
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MYC ratio of low-grade PIN was 8.4% and the
median MYC score was 8.6, and both of these values
were significantly higher than normal epithelium.
High-grade PIN showed a stepwise increase in
staining with a median MYC ratio of 23.5% and a
median MYC score of 25.8. Lesions with both low-
and high-grade PIN mixed together had values for
MYC staining intermediate between those consid-
ered pure low and high grade (Table 2). When using
the overall median ratio of MYC staining for the
entire set of tissue microarray spots as a cutoff value,
76% of PIN lesions were considered positive. Like
atrophic epithelium, the vast majority of staining in
PIN was restricted to the nuclei of the luminal
component (Figure 4).

In carcinoma, the majority of cases showed over-
expression compared with matched normal epithe-
lium such that in many of the cases most of the

tumor cell nuclei were strongly positive for MYC
staining (Figure 5, Table 2). Prostate carcinoma
typically invades between and around benign
normal appearing prostate acini and quite often the
nuclei in the cancerous glands stained strongly
while the adjacent normal appearing glands were
negative. When using the cutoff value for the MYC
ratio described above, 81.6% of carcinoma lesions
were considered positive. We averaged all tissue
microarray spots for a given histology (ie normal,
atrophy, PIN, carcinoma) for a given patient and the
distribution of staining for these is shown in Figure 6.

We next analyzed the scoring data for the tissue
microarray spots containing carcinoma stratified by
Gleason pattern. As seen in Table 2, Gleason pattern
4 lesions showed less MYC staining than Gleason
pattern 3 lesions, although the staining in Gleason
pattern 4 lesions remained significantly elevated

Figure 5 MYC staining in primary and metastatic prostatic adenocarcinoma. (a) Low-power view of tissue microarray spot containing
Gleason pattern 3 adenocarcinoma and mixed stroma and benign glands. Note the pronounced difference in staining between benign and
malignant glands (arrows). (b) Higher power view. MYC staining in the benign prostate glands is weaker compared with the malignant
glands, and is confined to the basal epithelial cell layer (arrows). A few weakly staining endothelial cells can be seen. (c) Primary
prostatic carcinoma, Gleason pattern 4. (d) Metastatic prostate carcinoma in a lymph node.
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compared with normal epithelium. Interestingly,
although the number of cases was small, Gleason
pattern 5 lesions showed higher staining values than
Gleason pattern 4, similar to but not quite as high
as Gleason pattern 3 (Table 2). When comparing
MYC staining to pathological stage at radical
prostatectomy, no relation was found (P¼ 0.134,
Kruskal–Wallis).

We also stained a tissue microarray containing
non-pretreated metastatic prostate cancer from
either pelvic lymph nodes or soft tissue or bone
metastases. While the overall MYC staining was not
as high as primary Gleason pattern 3, it was
generally much higher than normal prostate, with
68% of cases being above the median MYC ratio.

On two tissue microarrays we also had data on the
presence from FISH analysis of chromosome 8p22

loss (LPL locus), 8 centromere gain, and 8q24.12-
24.13 gain (encompassing the MYC locus).10 As
previously noted in this dataset there was a strong
relation between gain of 8q24 and Gleason pattern,10

and this was also true for the smaller subset of cases
that we also have MYC protein staining data on in
the present study (Table 3). Interestingly, there was
no relation between 8q24 copy number and MYC
protein staining (Table 4), yet there was an inverse
relation between chromosome 8p loss and MYC
protein staining.

Discussion

In this study, we show that overexpression of MYC
protein in prostate cancer is a remarkably frequent
event. Unlike previous studies that reported that
MYC protein is overexpressed nearly exclusively in
the cytoplasm in prostate cancer cells,7,24 we found
MYC protein primarily in the nuclei of all expres-
sing cells tested. The specificity of the staining was
supported by genetically defined control experi-
ments. Although it has been known for many years
that MYC mRNA is elevated in human prostate
cancer, as a number of mechanisms can regulate the
stability of the MYC protein itself,22,23 it was
important to determine whether MYC protein is
also overexpressed in prostate cancer.

As MYC staining was significantly higher in the
majority of cases of prostate cancer, when compared
with matched normal tissues, these results raise the
possibility that MYC might be a useful biomarker in
tissues or body fluids. For example, immunohisto-
chemistry analysis of MYC may prove useful in
combination with other markers such as basal-
specific keratins, p63, and alpha methyl acyl CO-A
racemase, to enhance diagnostic accuracy if applied to
prostate needle biopsies in difficult cases in which the

Figure 6 (a and b) Combined dot plot and box-and-whisker graph
of the MYC nuclear area ratio and the MYC scores of normal
prostate glands, atrophy, PIN, primary and metastatic carcinoma.

