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Abstract Purpose: The epidermal growth factor receptor (EGFR) is a protein involved in the tumor
progression of many cancer types and is an important therapeutic target. To determine its role in
prostate cancer, we analyzed 2,497 prostate cancers on the DNA and protein level.
Experimental Design:Tissue samples from each tumor were brought into a tissue microarray
and analyzed by immunohistochemistry and fluorescence in situ hybridization. A subset of
cancers was also sequenced for EGFR exon18 to 21mutations.
Results: Detectable EGFR expression was found in 18% of cancers and was significantly
associatedwithhighgrade, advanced stage, andhigh risk for prostate-specific antigen recurrence
in univariate analysis (P < 0.0001, each). Fluorescence in situ hybridization analysis with a
dual-labeling probe for centromere 7 and EGFR showed increased EGFR copy number in 3.3%
of cases. EGFR copy number gains were mostly due to an overrepresentation of the entire
chromosome and were associated with EGFR protein expression (P < 0.0001), high grade
(P < 0.0001), and advanced stage (P = 0.0056). Only one cancer had a high-level amplification
(>20 EGFR gene copies per cell).This amplificationwas heterogeneous, involving onlyf30% of
the cancer volume. EGFRmutations were not found in 35 of the cases analyzed.
Conclusion: Increased EGFR expression is often seen in prostate cancer and is associated with
poor prognosis. The significant association of EGFR copy number gains with protein expression
argues for the significant role of minimal gene copy number changes for protein expression.
Although EGFR expression was not an independent prognostic variable, the potential utility of
anti-EGFR medications might be worth further investigation in EGFR-expressing prostate cancer.

The epidermal growth factor receptor (EGFR) gene is located
on chromosome 7p12 and codes for a 185 kDa transmembrane
tyrosine kinase (1). EGFR is widely expressed in most epithelial
tissues including basal cells of the prostate epithelium (2).
Increased expression of EGFR has been described in many
different tumor types (reviewed in ref. 3). In several tumor
types, EGFR overexpression has been suggested as a prognostic
factor (3). In prostate cancer, studies employing immunohis-
tochemistry reported increased frequencies of EGFR expression
between 1% and 100% (2, 4, 5). In addition, statistical
associations were described between high EGFR expression
and tumor progression or development of androgen indepen-
dence in studies analyzing 74, 147, and 211 prostate cancers
(5–7).

EGFR has recently gained considerable additional impor-
tance due to its role as a drug target. A variety of anti-EGFR
drugs are currently Food and Drug Administration–approved
or in clinical trials. These drugs include small inhibitory
molecules such as Iressa or Tarceva, as well as antibodies such
as Cetuximab (8). Most experience with anti-EGFR drugs has
been collected in lung cancer. Here, the number of strong
responders to anti-EGFR drugs seems to be relatively low.
However, treatment response is substantial in some patients,
most of which have exon 18 to 21 mutations of the EGFR gene
(9). More recently, increased gene copy number has also been
proposed as a predictor for response to anti-EGFR therapy (8).
To evaluate the significance of EGFR alterations in prostate

cancer and to investigate the potential utility of anti-EGFR
drugs in this cancer type, we analyzed EGFR expression and
gene copy number changes in more than 2,000 prostate cancers
with clinical follow-up data. The results suggest a role for EGFR
in prostate cancer progression.

Materials andMethods

Patients. Radical prostatectomy specimens were available from
3,261 patients treated at the Department of Urology, University
Medical Center Hamburg-Eppendorf between 1992 and 2005 (Table 1).
Follow-up data were available for 2,385 patients, ranging from 1 to
144 months (mean, 34 months). All prostatectomy specimens were
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surface-inked and processed using serial transverse sections at 3-mm
intervals according to the Stanford protocol (10). Pathologic stage was
defined according to the 2002 American Joint Committee on Cancer
staging classification. Prostatectomy specimens were histologically
graded according to the Gleason grading system. All patients are
scheduled for an annual follow-up visit at our institutional outpatient
clinic. Information about external posttreatment prostate-specific
antigen (PSA) testing (usually done every 6 months) is added to the
institutional database. Tumor recurrence (biochemical recurrence) was
defined as postoperative levels of total PSA z 0.1 ng/mL and rising after
initial undetectable total PSA. None of the patients received adjuvant
therapy prior to evidence of cancer recurrence.
All H&E-stained histologic sections from all prostatectomy speci-

mens were reviewed for the purpose of this study, and the index tumors,
as defined by the largest tumor focus and/or the focus with the worst
Gleason grade, were marked on the slides. One 0.6-mm-thick tissue
core was punched out from the index tumor of each case, and
transferred in a tissue microarray (TMA) format as described before

