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Abstract.

Background: Intratumoral heterogeneity (ITH) is associated with clinical challenges such as possible differences in response
to treatment and difficulties in classifying the tumor. Previously, ITH has been described in bladder cancer using detailed
genetic analyses. However, in this disease, it is not known to what extent ITH actually occurs, or if it involves molecular
subtyping, when assessment is achieved by immunohistochemistry (IHC) on the protein level using tissue microarrays
(TMA:s), the method most widely applied when analyzing large sample numbers.

Objective: We aimed to investigate ITH by IHC in bladder cancer TMAs.

Methods: Staining for eleven immunohistochemical markers (CKS5, Cyclin D1, E-Cadherin, EGFR, FGFR, GATA3, HER2,
p16, p63, P-Cadherin and RB1) was performed, and differences in staining patterns were assessed both within 1981 individual
tissue-cores and by comparing two cores from the same tumor in 948 cases according to our pre-specified criteria. Presence
of ITH was associated with clinicopathological data such as stage, grade, molecular subtype and survival.

Results: Intracore ITH in one or several markers was associated with grade 3, stage T1 and the genomically unstable molecular
subtype. ITH in three or more markers was found in 5% between cores (intercore heterogeneity) and in 2% within cores
(intracore heterogeneity). No association with survival was found for any of the ITH groups.

Conclusions: We observed ITH in a small proportion of the tumors, suggesting that ITH has only a limited impact on TMA
bladder cancer studies.
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INTRODUCTION

Intratumoral heterogeneity (ITH) has been high-
lighted in many different tumor types [1], also within
the field of urology [2]. ITH is commonly referred
to as spatial diversity in molecular or morphological
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features within a single tumor or in a primary tumor
compared with metastasis. It is hypothesized that the
mechanisms behind ITH include genomic instability
and driver events in clonal expansion of subpopula-
tions of cells [1]. Accumulating evidence suggests
that ITH has consequences such as difference in
response to treatment and inaccurate results when
assessing expression of biomarkers [3, 4]. Despite
studies on clonal evolution in various malignancies,
it is not known how ITH should be measured or
interpreted. Furthermore, differences in application
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of methods or definitions of ITH make it difficult to
compare studies. It is well recognized that bladder
cancer often entails frequent genomic alterations and
mutations [5, 6], which might lead to a higher fre-
quency of ITH, and this conclusion is also supported
by the results of in-depth investigations of spatial het-
erogeneity in bladder cancer [7, 8]. However, these
recent ITH-studies used next-generation-sequencing
(NGS) without morphological correlation or knowl-
edge of presence of non-tumor cells. Analysis of
tumor cell phenotype using immunohistochemical
(IHC) staining represents another approach for inves-
tigating ITH. Tissue microarray (TMA) [9] is a
common method in translational research, but to our
knowledge no studies have systematically asessed
ITH in large TMA-cohorts of bladder cancer. If ITH
affects the accuracy of the TMA analysis, such het-
erogeneity may partly explain why many investigated
biomarkers have not yet reached clinical use [10].

Identification of molecular subtypes in bladder
cancer [6, 11-13] has increased our molecular knowl-
edge about bladder cancer and could be a future
aid for risk stratification of patients [14] or predic-
tion of treatment response [15]. It has not yet been
systematically investigated whether multiple bladder
cancer subtypes can be present in a single tumor, or if
ITH interferes with subtype classification. Thus, our
aim was to examine whether ITH is associated with
clinicopathological variables such as grade, stage or
molecular subtype and to establish the relative fre-
quency of ITH in TMA-sections from a cohort of
1024 bladder tumors.

MATERIALS AND METHODS

This study was based on samples from four differ-
ent cohorts. Numbers of patients, inclusion criteria,
and exclusions are presented in Fig. 1. A total num-
ber of 1024 tumors were re-evaluated for all 11 IHC
markers (i.e by assessing staining intensity and/or
percentage of positive tumor cells). All included sam-
ples were from chemo-naive TURBT specimens. The
sections from TURBT specimens were re-evaluated
and graded according to WHO 1999 by a uropatholo-
gist (GC), and used as reported in the original studies.
Due to different inclusion criteria for the four stud-
ies, the age of the tissue blocks was different. The
mean specimen age in years and the interquartile
range for cohorts one to four was: 7, 5-9; 8, 7-10;
12, 11-16; 15, 14-17. One-millimeter TMA cores
were marked and punched out of representative tumor

areas without necrosis using a manual device (Pathol-
ogy Devices, Inc., Westminster, MD). 120 cores were
embedded in paraffin in one cassette, and 4-pm
sections were cut and mounted on glass slides (Super-
Frost Plus, Gerhard Menzel GmbH, Braunschweig,
Germany).

