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Abstract
Prostate cancer is frequently multifocal. Although there may be morphological variation, the genetic underpinnings of each
tumor are not clearly understood. To assess the inter and intra tumor molecular heterogeneity in prostate biopsy samples, we
developed a combined immunohistochemistry and RNA in situ hybridization method for the simultaneous evaluation of
ERG, SPINK1, ETV1, and ETV4. Screening of 601 biopsy cores from 120 consecutive patients revealed multiple alterations
in a mutually exclusive manner in 37% of patients, suggesting multifocal tumors with considerable genetic differences.
Furthermore, the incidence of molecular heterogeneity was higher in African Americans patients compared with Caucasian
American patients. About 47% of the biopsy cores with discontinuous tumor foci showed clonal differences with distinct
molecular aberrations. ERG positivity occurred in low-grade cancer, whereas ETV4 expression was observed mostly in high-
grade cancer. Further studies revealed correlation between the incidence of molecular markers and clinical and pathologic
findings, suggesting potential implications for diagnostic pathology practice, such as defining dominant tumor nodules and
discriminating juxtaposed but molecularly different tumors of different grade patterns.

Introduction

Prostate cancer is a heterogeneous disease with varying
molecular aberrations observed among patient subgroups
[1, 2]. Of the many molecular alterations present in prostate
cancer, E26 transformation-specific (ETS) family gene
rearrangements are the most common, occurring in 50–60%
of patients [3]. In addition, another 5–10% of patients are
reported to have SPINK1 overexpression [4], whereas 1–2%
display RAF kinase gene fusions [5]. Recently, we reported
the identification of a pseudogene associated recurrent gene
fusion KLK4-KLKP1 present predominantly in ERG fusion
positive tumors [6]. Emerging evidence suggests that dis-
tinct molecular aberrations have distinct functional roles in
prostate cancer and potentially implicated in varying clin-
ical outcomes [4, 7, 8]. ETS gene fusions along with PTEN
loss has been linked with aggressive prostate cancer [9].
In addition, SPINK1 overexpression has been reported to be
associated with advanced disease [10]. Although ERG and
ETV1 belong to the ETS family of genes, they are known to
have distinct functional roles in prostate cancer develop-
ment [7]. Currently, prostate cancer management options
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including active surveillance and treatment decisions are
governed by pathological observations such as Grade Group
(Gleason grade) and tumor volume observed in the initial
biopsy samples. However, the association between mole-
cular aberrations and prostate cancer outcome suggests that
there may be an untapped role for integration of molecular
markers in diagnosis and prognosis. Accordingly, the ETS
gene fusion, TMPRSS2-ERG and the noncoding RNA,
PCA3 have been explored as diagnostic markers for prostate
cancer in efforts to reduce the false positives encountered
with PSA [11, 12]. In addition to assisting prostate cancer
management decisions, molecular analysis may enable
novel therapeutic approaches. In preclinical studies, the use
of SPINK1 screening has been considered for potential
therapies using anti-SPINK1 monoclonal antibodies [13]
and/or anti-EGFR antibodies [14]. For example, MEK
inhibitors have been proposed for patients positive for RAF
kinase gene fusions [5]. Moreover, studies targeting ERG
gene fusions have been reported [15–17]. Therefore,
enabling the evaluation of molecular heterogeneity at the
initial biopsy level is an unmet clinical step towards
understanding the impact of screening molecular markers in
biopsy samples to elucidate tumor heterogeneity in clinical
decision making for active surveillance eligibility or other
treatment options.

A considerable percentage of prostate cancer patients
present with multifocal disease [18, 19]. In current clinical
practice, generally the dominant tumor nodule with the
largest volume, usually also corresponding to the highest
grade and stage tumor, is assumed to drive disease pro-
gression [20]. However, additional secondary tumor foci
could be clonally different at molecular level and may carry
independent driver mutations, which may be associated
with cancer progression and the development of metastatic
disease [21–23]. For example, we have encountered occa-
sional tumors with an admixed high-grade and low-grade
component, raising the question of whether this represents
“collision” of two clonally different tumors (which should
be assigned separate grades), or a single tumor with het-
erogeneous patterns. Therefore, when making treatment
decisions, assessment of independent tumor foci containing
identical or different molecular phenotypes may have sig-
nificant clinical impact, such as for definition of dominant
tumors and grading. Determining tumor volume or size in
biopsy specimens with discontinuous foci remains a subject
of debate [24–26]. In general, a common approach is to
assume that discontinuous foci in a single biopsy represent a
large, irregularly shaped tumor [27, 28]. However, some
data support clonally different tumors [26]. Given that
tumor volume percentage is a critical parameter used in
the selection of prostate cancer management options such
as active surveillance, enabling the assessment of clonal
differences in the foci in cores with discontinuous foci may

be important. A recent study reported that the cancer inci-
dence and prognosis vary according to the location of the
tumors within in the prostate [29]. However, another study
found no advantage of zonal location of cancer over other
prognostic factors [30]. These studies were based on mor-
phological evaluation only. Therefore, determining whether
tumor location in the prostate has any specific association
with particular genetic aberrations is required. Keeping
the above points in view and considering the importance of
differentiating inter and intra tumor heterogeneity, we car-
ried out a comprehensive analysis, evaluating the incidence
of several recurrent prostate cancer molecular markers in
prostate needle biopsy samples to facilitate a better under-
standing of molecular heterogeneity and the clonal nature of
multifocal disease with a focus on racial differences.