Table 3 Chromosome 8q24 status correlates with Gleason pattern

8q24 status

AI (%) Gain (%) Normal (%) Total

Gleason pattern
Pattern 3 6 (6.38) 8 (8.51) 80 (85.11) 94
Patterns 4 and 5 6 (20.69) 8 (27.59) 15 (51.72) 29
Total 12 (9.76) 16 (13.01) 95 (77.24) 123

P¼0.001, Pearson w2.
FISH signals were quantified as previously described.10 An inspection
of the copy number of each FISH signal in a nucleus was recorded,
and the ratios and distributions of each probe (LPL, c-MYC, and CEP8)
of a given core were categorized as normal, gain, abnormal increase, or
loss. The threshold values for these categories were chosen to
minimize the detection of false-positive changes. The normal category
required o30% of epithelial nuclei with three or more signals and
o60% of epithelial nuclei with zero or one signal for an applied
probe. The gain category required 430% of epithelial nuclei with
three or more signals for an applied probe. The category of abnormal
increase (AI) of c-MYC (8p24) required 430% of epithelial nuclei
with three or more signals for c-MYC(8p24) and an overall 8p24/CEP8
ratio of 41.30.
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diagnosis of cancer is uncertain. Further, MYC levels
either assayed by immunohistochemistry in intact
cells in the urine, or by enzyme-linked immunosor-
bent assay (ELISA) or other protein quantification
methods in the urine may add value as an early
detection and disease-monitoring biomarker.

As MYC is so commonly overexpressed at the
protein level in prostate cancer, the current findings
raise the possibility that MYC might be an excellent
therapeutic target in this disease. New approaches
being developed to target MYC or MYC-dependent
tumors in vivo are being developed (eg Goga et al41)
and if these, or similar approaches, reach the clinic
it will be important to test their therapeutic efficacy
in prostate cancer patients.

Although MYC protein was increased in most
cases of primary and metastatic prostate cancer
that we examined, it was significantly lower in
higher grade lesions (Gleason patterns 4–5) and
in metastatic lesions from hormone naive patients as
compared with intermediate grade lesions (primar-
ily Gleason pattern 3). Yet, MYC expression in the
higher grade and metastatic lesions was still much
higher in most cases than normal appearing prostate
epithelium, indicating that MYC overexpression
may still be important in these less differentiated
lesions. These results do raise the possibility that
there may be some pressure to keep the levels from
becoming too high in the higher grade lesions. This
might, for example, occur since high levels of MYC
are known to induce apoptosis in a number of
cellular contexts.23 Interestingly, while MYC protein
levels were somewhat lower in high-grade cancers,
results from a number of previous studies and from
specimens used in the current study indicate that
high-grade prostate cancers are much more likely to
harbor increases in chromosome 8q24. Our current
finding that these increases do not correlate with
MYC protein could support a number of different
possibilities, including one whereby other genes are
the main target for 8q24 amplification in prostate
cancer, or that higher grade tumors are under
pressure to amplify the MYC locus because for some

reason they are ‘programmed’ to keep the levels
somewhat lower than more low-grade tumors.
Studies in different data sets with long term
follow-up will be useful to determine whether
MYC protein levels correlate with a poor clinical
outcome, as has already been shown for 8q24 gain.8

Interestingly, in the present study, although no clear
mechanism can currently explain this finding, MYC
protein levels were inversely related to loss of
chromosome 8p22 (LPL locus).

Although it has been widely assumed that
relatively undifferentiated tissue stem cells may be
the target progenitor cell of neoplastic transforma-
tion in solid organ tumors, it is also likely that cells
partially differentiated along a particular lineage
(committed progenitor cells or transit-amplifying
cells) can become transformed by aberrant reactiva-
tion of self renewal genes normally active only in
the stem cells.42 Prostate epithelium consists of
two distinct cell populations, basal and luminal.
Although definitive evidence is still lacking, most
evidence in both rodents and humans indicate that
stem cells reside in the basal cell compartment and
that luminal cells are derived from basal cells in a
hierarchical system in which basal stem-like cells
give rise to progeny that differentiate into transit/
amplifying (TA) cells.43–45 These TA cells have a
phenotype intermediate between basal and luminal
cells and can differentiate into mature luminal cells.
Although some prostate cancers tend to accumulate
at least some cells with markers expressed predo-
minantly in basal as opposed to luminal cells (eg
keratin 5, bcl-2 and c-met), the vast majority of
primary human prostate cancers consists of popula-
tions of cells expressing phenotypic differentiation
markers closely matching prostatic luminal cells.
This is also the case for the presumed precursor
lesion of many prostate carcinomas, high-grade
prostatic intraepithelial neoplasia. Therefore, if
prostate stem cells do have a basal cell phenotype,
then it would appear that the target progenitor cell
for neoplastic transformation in the prostate is not
the prostate epithelial stem cell. Rather, we and