Immunohistochemistry

After sectioning, slides were dried in 60°C for
one hour and were then deparaffinized and were
subsequently pre-treated with PT Link Kit (Dako,
Glostrup, Denmark) in target-retrieval buffer (TRS),
pH 9. Slides were stained with Autostainer Plus
(Dako) visualized using a Dako EnVision FLEX
K8010 system. The slides were counterstained with
hematoxylin for four minutes.

Dilutions of primary antibodies along with catalog
numbers and vendors are presented in Table 1. TMA
sections within each study were stained together, and
duplicate cores were always present on the same
TMA. The same staining method and equipment was
used by the same technician for all IHC on all four
cohorts, but no internal control tissues were included
since the studies were not originally intended to be
cross-compared. All of the antibodies chosen have
previously been studied in the context of finding
biomarkers for progression, treatment targets [16] or
to identify a potential impact on prognosis (Table 1).
In addition, all the markers are associated with molec-
ular subtypes of bladder cancer [11, 17].

Gene expression data (GEX)

Data on molecular subtypes based on gene
expression analysis was available for 669 of the
tumors and was used as reported in the orig-
inal studies [11, 17]. Cohort 1 was classified
into the subtypes “urothelial-like” (Uro), “genom-
ically unstable” (GU), “basal/squamous” (Ba/Sq),
and “Infiltrated”. Cohort 2 included the additional
subtypes “mesenchymal-like” (Mes-like) and “small-
cell/neuroendocrine-like” (Sc/NE-like).

Assessment

The slides were scanned with an Axio Scan.Z1
(Zeiss, Germany) instrument and visualized as
scanned digital images using Zen Lite software
(version 1.1.2.0). Markers evaluated for intensity
(Table 1) were assessed on a four-grade scale from
0-3 (0, no staining detected; 1, weak but detectable
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Cohort 1 [11] Cohort 2 [17]
308 patients (308 tumors) 425 patients (425
with bladder cancer stage tumors) with bladder
Ta-T3 cancer stage T1-T4

195 patients (195 tumors) with
primary T1 urothelial cancer

Cohort 3 [14] Cohort 4:
67 patients (291 tumors).

bladder cancer stage Ta-T2

995 patients (1219 tumors/2377 TMA cores)

| 95 tumor samples excluded when

present in more than one cohort

1124 tumors (2202 cores)

221 cores excluded due to

y

insufficent TMA material

1981 cores, 1-2 cores/
tumor (1024 tumors)
from 827 patients for

intracore analysis

‘-.--

31 tumors excluded due to

insufficient materials in one core

948 tumors with two cores
from 791 patients for
intercore analysis

Fig. 1. Patient and cohort characteristics. This study was based on four existing cohorts. The flowchart shows references to original cohorts
and inclusion criteria as well as number of exclusions due to overlap between studies and insufficient material.

Table 1
Antibodies with dilutions, vendors, evaluation, relevance, and literature references
Marker Catalog No. Vendor Dilution Evaluation Association Reference
CK5 RM-2106 Lab Vision 1:200 Distribution/Intensity ~ Expressed in tumor-initiating cells [33]
Cyclin D1 M3635 Dako 1:100 Distribution/Intensity Survival [34]
E-cadherin M3612 Dako 1:200 Intensity Progression, survival [35]
EGFR M7239 Dako 1:25 Distribution/Intensity Progression, survival [36]
FGFR3 #4574 Cell Signaling 1:40 Intensity Prognosis, potential drug target [37]
GATA3 #5852 Cell Signaling 1:800 Distribution/Intensity Prognosis [38]
HER2 790-2991 Ventana RTU Intensity Survival [39]
P16 #550834 BD Biosciences 1:50 Intensity Progression [40]
P63 IMG-80212 Imgenex 1:100 Distribution Progression [41]
P-Cadherin #610228 BD Biosciences 1:200 Distribution/Intensity Progression [42]
RBI1 #9309 Cell Signaling 1:100 Distribution Survival [43]

staining; 2, moderate staining; 3, strong staining).
Markers evaluated for proportions stained were
scored from O to 9 in 10% fractions, where 0 and
9 represented 0-9% and 91-100% positive staining
of tumor cells, respectively. For markers evaluated
regarding both measures, a tumor cell score (TCS)
was calculated by multiplying intensity by distri-
bution, resulting in values between 0 and 2.7 as
previously described [17, 18].