Materials and methods

Study design and patient selection

A total of 601 biopsy cores were collected from 120 patients
who underwent ultrasound-guided transrectal needle biopsy
procedures from July 2016 to October 2016 in the Henry
Ford Health System (Detroit). The pathological reports of
the needle biopsies were reviewed and the location, Gleason
grade (including Grade Group), and the tumor volume
percentage of the prostate cores were recorded. The pre-
sence of discontinuous foci was determined as previously
described [26]. Biopsy cores containing benign tissue, high-
grade intraepithelial neoplasia, atypical glands/atypical
small acinar proliferation, and varying Gleason patterns
for each patient were collected for further evaluation. The
patient age, race, family history of cancer, initial PSA value
(PSA value closest to the study biopsy), status of additional
needle biopsies, subsequent radical prostatectomy, sub-
sequent radiation and/or hormone treatment, and the last
PSA (most recent PSA value recorded after study biopsy)
were documented when available. In all cases, informed
consent and Institutional Review Board approval were
obtained.

Dual RNA in situ hybridization and dual
immunohistochemistry

Given the limited availability of biopsy tissues, we devel-
oped a novel four-color multiplex assay for the simulta-
neous evaluation of ERG, SPINK1, ETV1, and ETV4. Due
to the lack of cancer specific antibodies for ETV1 and ETV4,
dual RNA in situ hybridization was performed first for
ETV1 and ETV4 followed by dual immunohistochemistry
for ERG and SPINK1 on the same tissue section. Specifi-
cally, slides were incubated at 60 °C for 1 h. Tissues were
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then deparaffinized by immersing in xylene twice for 5 min
each with periodic agitation. The slides were then immersed
in 100% ethanol twice for 3 min each with periodic agita-
tion, then air-dried for 5 min. Tissues were circled using a
pap pen (Vector, H-4000), allowed to dry, and treated with
H2O2 for 10 min. Slides were rinsed twice in distilled
water, and then boiled in 1X Target Retrieval for 15 min.
Slides were rinsed twice in distilled water, and then treated
with Protease Plus for 15 min at 40 °C in a HybEZ Oven
(Advanced Cell Diagnostics, 310010). H2O2, 1X Target
Retrieval, and Protease Plus are included in the RNAscope
Pretreatment kit (Advanced Cell Diagnostics, 310020).
Slides were rinsed twice in distilled water, and then treated
with both ETV1 (Advanced Cell Diagnostics, 311411), and
ETV4 (Advanced Cell Diagnostics, 478571-C2) probes at a
50:1 ratio for 2 h at 40 °C in the HybEZ Oven. Slides were
then washed in 1X Wash Buffer (Advanced Cell Diag-
nostics, 310091) twice for 2 min each. Slides were then
stored overnight in a 5X SSC solution. The next day, slides
were again washed in 1X Wash Buffer twice for 2 min each.
Slides were then treated with Amp 1 for 30 min, Amp 2
for 15 min, Amp 3 for 30 min, and Amp 4 for 15 min, all at
40 °C in the HybEZ oven with two washes in 1X Wash
Buffer for 2 min each after each step. Slides were then
treated with Amp 5 for 30 min and Amp 6 for 15 min at
room temperature in a humidity chamber with two washes
in 1X Wash Buffer for 2 min each after each step. Red color
was developed by adding a 1:60 solution of Fast Red B:
Fast Red A to each slide and incubating for 10 min. Slides
were washed in 1X Wash Buffer twice for 2 min each,
then treated with Amp 7 for 15 min and Amp 8 for 30 min at
40 °C in the HybEZ oven with two washes in 1X Wash
Buffer for 2 min each after each step. Slides were then
treated with Amp 9 for 30 min and Amp 10 for 15 min at
room temperature in a humidity chamber with two washes
in 1X Wash Buffer for 2 min each after each step. Brown
color was developed by adding a solution of Betazoid DAB
(1 drop DAB to 1 ml Buffer; Biocare Medical, BDB2004L)
to each slide and incubating for 10 min. Amps 1–10 and
Fast Red are included in the RNAscope 2.5 HD Duplex
Detection Reagents (Advanced Cell Diagnostics, 322500).
Slides were washed twice in distilled water, and then
washed in 1X EnVision FLEX Wash Buffer (DAKO,
K8007) for 5 min. Slides were then treated with Perox-
idazed 1 (Biocare Medical, PX968M) for 5 min and Back-
ground Punisher (Biocare Medical, BP974L) for 10 min
with a wash of 1X EnVision FLEX Wash Buffer for 5 min
after each step. Anti-ERG (EPR3864) rabbit monoclonal
primary antibody (1:50; Abcam, ab92513) and a mouse
monoclonal against SPINK1 (1:100; Novus Biologicals,
H00006690-M01) were added to each slide, which were
then cover slipped with parafilm, placed in a humidifying
chamber, and incubated overnight at 4 °C. The next day,