Table 4 Relation of chromosome 8q24 status and C-MYC protein staining

No. TMA
cores

Median C-MYC
nuclear area ratio

P-value* Median
C-MYC score

P-value*

8q24 status
Normal 95 0.26 NA 24.27 NA
Gain 16 0.14 0.245 12.7 0.334
Abnormal increase (AI) 12 0.25 0.82 23.26 0.820
Any increase (gain or AI) 28 0.18 0.49 16.29 0.58

8p status
Normal 61 0.338 NA 32.3 NA
Gain 6 0.266 0.81 24.6 1.0
Loss 56 0.156 0.0022 14.7 0.0041

NA, not applicable.
All P-values are results of the Wilcoxon rank-sum (Mann–Whitney) test compared to ‘normal’ chromosome 8 status. The category of loss of CEP8
(centromere region for chromosome 8 probe) required 460% of epithelial nuclei with zero or one signal for CEP8. The category of loss of 8p
required 460% of epithelial nuclei with zero or one signal for LPL and the overall LPL/CEP8 ratio of o0.80.
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others have postulated that partially differentiated
luminal cells are the target progenitor cells for
neoplastic transformation in the prostate.45–49 Re-
sults from the present study showing nuclear
expression of MYC primarily in the basal compart-
ment of normal appearing epithelium, yet in the
luminal cells of focal atrophy, low- and high-grade
PIN, are supportive of this concept. In addition, as
MYC is known to be expressed strongly in many
tissues during embryogenesis, it is one of the four
key genes that can be used to reprogram differen-
tiated fibroblasts into cells that are characteristic of
embryonic stem cells,50 and is known to activate an
embryonic stem cell-like transcriptional program dur-
ing the induction of cancer stem cells in vitro,51 it is
intriguing to speculate that activation of MYC protein
expression in prostate luminal cells may stimulate
reprogramming of these cells into cancer stem-like
cells. Along somewhat parallel lines, MYC inhibits
‘terminal’ differentiation of a number of cell types,23

and MYC protein elevation in prostate cancer may be
responsible for preventing ‘terminal’ differentiation
and, therefore, preventing permanent exit from the cell
cycle in the luminal cell compartment in PIN and in
the luminal-like cells in the carcinoma.

Although MYC is clearly associated with cell-
cycle progression in many cell types, it appears that
the overexpression of MYC in PIN and adenocarci-
noma is not simply reflective of an increased
proliferative fraction, as the number of cells positive
for MYC were generally much more than that seen
when one uses cellular markers of proliferation,
such as Ki-67. Thus, although our data suggest that
MYC is expressed as part of the normal proliferative
physiology of prostate epithelial cells, the tumor
cells somehow perturb this system to increase MYC
beyond what is physiologically normal. The fact that
MYC mRNA and protein are elevated in most
prostate cancers raises the intriguing question as to
how MYC overexpression is occurring. There are
a number of molecular mechanisms for MYC
overexpression in various cancers6 and the present
findings that MYC protein is indeed overexpressed
in a large number of prostate cancers should
stimulate additional work to seek out these
mechanisms.

To conclude, MYC protein overexpression
occurred commonly in PIN, early clinically
localized prostate cancers, and in hormone naive
metastatic adenocarcinoma. Given the findings that
MYC overexpression is the critical factor driving
neoplastic transformation in a number of cancers,6

forced overexpression of MYC in the mouse prostate
can drive the development of PIN and early prostate
cancer lesions,19,20 and retrovirally induced over-
expression of MYC can transform primary cultures
of benign prostate epithelial cells,21 the current
results in human clinical specimens are consistent
with a hypothesis in which deregulation of MYC
expression is a critical, early and widely prevalent
oncogenic event in prostate cancer.
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