Intratumoral heterogeneity definitions

To assess intercore heterogeneity, we compared
TCS values for cases with two cores from the same
tumor. The cases with the greatest differences in
TCS were manually reviewed, and in the absence of
established definitions in the literature, cut-off val-
ues for heterogeneity were selected before analysis
based on the available images. For markers evaluated
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regarding intensity a two-step difference was required
for cases to be considered heterogeneous. The
requirement of a two-step difference ensures that
similar cores were not falsely classified as heteroge-
neous due to categorization of a continuous variable.
For markers assessed regarding distribution, a differ-
ence of 0.4 (40%) was required. The cut-off value for
markers evaluated for both parameters was a differ-
ence of 1.2 in TCS.

Intracore heterogeneity

All cores were specifically analyzed for intracore
heterogeneity. For a useful definition of intracore het-
erogeneity it would be inappropriate to consider a
single or few cells as heterogeneity, as non-tumor
cells or localized staining artifacts would be inter-
preted as heterogeneity. Thus, cores with a cluster of
at least 50 cells that distinctly exhibited a one-step
difference in intensity were regarded as heteroge-
neous. All cores with an indication of heterogeneity
were re-evaluated, and in equivocal cases a consensus
decision was made by two evaluators (LJ and GS).

Statistics

All statistical tests were performed with R software
[19]. Fisher’s test was used to determine associa-
tions with clinical and pathological variables such as
stage and grade, and the Chi-square test was applied
to examine associations with molecular subtypes.
Kaplan-Meier and Cox regression were performed
as visualization and survival analyses, respectively.
Random sample distribution data were generated
using 10,000 observations based on the frequency of
ITH for each marker in our data. Only cases with
complete data for all eleven markers were compared
in this analysis. Real observed values were compared
with random sample distribution by calculating the
false discovery rate (FDR).

RESULTS
Intercore heterogeneity

Of the 948 tumors with two cores from each case,
341 (36%) tumors displayed intercore heterogene-
ity in one or more markers (Table 2). Substantial
ITH, defined as heterogeneity in three or more of the
11 analyzed markers, was detected in 50 cases (5%)
(Fig. 2). Two tumors exhibited intercore heterogene-
ity in six markers, which was the maximum number

of markers displaying between-core differences. A
cut-off of two or four markers would have resulted in
122 (13%) or 14 (1%) heterogeneous tumors, respec-
tively. Intercore heterogeneity was observed most
frequently for p63 (81/948, 9%), and least frequently
for HER2 (22/948, 2%). Each of the other markers
showed arange of heterogeneous expression in 34-72
(4%—-8%) cases for each marker. Intercore hetero-
geneity was not significantly associated with grade,
stage or molecular subtype. The 50 cases showing
substantial intercore heterogeneity were not over- or
under-represented in any of the four cohorts (Chi-2
test p=0.56). The 50 tumors with substantial intra-
core heterogeneity had on average 1.3 years lower age
of the paraffin block, compared to tumors with 1-2
heterogeneous markers or to tumors without hetero-
geneity (mean specimen age 8.9 versus 10.3, and 10.2
years, respectively; Kruskal-Wallis test p=0.014).