slides were washed in 1X EnVision Wash Buffer for 5 min
and then incubated in Mach2 Doublestain 1 (Biocare
Medical, MRCT523L) for 30 min at room temperature in a
humidifying chamber. Slides were then rinsed in 1X
EnVision Wash Buffer three times for 5 min each. Slides
were then treated with a Ferangi Blue solution (one drop to
2.5 ml buffer; Biocare Medical, FB813S) for 7 min, washed
in 1X EnVision FLEX Wash Buffer for 5 min, and then
treated with a Vina Green solution (one drop to 1 ml buffer;
Biocare Medical, BRR807AS) for 15 min. Slides were then
rinsed two times in distilled water, then treated with
EnVision FLEX Hematoxylin (DAKO, K8008) for 2 min.
Slides were rinsed several times in distilled water, immersed
in a 0.01% ammonium hydroxide solution, and then rinsed
twice in distilled water. Slides were then dried completely.
Slides were dipped in xylene ~15 times. EcoMount (Biocare
Medical, EM897L) was added to each slide, which was then
cover slipped. The staining of the whole-mount radical
prostatectomy case was carried out using a modified pro-
cedure described previously [31].

Statistical analysis

Two-sample t test was used to study the association
between molecular marker expression and patient age,
initial PSA, last PSA, and the duration of time between the
study biopsy and subsequent treatment. Cox proportional
hazards model was used to analyze the association of
molecular marker expression with the subsequent treatment,
radical prostatectomy, and radiation. The cases where sub-
sequent treatment information was not available were trea-
ted as censored. In all other cases, Pearson’s chi-square test
was used. In all analyses, P values < 0.05 were considered
statistically significant.

Evaluation criteria

All biopsy cores were evaluated as binary; positive versus
negative for the markers. Given the homogenous and
mutually exclusive staining of the markers in each focus, if
100% of the epithelium is positive for the specified marker
we scored as positive or negative for the specified marker.

Results

We collected 601 biopsy cores from 120 consecutive
patients (Caucasian American, 67; African American, 47
and 6 from other racial groups) (Table S1). Of the 120
patients, 75 included standard 12 core needle biopsies
where tissue was extracted from 12 specific prostate loca-
tions, namely, right lateral base, right lateral mid, right
lateral apex, right base, right mid, right apex, left lateral
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base, left lateral mid, left lateral apex, left base, left mid, and
left apex (Fig. 1a). In 39 patients, additional targeted
prostate tissue cores had been obtained during the biopsy
which were also included in the evaluation for molecular
markers. Six patients had six or fewer number of prostate
locations sampled during the needle biopsy. Due to the
limited availability of biopsy tissue in some blocks, we were
not able to evaluate all biopsy cores with cancer in some
patients. The number of biopsy cores collected from each
patient ranged from 1 to 13 with a median of four cores.
Overall, 572 biopsy cores originated from standard 12
core biopsy locations, whereas 29 cores belonged to other

prostate locations (Fig. 1a, Table S2). Biopsy cores selected
for evaluation included, benign, high-grade intraepithelial
neoplasia, atypical/atypical small acinar proliferation, and
Gleason graded prostate cancer samples (Grade Groups
1–5, Fig. 1b). Out of the 601, 119 cores were found to have
discontinuous foci, where tumor foci occurred in the same
biopsy core separated by benign tissues.

We performed dual RNA in situ hybridization for ETV1
and ETV4 and subsequent dual immunohistochemistry for
ERG and SPINK1, on the same tissue section, on the 601
biopsy cores collected (Fig. 1c). Of the 601 cores evaluated,
270 cores (45%) were found to be positive for at least one of

Fig. 1 The expression of multiple prostate markers in prostate
needle biopsies. a The locations of the prostate from where the needle
biopsy cores were obtained. The number of cores originating from
each location is shown. RLB right lateral base, RLM right lateral mid,
RLA right lateral apex, RB right base, RM right mid, RA right apex,
LLB left lateral base, LLM left lateral mid, LLA left lateral apex, LB
left base, LM left mid, LA left apex. b The cancer status of the needle
biopsy cores used in the study. HGPIN high-grade intraepithelial
neoplasia, Atypical atypical/atypical small acinar proliferation. c The

expression of ERG, SPINK1, ETV1, and ETV4 evaluated by dual
immunohistochemistry and dual RNA in situ hybridization. The
immunohistochemistry and RNA in situ hybridization signals
observed for ERG (green), SPINK1 (blue), ETV1 (brown), and ETV4
(red) in representative needle biopsy cores are shown. d The expres-
sion profile of ERG, SPINK1, ETV1, and ETV4 in the needle biopsy
core cohort. The percentage of cores with each expression profile is
also shown.
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the molecular markers tested (Fig. 1d). Among the positive
cores, ERG was the most prominent marker with positivity
observed in a total of 144 cores (24%), followed by
SPINK1 positivity in 88 (15%). ETV1 and ETV4 were
positive in 32 (5%) and 20 (3%) cores, respectively.
Importantly, 14 (2%) cores showed the expression of
two different molecular markers (ERG+/SPINK1+; ERG+/
ETV1+; ERG+/ETV4+ and SPINK1+/ETV4). Notably,
all cores with dual marker expression occurred on cores
with discontinuous tumor foci, where the expression of the
two molecular markers was mutually exclusive and was
noted in separate tumor foci, indicating different clonal
origin of the tumor foci. We did not observe any cores with
positivity for more than one molecular marker in a single
focus. Of note, a significant number of tumor foci (n= 331,
55%) were negative for all the four molecular markers
evaluated.