(11). The 3,260 cores were distributed among seven TMA blocks each
containing 129 to 522 tumor samples. From the resulting TMA
paraffin blocks, serial histologic sections were taken. The first set of
sections was routinely H&E-stained, whereas subsequent sections
served for EGFR immunostaining, EGFR fluorescence in situ hybrid-
ization (FISH), and immunostaining for high–molecular weight
cytokeratins (34hE12), which labels basal cells in normal prostate

Table 1. Clinical and pathologic characteristics
of 3,261 patients who underwent radical
prostatectomy and of 2,385 patients with available
follow-up data

Characteristic No. of patients (%)

Study cohort
on TMA

(n = 3,261)

BCR among
categories
(n = 2,385)

with follow-up

Follow-up (mo)
Mean 34.9 —
Median 30.5 —

Age (y)
<50 83 13 (15.8)
50-60 998 157 (15.7)
60-70 1,807 315 (17.4)
>70 175 46 (26.3)

Pretreatment PSA (ng/mL)
<4 513 48 (9.4)
4-10 1,673 200 (12.0)
10-20 641 163 (25.4)
>20 225 113 (50.2)

Pathologic stage (American Joint
Committee on Cancer 2002)
pT2a 298 12 (4.0)
pT2b 1,077 95 (8.8)
pT2c 705 22 (3.1)
pT3a 609 171 (28.1)
pT3b 372 200 (53.8)
pT4 42 38 (90.5)

Pathologic Gleason grade
V3+3 1,426 66 (4.6)
3+4 1,311 263 (20.1)
4+3 313 172 (55.0)
z4+4 55 37 (67.3)

Pathologic lymph node stage 1,156
pN0 1,544 369 (23.9)
pN > 0 96 73 (76.0)
pNx 1,457 94 (6.5)

Surgical margin
Negative 2,475 328 (13.3)
Positive 627 209 (33.3)

NOTE: Numbers do not always add up to 3,261 in the different
categories because of patients with missing data.
Abbreviations: BCR, biochemical recurrence (PSA recurrence,
defined as postoperative levels of total PSA z 0.1 ng/mL and
rising after initial undetectable total PSA).

Fig. 1. Examples of EGFR immunostainings. A, benign prostate gland showing
strongly EGFR-positive basal cell layer. B, prostate cancer almost EGFR-negative
adjacent to benign prostatic glandular epitheliumwith EGFR positivity strictly
confined to the basal cell layer. C, prostate cancer strongly positive for EGFR.
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glands. For internal controls, each TMA block also contained various
control tissues, including normal prostate tissue, other normal tissues,
and a set of tumor tissues, among the latter including several EGFR-
positive lung cancers.

Immunohistochemistry. Freshly cut TMA sections were analyzed in 1
day in one experiment for each antibody. The antibody ‘‘EGF receptor’’
(Zymed 20.005) was used for EGFR protein detection. Slides were
deparaffinized and treated with Pronase type XIV for 15 min at 37jC.
Optimal staining was achieved at 1:100 antibody dilution. The
antibody was omitted for negative controls. Bound primary antibody
was visualized using the Vectastain Elite ABC kit (Vector Laboratories).
Only membranous EGFR staining was considered. For each tumor
sample, the fraction of positive cells was estimated and the staining
intensity was judged as 0, +, ++, or +++. Tumors were subsequently
categorized as negative (no membranous staining), strongly positive
(z50% 2+ or z30% 3+), or weakly positive. Weakly positive was
defined as some positivity without reaching the above criteria selected
for our definition of strongly positive.