Intracore heterogeneity

In all, 1981 cores were analyzed for intracore
heterogeneity (Table 3), and 326 (16%) of those
specimens showed such heterogeneity for one or
more markers. The maximum number of hetero-
geneously expressed markers in a TMA core was
six. In the same manner as for intercore hetero-
geneity, substantial intratumoral heterogeneity was
defined as heterogeneity in three or more markers,
and this was observed in 48 cores (2%) (Fig. 3).
A cut-off of two markers would have resulted in
119 (6%) heterogeneous cores and a cut-off of four
markers would have only resulted in 20 (1%) het-
erogeneous cores. The heterogeneously expressed
marker found most frequently in a TMA core was
FGFR3 in 92/1981 cores (5%), followed by HER2 in
76/1981 cores (4%). RB1 was the heterogeneously
expressed marker found least often, detected in only
9/1981 cores (0.5%). Heterogeneous expression of
the other eight markers occurred in 32-54 (2-3%)
of the cores. Intracore heterogeneity was associ-
ated with grade (p =5.3e—06) and stage (p =1.1e-08),
and was most common in grade 3 and T1 tumors.
Furthermore, intracore heterogeneity in at least one
marker was noted more frequently in the genomically
unstable (GU) molecular subtype (p =0.0001). How-
ever, when we compared cases displaying substantial
ITH (i.e., heterogeneity in at least three markers)
with cases showing no ITH, only stage was sig-
nificantly associated with heterogeneity enrichment
(»p=0.015) in T1 tumors. The proportion of T1 tumors
was larger in the subset of tumors with substantial
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Table 2
Intercore analysis showing the distribution of grade, stage and molecular subtype in gene expression data (GEX) in tumors without ITH, in
tumors with ITH for one or more markers, or for the smaller subset with ITH for 3 or more markers

Total (N=948) No ITH (N=607) ITH>1 (N=341) ITH>3 (N=50)
Sex
Female 203 (21%) 127 (21%) 76 (22%) 11 (22%)
Male 745 (79%) 480 (79%) 265 (78%) 39 (78%)
Age
Median 72.8 years (IQR:65.1-78.1 years) 72.7 (65.0-78.2) 72.8 (65.2-78.0) 72.0 (65.3-76.7)
Grade
G139 (4%) 21 3%) 18 (5%) 2 (4%)
G2 223 (24%) 149 (25%) 74 (22%) 8 (16%)
G3 646 (68%) 409 (67%) 237 (70%) 39 (78%)
Gx 10 (1%) 9 (1%) 1 (0%) 0 (0%)
N/A 30 (3%) 19 (3%) 11 (3%) 1 2%)
Tumor stage
Ta 173 (18%) 113 (19%) 60 (18%) 7 (14%)
T1 337 (36%) 204 (34%) 133 (39%) 16 (32%)
T2 213 (22%) 135 (22%) 78 (23%) 15 (30%)
T3 138 (15%) 92 (15%) 46 (13%) 9 (18%)
T4 37 (4%) 27 (4%) 10 (3%) 1 2%)
Tx 4 (0%) 3 (0%) 1 (0%) 1 2%)
N/A 46 (5%) 33 (5%) 13 (4%) 1 (2%)
Molecular subtype GEX
Uro 339 (36%) 210 (35%) 129 (38%) 15 (30%)
GU 148 (16%) 94 (15%) 54 (16%) 9 (18%)
Ba/Sq 93 (10%) 66 (11%) 27 (8%) 7 (14%)
Infiltrated 34 (4%) 20 3%) 14 (4%) 2 (4%)
Mes-like 25 (3%) 19 (3%) 6 (2%) 0 (0%)
ScNE-like 29 (3%) 23 (4%) 6 (2%) 1(2%)
N/A 280 (30%) 175 (29%) 105 (31%) 16 (32%)
CK5 p63 HER2 E-Cadherin GATA3 H&E

Fig.2. Representative images of routine hematoxylin and eosin (H&E) staining and intercore heterogeneity in five markers (CK5, E-Cadherin,
GATA3, HER?2 and p63) in two different cores from the same tumor.

heterogeneity than in the subset without any ITH or cores without heterogeneity (mean specimen age
(52% and 46%, respectively). The 48 cases showing 10.4, 10.1, and 10.3 years, respectively).

substantial intracore heterogeneity were not over- or

under-represented in any of the four cohorts (Chi-2 Subtype heterogeneity

test p=0.47). There was no difference in age of the

paraffin blocks of cores with substantial intracore het- To investigate whether multiple subtypes can occur

erogeneity, cores with heterogeneity of 1-2 markers, within a single core or tumor, all cases with ITH in
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Intracore analysis showing the distribution of grade, stage and molecular subtype from gene expression data (GEX) in tumors without ITH,

in tumors with ITH for one or more markers, or for the smaller subset with ITH for 3 or more markers

Total (N=1981)

No ITH (N=1657)