Next, we analyzed the expression profile of ERG,
SPINK1, ETV1, and ETV4 in needle biopsy cores carrying
discontinuous tumor foci. Overall, 57 (48%) cores with
discontinuous tumor foci showed the expression of a single
molecular marker in all tumor foci (Fig. 2a, b), suggesting
similar clonal origin of the discontinuous foci. In addition,
six cores with discontinuous foci showed negative results
for all the tested molecular markers in both tumor foci
(Fig. 2a, c). Notably, 56 (47%) cores demonstrated

discordant molecular marker expression in separate tumor
foci within the same core biopsy (Fig. 2a), suggesting dif-
ferent clonal origin of the discontinuous foci. Among the
cores showing discordant molecular marker expression, 14
displayed mutually exclusive expression of two molecular
markers in separate tumor foci as described before (Figs. 1d
and 2a, d). The rest of the cores showed the expression of a
single molecular marker in one focus, whereas the other
focus was negative for all four markers (Fig. 2a, e).

We then studied the association of ERG, SPINK1, ETV1,
and ETV4 expression with the corresponding cancer status
of the needle biopsy cores. Of the 601 needle biopsy cores,
424 cores included cancer graded from Grade Group 1 to 5
(Fig. 1b). Of the 424 cores having Grade Group 1–5 cancer,
242 cores (57%) were positive for at least one marker or
more than one (Table 1). In contrast, out of the 123 cores
with high-grade intraepithelial neoplasia, only 12 cores
(10%) were positive for any one of the four markers,
whereas all 13 benign cores were negative. Statistical ana-
lysis confirmed that the expression of molecular markers is
preferentially associated with grade group 1–5 cancer
compared with both benign (p < 0.001) and high-grade
intraepithelial neoplasia tissues (p < 0.001). In addition,
only 16 cores of the 41 cores (39%) with atypical/atypical
small acinar proliferation were positive for at least one
molecular marker. The expression of molecular markers in

Fig. 2 The expression of ERG, SPINK1, ETV1, and ETV4 in
prostate needle biopsy cores with discontinuous tumor foci. a The
expression profile of cores with discontinuous tumor foci. For exam-
ple, all foci ERG+ refers to cores with ERG expression in all the
distinct tumor foci. All foci negative refers to cores with no expression
of the tested markers in the tumor foci. ERG+/SPINK1+ refers to
cores showing mutual exclusive expression of ERG and SPINK1 in
distinct tumor foci. ERG+/negative refers to cores where ERG
expression was observed only in some tumor foci with other tumor

foci being negative for all the tested markers. b The expression of
SPINK1 in all of the discontinuous tumor foci. The benign tissue
separating the two distinct tumor foci is noted. c The absence of ERG,
SPINK1, ETV1, and ETV4 in all of the tumor foci. d The mutually
exclusive expression of ERG and ETV1 in discontinuous tumor foci in
the same biopsy core. e The expression of SPINK1 in one tumor foci
while the rest of the tumor foci remains negative for the molecular
markers.
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atypical/atypical small acinar proliferation cores were sig-
nificantly higher compared with benign and high-grade
intraepithelial neoplasia tissues (p < 0.001). Further analysis
revealed significant expression of ERG in lower Grade
Groups (grade groups 1 and 2) compared with high-Grade
Groups (Grade Groups 3–5, p < 0.001). On the contrary,
ETV4 expression was seen more in higher Grade Group
samples (Grade Groups 3–5, p= 0.04). No significant
association was seen between Grade Group and the
expression of SPINK1 or ETV1 or any of the dual markers.

We explored the overall incidence of ERG, SPINK1,
ETV1, and ETV4 in our patient cohort. Altogether, 42 (35%)
patients in the cohort tested negative for all four molecular
makers (Table 2). Of the rest, 53 (44%) patients, which
included 32 Caucasian American and 18 African Amer-
icans, showed the expression of one marker. A total of 23
patients (19%), including 10 Caucasian American and 12
African American patients showed positivity for two dif-
ferent markers. Two patients (2%), both African American,
were positive for ERG, SPINK1, and ETV1 in three dif-
ferent cores, indicating the diverse molecular subtypes
present in prostate cancer. Overall, 78 (65%) patients
showed the expression of at least one molecular marker. Of
these, ERG expression was observed in 52, whereas
SPINK1 was positive in 29, ETV1 in 19, and ETV4 in 8. In
agreement with previous studies, statistical analysis showed
significantly more positivity for SPINK1 in African
Americans (p < 0.01) compared with Caucasian Americans.
In addition, ETV4 expression was also significantly higher
in African Americans (p= 0.04), whereas ERG and ETV1
expression was not significantly different between the two
races.