FISH analysis. A 4 Am TMA section was used for two-color FISH.
For proteolytic slide pretreatment, a commercial kit was used (paraffin
pretreatment reagent kit; Vysis). A Spectrum Orange– labeled EGFR
probe was used together with a Spectrum Green–labeled centromere 7
probe (PathVysion; Vysis). Before hybridization, TMA sections were
deparaffinized, air-dried, and dehydrated in 70%, 85%, and 100%
ethanol followed by denaturation for 5 min at 74jC in 70%
formamide-2 �SSC solution. After overnight hybridization at 37jC
in a humidified chamber, slides were washed and counterstained with
0.2 Amol/L of 4¶,6-diamidino-2-phenylindole in an antifade solution.
For each tumor, the average gene and centromere copy numbers were
estimated. Based on these numbers, a tumor was considered amplified
if the EGFR/centromere 7 ratio was z2.0.

Technical issues in immunohistochemical and FISH analyses on

TMAs. As in all TMA studies, a fraction of tissue samples were
noninformative due to complete lack of tissue samples or absence of
unequivocal cancer tissue in the corresponding 34BE12-immunos-
tained TMA section. The percentage of noninterpretable samples was
22.5% for EGFR immunohistochemistry and 28.1% for EGFR FISH.

EGFR mutation analysis . Genomic DNA was extracted from 35
tumors according to standard procedures. Sequenced cancers included

all strongly immunohistochemistry positive and EGFR gene amplified
cancers. Genomic DNA was extracted according to standard procedures.
‘‘Macrodissection’’ with a scalpel was carried out on tissue sections to
ensure a high content (>80%) of tumor cells in the tissue samples.
Genetic analysis of the EGFR gene was done by PCR amplification of
exons 18, 19, 20, and 21 with subsequent sequencing of the PCR
products exactly following the protocol of Lynch et al. (9).

Statistics. Statistical calculations were done with PRISM 2.01
software (GraphPad). Contingency tables were calculated with the
m2 test and Fisher’s exact test. Survival curves were calculated by the
Kaplan-Meier method and compared with the log-rank test. Cox
regression was used to assess the independence of preoperative
variables and EGFR status to predict PSA recurrence after radical
prostatectomy.

Results

Immunohistochemistry. A positive EGFR immunostaining
could be observed in 448 of our 2,497 interpretable prostate
cancers (18%). Representative images are given in Fig. 1. EGFR
staining was considered weak in 415 (17%), and strong in 33
(1%) of the cases. According to our predefined criteria, EGFR
immunostaining was strongly associated with advanced tumor
stage (P < 0.0001), high Gleason grade (P < 0.0001), and
preoperative PSA (P = 0.0002). The association did not reach
statistical significance for nodal status (P = 0.0563) and positive
surgical margin status (P = 0.0867; Table 2). The EGFR protein
expression level was significantly associated with patient
prognosis (Fig. 2). However, this was not independent of grade
and stage as described in detail below.

EGFR FISH. A total of 2,446 cancers were successfully
analyzed by FISH and showed countable red EGFR and green
centromere 7 signals. Amplification according to our prede-
fined definitions was seen in 6 of 2,446 cases (0.25%). One of
these cases was massively amplified with more than 20 EGFR
signals per cell. To evaluate the heterogeneity of EGFR

Table 2. EGFR immunohistochemistry and FISH results

EGFR expression level EGFR FISH

n Negative (%) Weak (%) Strong (%) P n Disomy (%) Polysomy (%) P

All tumors 2,497 82.0 17.0 1.0 2,446 96.7 3.3
Tumor stage

pT2 1,512 85.7 13.4 0.9 <0.0001 1,486 98.0 1.9 0.0056
pT3a 509 77.4 20.4 2.2 494 96.6 3.4
pT3b 310 73.5 24.8 1.6 292 94.2 5.8
pT4 38 63.2 34.2 2.6 33 97.0 3.0

Gleason grade
V3+3 999 88.5 10.9 0.6 <0.0001 983 99.0 1.0 <0.0001
3+4 1,061 81.0 18.1 0.9 1,028 97.0 3.0
4+3 265 63.4 31.7 4.9 253 91.7 8.3
z4+4 45 71.1 24.4 4.4 42 95.2 4.8