ITH>1 (N=324)

ITH>3 (N=48)

E-Cadherin

Sex
Female 418 (21%) 355 (21%) 63 (19%) 11 (23%)
Male 1563 (79%) 1302 (79%) 261 (81%) 37 (77%)
Age
Median (IQR) 72.4 years (64.9-77.8 years) 72.7 (64.9-78.0) 73.5 (66.1-78.5) 70.8 (64.9-76.4)
Grade
G1 87 (4%) 84 (5%) 3 (1%) 0 (0%)
G2 485 (24%) 424 (26%) 61 (19%) 12 (25%)
G3 1327 (67%) 1078 (65%) 249 (77%) 35 (73%)
Gx 22 (1%) 22 (1%) 0 (0%) 0 (0%)
N/A 60 (3%) 49 (3%) 11 3%) 1 2%)
Stage
Ta 391 (20%) 359 (22%) 32 (10%) 3 (6%)
T1716 (36%) 566 (34%) 150 (46%) 25 (52%)
T2 498 (25%) 405 (24%) 93 (29%) 12 (25%)
T3 275 (14%) 243 (15%) 32 (10%) 7 (15%)
T4 71 (4%) 62 (4%) 9 (3%) 1 2%)
Tx 13 (1%) 10 (1%) 3 (1%) 0 (0%)
N/A 17 (1%) 12 (1%) 5 (2%) 0 (0%)
Molecular subtype GEX
Uro 694 (35%) 603 (36%) 91 (28%) 17 (35%)
GU 307 (15%) 230 (14%) 77 (24%) 11 (23%)
Ba/Sq 189 (10%) 163 (10%) 26 (8%) 4 (8%)
Infiltrated 75 (4%) 60 (4%) 15 (5%) 4 (8%)
Mes-like 55 (3%) 49 (3%) 6 (2%) 1 2%)
ScNE-like 59 (3%) 49 (3%) 10 (3%) 4 (8%)
N/A 602 (30%) 503 (30%) 99 (31%) 7 (15%)
p16 RB1 P-Cadherin H&E

Fig. 3. Representative case showing intracore heterogeneity. Routine hematoxylin-eosin staining (H&E) and four markers (E-Cadherin, p16,

P-Cadherin and RB1) are shown.

three or more markers were selected and heteroge-
neous areas were compared to known subtype marker
profiles [18]. Intercore analysis was consistent with
two different subtypes in 14/50 cases whereas assess-
ment of intracore heterogeneity was consistent with
different subtypes within the same core in 5/48 cases
(Table 4).

Random sample distribution
It is possible that the amount of ITH observed

can be explained by a relatively small number of
highly heterogeneous tumors or by a more random

Table 4
Number of tumors showing subtype heterogeneity with the sub-
types present and the number of cases (intercore, intracore)

Subtype 1 Subtype 2 Intercore Intracore
Uro Ba/Sq 6 1
Uro GU 2 3
Uro Mes 2 0
GU Ba/Sq 4 1

Uro, urothelial-like; Ba/Sq, basal/squamous; GU, genomically
unstable; Mes, mesenchymal-like.

distribution of heterogeneous markers. To investigate
whether the observed distribution of heterogeneity
might differ from a random distribution, we compared
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the observed data with random sampling data based
on the inter-, and intracore frequencies (Fig. 4A and
B, respectively). This analysis showed that the num-
ber of cases without any heterogeneity was greater
than expected from random distribution. The results
also revealed more cases than expected with het-
erogeneity in three or more markers. On the other
hand, compared to the random sampling data, our
data contained fewer cases showing heterogeneity
for one marker. These differences observed regard-
ing 0, 1, and >3 markers were statistically significant
(FDR<0.005) for both intercore and intracore hetero-
geneity.

Survival analysis

Follow-up data were available for 702 patients.
Progression-free survival (PFS) was calculated for
317 patients with non-muscle invasive tumors, and
was defined as the time to a muscle-invasive recur-
rence, metastasis or radical cystectomy. Furthermore,
cancer-specific survival (CSS) was calculated for 385
patients with muscle-invasive tumors treated with
radical cystectomy by Cox-regression analysis. No
significant differences in PFS (Fig. 5A-B) or CSS
(Fig. 5 C-D) were observed between patients with or
without ITH. The analysis was performed only for
ITH in one or more markers due to the small sample
size for ITH in at least three markers.