To obtain a comprehensive understanding of molecular
heterogeneity and the clonal nature of the disease detected
at the biopsy level, we then looked at the expression of
ERG, SPINK1, ETV1, and ETV4 in the patient cohort in
detail. Specifically, 76 (63%) patients showed either
absence of all four molecular markers or the expression of a
single molecular marker across all tested biopsy cores,
suggesting either disease arising from a single clonal origin
or the presence of hitherto unidentified driver molecular
markers in prostate cancer (Fig. 3a). The rest of the 44
(37%) cases displayed distinct marker status across biopsy
cores, suggesting cancer originating from multiple clones.
Of these, 19 (16%) patients showed the occurrence of a
single molecular marker in some biopsy cores, whereas the
rest of the biopsy cores tested negative for the molecular
markers (Fig. 3a, b). Other patients displayed even more
complex expression patterns with multiple molecular mar-
kers being observed across different biopsy cores (Table 2,
Fig. 3a, c–e), indicating extensive molecular heterogeneity
in tumors arising at different locations of the prostate.
Interestingly, statistical analysis by Pearson’s chi-squareTa
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test showed that the incidence of distinct marker status
across biopsy cores is significantly higher in African
Americans compared with Caucasian Americans (P=

0.025). Of note, as previously described (Table 2), the two
patients in the cohort who displayed the expression of three
molecular markers in three different biopsy cores from three

Fig. 3 Inter tumor molecular heterogeneity observed in the patient
cohort. a Number of cases with the corresponding molecular marker
status. ERG+ and negative refers to cases where ERG+ biopsy cores
were observed along with biopsy cores negative for ERG, SPINK1,
ETV1, and ETV5. Similarly, SPINK1+ and negative, ETV1+ and
negative and ETV4+ and negative refer to cases where biopsy cores
positive for the corresponding molecular marker were observed along
with biopsy cores negative for ERG, SPINK1, ETV1, and ETV5.
ERG+ and SPINK1+, SPINK1+ and ETV1+, SPINK1+ and ETV4,
ERG+ and ETV4+, ERG+ and ETV1+, ETV1+ and ETV4+,
ERG+, SPINK1+ and ETV4+, ERG+, SPINK1+ and ETV1+ refer
to cases with biopsy cores showing multiple molecular marker posi-
tivity. For example, ERG+ and SPINK1+ refers to cases where both
ERG+ and SPINK1+ biopsy cores were observed. b Representative

patient case showing molecular heterogeneity with some tissue cores
positive for SPINK1, while the other Graded cancer cores are negative
for ERG, SPINK1, ETV1, and ETV4. The cancer status of the tissue
cores are also noted. NS tissue cores not screened, GG Grade Group,
Atypical atypical/atypical small acinar proliferation. c Representative
patient case showing molecular heterogeneity with ERG and SPINK1.
d Representative patient case showing molecular heterogeneity with
ERG and SPINK1 while other Graded cancer cores are negative for all
molecular markers screened. e Representative patient case showing
molecular heterogeneity with ERG, SPINK1, and ETV1. Some Graded
tissue scores are negative for all four molecular markers. The tissue
cores with discontinuous tumor foci are marked with an asterisk (*).
f Two patient cases showing the expression of multiple molecular
markers in different needle biopsy cores.

Table 2 The incidence of ERG,
SPINK1, ETV1, and ETV4 in the
patient cohort.

Marker status Marker expression Caucasian American
(CA, n= 67)

African American
(AA, n= 47)

Other
(n= 6)

Expression of a single
marker (n= 53)

ERG+ 22 6 2

SPINK1+ 5 12 1

ETV1+ 4 0

ETV4+ 1

Expression of two different
markers (n= 23)

ERG+/SPINK1+ 2 5

SPINK1+/ETV1+ 1

SPINK1+/ETV4+ 1

ERG+/ETV4+ 1 3

ERG+/ETV1+ 7 1 1

ETV1+/ETV4+ 1

Expression of three
different markers (n= 2)

ERG+, SPINK1+,
ETV4+

1

ERG+, SPINK1+,
ETV1+

1

25 15 2

Negative for all tested markers
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different locations of the prostate (Fig. 3f) were both Afri-
can American. Overall, our results highlight the existence of
marked inter tumor molecular heterogeneity in a subset of
cases with multifocal cancer.

Next, we were interested to study whether the biopsy
cores from each patient truly represent all the tumor foci in
the prostate or if any of the foci are missed during standard
biopsy procedure. We selected a representative case with
subsequent radical prostatectomy and compared the tumors
in the biopsy with matching whole-mount radical prosta-
tectomy tissue by screening for ERG, SPINK1, ETV1, and
ETV4. Comparative analysis of needle biopsy results and
whole-mount radical prostatectomy results revealed that
multiple secondary small foci positive for SPINK1 were not
represented in the needle biopsy (Fig. 4). Tumors repre-
sented in the biopsy with corresponding topographical
location were matched in the radical prostatectomy tissue,
although the highest grade area, Gleason score 4+ 3= 7
(Grade Group 3), was not represented in this section from
mid-prostate due to relatively small size. In an unpublished
study, we evaluated 987 radical prostatectomy whole-mount
tissue for ERG, SPINK1, ETV1, ETV4, ETV5, and found

several secondary foci positive for molecular markers. The
significance of the marker positive secondary tumors is not
known.