Nodal stage
pN0 1,275 78.4 19.8 1.9 0.0563 1,211 97.4 2.6 0.375
pN+ 82 72.0 28.0 0.0 78 95.5 4.5
PSA
<4 365 86.0 13.4 0.5 0.0002 360 98.6 1.4 0.0127
4-10 1,245 84.3 14.9 0.9 1,220 97.8 2.2
10-20 533 77.3 20.5 2.3 506 95.5 4.5
>20 196 75.5 21.4 3.1 191 95.8 4.2

Resection margin
Negative 1,870 82.8 16.0 1.2 0.0867 1,817 97.3 2.7 0.6512
Positive 505 78.6 19.6 1.8 487 96.9 3.1
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amplification, all available conventional large sections from
this highly amplified cancer were then also analyzed. This
analysis showed that only f30% of the tumor mass showed
amplification whereas the remaining cancer had two to four
centromere 7 and two to four EGFR copies per cell (Fig. 3).
Most cancers with increased EGFR copy numbers had a

parallel increase of the centromere 7 counts, indicating
chromosome 7 polysomy. With respect to the absolute
centromere count, 2,365 cancers had two copies, 63 cancers
three to four copies, 15 cancers five to six copies, and a single
cancer had more than six copies per cell on average. Polysomy
of chromosome 7 was associated with high preoperative PSA
(P = 0.0127), advanced stage (P = 0.0056), and high Gleason
grade (P < 0.0001; Table 2). A significant association with PSA
recurrence could not be confirmed, however (data not shown).
Chromosome 7 polysomy was strongly associated with elevated
EGFR protein expression (P < 0.0001). EGFR immunostaining
was observed in 16.6% of 2,338 cancers with two EGFR signals
per cell, in 41.3% of 63 cancers with three to four, in 84.6% of
13 cancers with five to six, and in 50% of six cancers with more
than six copies per tumor cell (P < 0.0001).
EGFR mutations. No exon 18 to 21 mutations were found

in 35 sequenced cancers.
Multivariate analysis at prognostic markers. Follow-up data

with respect to biochemical recurrence were available for
2,397 patients, ranging from 1 to 144 months (mean, 34
months). Cox regression analysis showed that high Gleason
grade (P < 0.0001), advanced pT stage (P < 0.0001), positive
surgical margins (P = 0.0001), and high preoperative PSA
(P = 0.0027) were strongly linked to PSA recurrence in this
patient subset. In a multivariate Cox regression analysis
including preoperative PSA, pT stage, Gleason score, and
positive surgical margin, neither EGFR expression nor EGFR
copy numbers were independent predictors of PSA recurrence
(P = 0.10 and P = 0.23; Table 3).

Discussion

Detectable EGFR expression was observed in 18% of the
2,497 patients analyzed in this study. Although only one tissue
sample measuring 0.6 mm in diameter was analyzed per

patient, 18% is well in the range of previous studies. In 11
previous studies, the mean rate of EGFR positivity was 35%
with a range spanning from 1% to 86% (2, 6) for localized
cancers and 16% to 100% (2, 5) for metastases. The data for
this study, analyzing mostly localized and locally advanced
tumors, suggests the close association of EGFR protein
expression with grade, stage, and patient prognosis. This result
is also consistent with several of the previous studies describing
correlations between EGFR expression and prostate cancer
progression (4–6, 12). These findings provide further evidence
for the utility of TMAs for analyzing molecular features in
prostate cancer. Using the same TMA, we also recently
identified the strong prognostic relevance of p53 alterations,
HER2, and high Ki67 labeling index in prostate cancer.4

EGFR gene copy number changes were infrequent in prostate
cancer. Most altered tumors had only a low-level EGFR copy
number increase (three to four copies), which was found in
2.7% of prostate cancers. The simultaneous increase of
centromere 7 copy number in virtually all of these cases
suggests that a gain of the entire chromosome 7 (polysomy 7)

Fig. 2. EGFRexpressionandbiochemicalrecurrenceinpatientswithprostatecancer. 4 Unpublished data.