DISCUSSION

Intercore heterogeneity in three or more mark-
ers was detected in 5% and intracore heterogeneity
for three or more markers was observed in 2% of
the cores. Heterogeneity was consistent with differ-
ent molecular subtypes in 14/50 (28%) cases with
substantial intercore ITH, representing 1.5% of the
total number of tumors investigated. The correspond-
ing figure for intracore subtype heterogeneity was
5/48 (11%), representing 5/1981 (0.25%) of the total
number of cores investigated. The low frequency of
substantial ITH and the small number of cases consis-
tent with multiple subtypes in a tumor sample suggest
that heterogeneity does not interfere with immuno-
histochemical TMA studies to a considerable extent.
However, bladder cancer is reported to be the fourth
most common cancer type with genetic ITH [20], and
hence it’s possible that there is a discrepancy between
genetic ITH and heterogeneity detected at a protein
level.

The comparisons to random sampling data suggest
some significant systematic differences, especially in
cases with ITH in three or more markers. Nonethe-
less, considering that substantial ITH is rare in the
present material, it is possible that a certain pro-
portion of the total heterogeneity observed in such
specimens occurs randomly.

We found a statistically significant association
between tumor grade and intracore ITH, although
this correlation was not significant in the smaller
group with substantial heterogeneity (n=48). Of
cases with substantial heterogeneity, 73% were high
grade, which represents a larger proportion than the
65% noted for cases without heterogeneity but a
smaller proportion compared to the 78% observed
for cases with ITH in one or more markers. There
was also a significant association with stage T1 in
the group with ITH in at least one marker, and this
association remained significant in the group with
substantial ITH. Moreover, ITH was linked to molec-
ular subtype, because intracore ITH in at least one
marker was found more often in tumors of the GU
subtype. Taken together, these results suggest that
intracore ITH is more common in the T1G3 category,
in which most tumors are indeed of the GU molecu-
lar subtype [11]. Higher HER2-expression, variable
expression of IHC markers, high proliferation rates,
and loss of RB are some of the characteristics of GU
tumors [11, 17, 18], which also agrees with more pro-
nounced ITH in the GU subtype. Furthermore, this
subtype is associated with aggressive features, such
as high grade and increased frequency of mutations
and genomic imbalances [11]. Thus, the mentioned
properties may be reflected by the greater rate of ITH
observed in the GU subtype in the present study.

Intercore analysis revealed no significant associ-
ations to grade, stage, or molecular subtype. The
discrepancies between intercore and intracore analy-
ses might be explained by differences in the criteria
applied or by differences in sampling. Intermingling
of subclones without distinct spatial areas might not
be captured according to our ITH definitions. Other
aspects and potential confounders in the detection
of ITH include the lack of established criteria and
the knowledge that assessment of IHC-expression
is partly subjective and associated with intra- and
interobserver variations. On the other hand, in con-
trast to gene expression analyses, IHC ensures that
only tumor cells are analyzed. The major limita-
tion of this study is the exclusive use of TMA data,
and the findings reported here need to be comple-
mented by the more detailed resolution that can only
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Fig. 4. Random sampling data generated using 10000 observations based on the frequency of (A) intercore heterogeneity, and (B), intracore
heterogeneity for each marker in our data. Blue lines indicate the observed distribution of ITH in the eleven markers in our data.

be obtained by full section analyses of appropriate tis-
sue specimens. Furthermore, we cannot exclude that
differences between cohorts may have influenced the
amount of heterogeneity detected.

Notwithstanding, it is debatable whether varia-
tions in IHC staining represent true ITH or simply
reflect differences related to technical factors dur-
ing fixation, sectioning and staining. For example,
the nucleus of a cell can be sectioned at any level,
which can potentially lead to disparities in the expres-
sion of nuclear markers such as GATA3 [21]. Our
data did show a significantly lower specimen age for
tumors with substantial differences between cores,
but the difference was small and not observed for
heterogeneity within cores.

In practice, intratumor heterogeneity is already
acknowledged when reporting routine pathology
with divergent differentiation [22]. However, even
if expression of markers vary between the different
histological types and variants of UC, no such IHC
marker shows consistent expression, as indicated by
variability in the reported frequencies [23].