Finally, we investigated the association of molecular
markers with the clinical and pathological parameters.
Using t test, we first studied if any of the molecular markers
we screened are associated with the age of patients. The age
of the patients in the cohort ranged from 44 to 86 years with
an average of 66 years (Table S1). Interestingly, we
observed that positive expression of SPINK1 (p= 0.01) and
the presence of ERG+/SPINK1+ (p= 0.02) are associated
with young men with prostate cancer (Table S3). Mean age
observed with SPINK1 positive patients was 62 years while
mean age seen for patients with ERG+/SPINK1 was 57
years. The other markers did not show any significant
association with patient age. Then we analyzed the asso-
ciation of molecular marker expression with initial PSA and
the last PSA values of the patients in our cohort using t test.
No significant associations were observed with either initial
PSA (Table S4) or last PSA (Table S5) for any of the
molecular markers. As a further step, we used Cox pro-
portional hazards model to analyze if there is any

Fig. 4 A representative whole-mount radical prostatectomy spe-
cimen from one of the cohort patients shows multiple scattered
tumor foci with distinct biomarker staining patterns. Largest
tumors include those in the left anterior (predominantly negative but
with focal adjacent SPINK1 positivity) and right anterior (ERG posi-
tive). Scattered isolated foci of SPINK1 positivity are present (yellow

circles). Isolated high-grade prostatic intraepithelial neoplasia with
ERG positivity is present in the left lateral (purple circles). Other
scattered foci are shown topographically in colored boxes, with
matching higher magnifications in the corresponding color of circles
or ovals.
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association between the molecular marker expression and
the presence of subsequent treatment. Subsequent to biopsy
procedure, twelve patients had received radiation while four
had been treated with hormone therapy. A total of 51
patients had undergone subsequent radical prostatectomy.
Of the 51 cases, seven patients had hormone or/and radia-
tion therapy after radical prostatectomy. The information on
subsequent treatment method was not available for 48
patients (Table S1). Interestingly, while the expression of
SPINK1 (p= 0.01), ETV1 (p= < 0.01), and ERG+/ETV1
(p= < 0.01) expression associated with the presence of later
treatment, the expression of only ERG (p= 0.05) in the
biopsy specimens associated with the absence of subsequent
treatment (Table S6). Finally, using t test, we explored if the
expression of the markers associated with the duration of
time occurred between the study biopsy and the subsequent
treatment. No significant association was observed
(Table S7).

Discussion

To assess the extent of tumor molecular heterogeneity and
multiclonal nature detected at biopsy level, we evaluated
the incidence of ERG, SPINK1, ETV1, and ETV4 in 601
prostate needle biopsy cores collected from 120 patients.
We discovered that a considerable fraction of the
cases (37%) display inter-tumor molecular heterogeneity,
with different driver alterations present in different biopsy
cores from the same patient. Subsets of patients showed
the positivity for as much as three molecular markers
across different cores, suggesting extensive clonal dif-
ferences even in single patient cases. Currently, most
clinical decisions are made based on the dominant
tumor nodule which displays the largest tumor volume,
usually also being the highest grade and stage tumor.
Occasionally, a smaller volume tumor may be of higher
grade or stage, supplanting the largest tumor as the most
clinically relevant. However, there are several diagnostic
scenarios in which molecular biomarker assessment may
play a role in in the future for classifying the dominant
tumor, such as with confluent but molecularly different
foci of different grade patterns. As an example, it is
not unusual to encounter large tumors that would con-
ventionally be graded as Gleason score 3+ 4= 7 (Grade
Group 2) or Gleason score 4+ 3= 7 (Grade Group 3), yet
in which sizeable areas would appear to be Gleason score
4+ 4= 8 (Grade Group 4). If such foci show different
biomarker patterns, it would be logical to grade them
separately, in the same way that they would be graded
separately if they were anatomically not confluent, espe-
cially in view of the exceedingly high rate of multifocality
of prostate cancer.

Despite the critical role of tumor volume percentage in
determining the prostate cancer management options, cur-
rently there is no consensus on the standard procedure used
to determine the tumor volume percentage in cases with
discontinuous tumor foci. Given these controversies, we
carried out a detailed characterization of molecular marker
expression in cores with discontinuous foci. Our results
indicated that some cores with discontinuous foci may
originate from the same tumor, whereas a subset do appear
to contain tumor foci from distinct clones, in keeping with
results of prior studies [26, 27]. Thus, our study suggests
that distinguishing the clonal origin may be helpful in
assessing whether discontinuous tumor foci represent one
large tumor or multiple small (and possibly clinically
insignificant) tumors. As such, molecular analysis could aid
in the determination of the multiclonal nature of dis-
continuous tumor foci, resolving dilemmas associated with
cores carrying discontinuous tumor foci.

In our further analysis studying the association between
molecular heterogeneity and race, we observed that the
incidence of molecular heterogeneity was significantly
higher in African Americans compared with Caucasian
Americans. Notably, African American patients are known
to present with more aggressive prostate cancer compared
with the Caucasian Americans [32]. Given our findings, it
would be interesting to study the clinical correlations
of molecular heterogeneity in African American patients.
In additional studies between the marker expression and
the cancer status of biopsy cores, we observed that the
expression of all four molecular markers is prostate cancer
specific and mutually exclusive. Importantly, morphologi-
cally questionable cores such as atypical cores also dis-
played higher incidence of positive molecular markers,
suggesting that molecular analysis may help eliminate
ambiguities associated with prostate cancer detection on
biopsies in addition to AMACR staining. In addition, ERG
was observed more in low-grade cancer (Grade Group 1 and
2), whereas ETV4 was associated with high-grade cancer
(Grade Group 3 and above).