Fig. 3. Heterogeneity of EGFR amplification in prostate cancer. FISH analysis of
EGFR (red) and centromere 7 (green) copy numbers revealed areas with EGFR
amplification (A) andwith normal EGFR copy numbers (B) within the same patient
sample.
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caused most EGFR copy number gains. The clear-cut association
of such low-level gene copy number gains with EGFR protein
expression emphasizes the strong effect of minimal DNA copy
number changes on EGFR gene expression. This is in line with
data from a rapidly increasing number of studies comparing
CGH array and RNA expression screening data (13). In these
studies, significant RNA overexpression is regularly found for
most of the genes that are mildly overrepresented on the DNA
level (14). An increasing number of reports suggesting a
predictive role of minimal EGFR gene copy number changes
for response to anti-EGFR drugs in lung and brain cancer
suggests a potential clinical significance of such minor EGFR
copy number gains (15–18). In contrast to low-level gene copy
number gains due to polysomy, gene amplifications typically
reflect a much higher level gene copy number increase.
However, only f0.7% of all prostate cancers have four or
more EGFR copies in z40% cells. It will be interesting to see
whether prostate cancers with EGFR gene copy number changes
could benefit from anti-EGFR therapies.
The importance of high-level gene amplification as a

mechanism for EGFR overexpression is highly variable between
different cancer types. For example, gene amplification causes
EGFR overexpression in almost 100% of EGFR-positive
glioblastomas and the vast majority of EGFR-positive esopha-
geal squamous cell carcinomas (19, 20). In many other tumor
types, such as lung cancer for example, EGFR amplification is a
rare cause for overexpression. Also in prostate cancer, EGFR
amplification is obviously rare and occurs at low levels in most
cases. Only one of six prostate cancers that were amplified
according to our predefined criteria had ‘‘classic’’ high level
amplifications with clustered EGFR signals. Based on the
reported high response rates of EGFR-amplified lung cancers

to anti-EGFR drugs (16), EGFR-amplified prostate cancers
might represent candidates for evaluating anti-EGFR drugs
in a new indication. To further analyze the potential utility
of anti-EGFR therapy in this cancer, we analyzed the entire
tumor mass of our massively amplified prostate cancer,
which had previously been completely embedded, for EGFR
amplification. Remarkably, EGFR amplification was heteroge-
neous in this cancer and could only be found in f30% of
the tumor volume.
Heterogeneous amplification might be a substantial obstacle

for targeted cancer therapy. An inhomogeneous distribution of
a therapeutic target in a primary tumor might lead to variable
findings in corresponding metastases and consecutive therapy
failures. Heterogeneity of the expression (or amplification) of
therapeutic targets has only rarely been examined in recent
years. This is perhaps because of the very high frequency of
completely homogeneous findings for HER2 amplification in
breast cancer, the currently best-established drug target in solid
tumors. It is possible, however, that heterogeneity might be
much more frequent for other target genes and in other organs.
It could be speculated that such heterogeneity could cause more
than currently expected problems for the future development
and use of targeted cancer drugs.
In summary, increased EGFR expression is frequent in

prostate cancer and is associated with a high risk of PSA
recurrence. High-level EGFR expression is often caused by EGFR
polysomy, a feature associated with increased likelihood of
response to Iressa in lung cancer. Although EGFR gene
mutations were not found in 35 analyzed cancers and the only
high-level EGFR gene amplification was inhomogeneous, the
potential utility of anti-EGFR medications in prostate cancer
might be worth further investigation.

Table 3. Multivariate analysis (Cox regression model)

Parameter Variable RR (95% confidence interval) P

pT stage pT2 vs. pT3 1.07 (0.90-1.26) <0.0001
pT2 vs. pT4 2.33 (1.75-3.03)

Gleason grade V3+3 vs. 3+4 0.73 (0.62-0.86) <0.0001
V3+3 vs. 4+3 1.86 (1.55-2.24)
V3+3 vs. z4+4 2.36 (1.71-3.17)

PSA level <4 vs. 4-10 0.85 (0.71-0.98) 0.0027
<4 vs. 10-20 1.12 (0.94-1.32)
<4 vs. >20 1.33 (1.10-1.61)

Surgical margins Negative vs. positive 1.23 (1.10-1.36) 0.0001
EGFR expression Negative vs. weak 0.81 (0.65-1.02) 0.1098

Negative vs. strong 1.23 (0.80-1.77)
EGFR copy number 2 vs. 3-4 0.93 (0.58-1.40) 0.2329

2 vs. >4 0.86 (0.57-1.26)
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