Notably, in breast cancer TMAs, heterogeneity
of 2-8% has been found in the biomarkers defin-
ing breast cancer subtypes; ER, PR and HER2 [24],
which is similar to our findings in bladder cancer.
In a pan-cancer study of ITH, morphological hetero-
geneity was defined as differences in nuclear size
and staining intensity on hematoxylin-eosin stain-
ing intensity in tissue sections and was found in all
12 of the cancer types analyzed, including bladder
cancer [20]. The authors of that report also found

a correlation between genetic ITH and more atypi-
cal cytological features evaluated by whole-section
histology.

Analysis of DNA samples, sequencing of mul-
tifocal urothelial carcinomas has revealed unique
mutations in different tumor compartments while
routine stainings revealed no evident morpho-
logical heterogeneity [25]. Heterogeneity in four
muscle-invasive bladder cancers was also recently
demonstrated by whole-exome sequencing, which
suggested the existence of subclonal populations of
malignant cells indicated by differences in RNA
expression [8]. Heterogeneity also appears to impose
a challenge on analysis of circulating tumor cells
(CTC) [26, 27]. In 75% of patients with HER2-
positive tumors, the CTCs did not express HER2,
an aspect that has implications for the response to
anti-HER?2 drugs [27]. Thus, ITH may also have an
impact on response to treatment in bladder cancer
[28]. Furthermore, it has been shown that while the
number of mutations does not differ before and after
treatment with cisplatin-based chemotherapy, many
mutations are only detected either in the pre-, or in
the post-chemotherapy sample [29]. As hypothesized
in that study, the post-chemotherapy samples were
also enriched in a mutational signature that could be
linked to cisplatin. Inactivating mutations in DNA-
damage response genes have also been shown to
identify patients that respond well to chemotherapy
[30], as has low ERCCI1 levels detected by IHC [31],
and Basal-like gene expression subtype [15]. Spatial
heterogeneity among the tumor cells may potentially
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Fig. 5. Kaplan-Meier curves showing survival analysis. Progression-free survival (PFS) analysis included 317 patients, and cancer-specific
survival (CSS) analysis comprised 373 patients stratified for intercore heterogeneity and 385 patients stratified for intracore heterogeneity.
Univariate Cox regression analysis showed no significant differences in PFS or CSS. (A) PFS for intercore heterogeneity in one or more
markers. (B) PFS for intracore heterogeneity in one or more markers. (C) CSS for intercore heterogeneity in one or more markers. (D) CSS
for intracore heterogeneity in one or more markers. NAR, Numbers at risk.

affect our ability to predict responsiveness at each
of these levels. In addition to intrinsic properties of
the tumor cells, complex interplay between microen-
vironment, such as stromal reactions and immune
infiltration, may play a role in both the develop-
ment of ITH [32] and modification of the response
to systemic treatments. These cited studies suggest
two different ways in which ITH may be relevant
for predicting treatment response in bladder cancer.
First, the presence of ITH at the start of therapy
may indicate a higher probability that a tumor devel-
ops rapid resistance to therapy due to emergence of

resistant subclones under selection pressure. Sec-
ondly, widespread ITH may negatively affect our
ability to discover treatment predictive biomarkers
if we fail to measure the relevant tumor area.
Inasmuch as variation is a prerequisite for evo-
lution by natural selection, it is interesting to
hypothesize that heterogeneity per se could be asso-
ciated with worse survival of cancer patients. The
previously mentioned study by Liu et al. did show
an association between mutational heterogeneity and
overall survival in chemotherapy treated patients.
[29]. The use of bioinformatics models on a genetic
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level has also demonstrated a correlation between
ITH and overall survival in a pan-cancer analysis
of the TCGA dataset [20], but, considering individ-
ual cancer types, only gliomas showed an association
between ITH and survival. Although our study was
large, we found no support for such an associa-
tion between presence of heterogeneity and patient
outcome.

CONCLUSIONS

In this immunohistochemical study of 11 mark-
ers in bladder cancer TMAs, we found that 5%
of the tumors with intercore heterogeneity and 2%
with intracore heterogeneity in three or more mark-
ers, respectively. Further systematic studies on ITH
should assess tumor areas larger than TMA-cores to
explore ITH with regard to its spatial distribution
and its potential impact on prognosis and response
to systemic treatments.
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