As a further step, we also investigated the association of
marker expression with race, and other clinical factors. We
observed higher expression of SPINK1 and ETV4 in Afri-
can Americans. In addition, SPINK1 expression and
ERG+/SPINK1+ expression was found to be associated
with young patient age. Of note, prior studies have impli-
cated SPINK1 and ETV1 in aggressive disease [4, 7].
Therefore it is interesting that we observed SPINK1 and
ETV1 to be associated with later treatment. In conclusion,
our study sheds light on the molecular heterogeneity and the
extent of the multiclonal nature of prostate cancer at the
biopsy level. Additional studies including larger patient
cohorts are required to establish and understand the asso-
ciation between the incidence of molecular markers on
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needle biopsies and disease outcomes. Consequently, such
studies may enable a thorough understanding of molecular
heterogeneity and clonal progression of prostate cancer,
facilitating the future efforts of exploring the feasibility of
using molecular analysis at biopsy level as a routine step in
prostate cancer management.

Acknowledgements We thank Natalia Draga, Jingli Yang for their
help in the preparation of slides from biopsy blocks. This study was
supported by a US Department of Defense grant W81XWH‐16‐1‐0544
to Nallasivam Palanisamy.

Funding Department of Defense: CDMRP W81XWH-16–1–0544
to NP.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Abate-Shen C, Shen MM. Molecular genetics of prostate cancer.
Genes Dev. 2000;14:2410–34.

2. Tomlins SA, Alshalalfa M, Davicioni E, Erho N, Yousefi K, Zhao
S, et al. Characterization of 1577 primary prostate cancers reveals
novel biological and clinicopathologic insights into molecular
subtypes. Eur Urol. 2015;68:555–67.

3. Tomlins SA, Bjartell A, Chinnaiyan AM, Jenster G, Nam RK,
Rubin MA, et al. ETS gene fusions in prostate cancer: from dis-
covery to daily clinical practice. Eur Urol. 2009;56:275–86.

4. Tomlins SA, Rhodes DR, Yu J, Varambally S, Mehra R, Perner S,
et al. The role of SPINK1 in ETS rearrangement-negative prostate
cancers. Cancer Cell. 2008;13:519–28.

5. Palanisamy N, Ateeq B, Kalyana-Sundaram S, Pflueger D,
Ramnarayanan K, Shankar S, et al. Rearrangements of the RAF
kinase pathway in prostate cancer, gastric cancer and melanoma.
Nat Med. 2010;16:793–8.

6. Chakravarthi BV, Dedigama-Arachchige P, Carskadon S, Sun-
daram SK, Li J, Wu KH, et al. Pseudogene associated recurrent
gene fusion in prostate cancer. Neoplasia. 2019;21:989–1002.

7. Baena E, Shao Z, Linn DE, Glass K, Hamblen MJ, Fujiwara Y, et al.
ETV1 directs androgen metabolism and confers aggressive prostate
cancer in targeted mice and patients. Genes Dev. 2013;27:683–98.

8. Nam RK, Sugar L, Yang W, Srivastava S, Klotz LH, Yang LY,
et al. Expression of the TMPRSS2:ERG fusion gene predicts
cancer recurrence after surgery for localised prostate cancer. Br J
Cancer. 2007;97:1690–5.

9. Leinonen KA, Saramaki OR, Furusato B, Kimura T, Takahashi H,
Egawa S, et al. Loss of PTEN is associated with aggressive
behavior in ERG-positive prostate cancer. Cancer Epidemiol
Biomark Prev. 2013;22:2333–44.

10. Zhang X, Yin X, Shen P, Sun G, Yang Y, Liu J, et al. The
association between SPINK1 and clinical outcomes in patients
with prostate cancer: a systematic review and meta-analysis. Onco
Targets Ther. 2017;10:3123–30.

11. Tomlins SA, Aubin SM, Siddiqui J, Lonigro RJ, Sefton-Miller L,
Miick S, et al. Urine TMPRSS2:ERG fusion transcript stratifies

prostate cancer risk in men with elevated serum PSA. Sci Transl
Med. 2011;3:94ra72.

12. Tomlins SA, Day JR, Lonigro RJ, Hovelson DH,
Siddiqui J, Kunju LP, et al. Urine TMPRSS2:ERG Plus PCA3
for individualized prostate cancer risk assessment. Eur Urol.
2016;70:45–53.

13. Ateeq B, Tomlins SA, Laxman B, Asangani IA, Cao Q, Cao X,
et al. Therapeutic targeting of SPINK1-positive prostate cancer.
Sci Transl Med. 2011;3:72ra17.

14. Guerin O, Fischel JL, Ferrero JM, Bozec A, Milano G. EGFR
targeting in hormone-refractory prostate cancer: current appraisal
and prospects for treatment. Pharmaceuticals. 2010;3:2238–47.

15. Wang X, Qiao Y, Asangani IA, Ateeq B, Poliakov A,
Cieslik M, et al. Development of peptidomimetic inhibitors
of the ERG gene fusion product in prostate cancer. Cancer Cell.
2017;31:532–48. e7.

16. Feng FY, Brenner JC, Hussain M, Chinnaiyan AM. Molecular
pathways: targeting ETS gene fusions in cancer. Clin Cancer Res.
2014;20:4442–8.

17. Hussain M, Daignault-Newton S, Twardowski PW, Albany C,
Stein MN, Kunju LP, et al. Targeting androgen receptor and DNA
repair in metastatic castration-resistant prostate cancer: results
from NCI 9012. J Clin Oncol. 2018;36:991–9.

18. Sullivan KF, Crawford ED. Targeted focal therapy for
prostate cancer: a review of the literature. Ther Adv Urol. 2009;
1:149–59.

19. Le JD, Tan N, Shkolyar E, Lu DY, Kwan L, Marks LS, et al.
Multifocality and prostate cancer detection by multiparametric
magnetic resonance imaging: correlation with whole-mount his-
topathology. Eur Urol. 2015;67:569–76.

20. Huang CC, Deng FM, Kong MX, Ren Q, Melamed J, Zhou M.
Re-evaluating the concept of “dominant/index tumor nodule” in
multifocal prostate cancer. Virchows Arch. 2014;464:589–94.

21. Mundbjerg K, Chopra S, Alemozaffar M, Duymich C, Lakshmi-
narasimhan R, Nichols PW, et al. Identifying aggressive prostate
cancer foci using a DNA methylation classifier. Genome Biol.
2017;18:3.

22. Karavitakis M, Ahmed HU, Abel PD, Hazell S, Winkler MH.
Anatomically versus biologically unifocal prostate cancer: a
pathological evaluation in the context of focal therapy. Ther Adv
Urol. 2012;4:155–60.

23. Ahmed HU, Arya M, Freeman A, Emberton M. Do low-grade and
low-volume prostate cancers bear the hallmarks of malignancy?
Lancet Oncol. 2012;13:e509–17.

24. Konyalioglu E, Tarhan H, Cakmak O, Pala EE, Zorlu F. Prostate
cancer volume estimations based on transrectal ultrasonography-
guided biopsy in order to predict clinically significant prostate
cancer. Int Braz J Urol. 2015;41:442–8.

25. Yashi M, Mizuno T, Yuki H, Masuda A, Kambara T, Betsunoh H,
et al. Prostate volume and biopsy tumor length are significant
predictors for classical and redefined insignificant cancer on
prostatectomy specimens in Japanese men with favorable patho-
logic features on biopsy. BMC Urol. 2014;14:43.

26. Fontugne J, Davis K, Palanisamy N, Udager A, Mehra R,
McDaniel AS, et al. Clonal evaluation of prostate cancer foci
in biopsies with discontinuous tumor involvement by dual ERG/
SPINK1 immunohistochemistry. Mod Pathol. 2016;29:157–65.

27. Arias-Stella JA III, Varma KR, Montoya-Cerrillo D, Gupta NS,
Williamson SR. Does discontinuous involvement of a prostatic
needle biopsy core by adenocarcinoma correlate with a large
tumor focus at radical prostatectomy? Am J Surg Pathol.
2015;39:281–6.

28. Karram S, Trock BJ, Netto GJ, Epstein JI. Should intervening
benign tissue be included in the measurement of discontinuous

1800 P. Dedigama-Arachchige et al.



foci of cancer on prostate needle biopsy? Correlation with
radical prostatectomy findings. Am J Surg Pathol. 2011;35:
1351–5.

29. Akatsuka J, Kimura G, Obayashi K, Sano M, Yanagi M, Endo Y,
et al. Does tumor location affect prostate cancer prognosis. J Clin
Oncol. 2019;37:45.

30. Augustin H, Hammerer PG, Blonski J, Graefen M, Palisaar J,
Daghofer F, et al. Zonal location of prostate cancer: significance
for disease-free survival after radical prostatectomy? Urology.
2003;62:79–85.

31. Lu Z, Williamson SR, Carskadon S, Arachchige PD, Dhamdhere
G, Schultz DS, et al. Clonal evaluation of early onset prostate
cancer by expression profiling of ERG, SPINK1, ETV1, and
ETV4 on whole-mount radical prostatectomy tissue. Prostate.
2020;80:38–50.

32. Powell IJ, Bock CH, Ruterbusch JJ, Sakr W. Evidence supports a
faster growth rate and/or earlier transformation to clinically
significant prostate cancer in black than in white American men,
and influences racial progression and mortality disparity. J Urol.
2010;183:1792–6.

Clonal evaluation of prostate cancer molecular heterogeneity in biopsy samples by dual. . . 1801


	Clonal evaluation of prostate cancer molecular heterogeneity in�biopsy samples by dual immunohistochemistry and dual RNA�in�situ hybridization
	Abstract
	Introduction
	Materials and methods
	Study design and patient selection
	Dual RNA in�situ hybridization and dual immunohistochemistry
	Statistical analysis
	Evaluation criteria

	Results
	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




