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Abstract Invasive bladder cancer is diverse, and includes sev-
eral named histomorphologies that differ from conventional
urothelial carcinoma, termed Bhistologic variants.^ By transcrip-
tional analysis, bladder cancers can be divided into luminal and
basal subtypes. In this paper, we study associations between
markers of transcriptional subtypes and variant histology in a
retrospective cohort of 309 cystectomy specimens. Histology
slides were methodically reviewed for all cases, and variant
histology was documented. Immunohistochemistry for
FOXA1 (luminal marker) and CK14 (basal maker) was per-
formed on histologic variants and their associated conventional
urothelial carcinomas. Invasive carcinoma was present in 270 of
the cystectomy specimens, 35% of which contained a histologic
variant. Squamous carcinomas expressed higher CK14 levels
than micropapillary, nested, and plasmacytoid carcinomas
(p < 0.001, Kruskal-Wallis), keeping with the basal character

of squamous carcinoma. Likewise, squamous carcinomas
expressed lower FOXA1 levels than micropapillary, nested,
and plasmacytoid carcinomas (p < 0.001, Kruskal-Wallis),
keeping with the luminal character of micropapillary carcinoma,
and suggesting that nested and plasmacytoid cancers have lu-
minal character. FOXA1 was expressed at lower levels in con-
ventional urothelial carcinoma associated with squamous carci-
noma than conventional urothelial carcinoma associated with
micropapillary carcinoma (p = 0.0072, Wilcoxon rank sum).
CK14 expression did not differ between conventional urothelial
carcinomas associated with squamous versus micropapillary
carcinoma (p = 0.89, Wilcoxon rank sum). Instead, CK14 ex-
pression was higher in squamous carcinoma than conventional
urothelial carcinoma present in the same bladder (p = 0.014,
Wilcoxon rank sum, paired). Overall, the findings show that
squamous and micropapillary cancers have different expression
patterns of CK14 and FOXA1 and suggest that they arise from
distinct precursors.
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Introduction

Invasive bladder cancer is histologically diverse. While
the majority of invasive bladder cancers have the morphol-
ogy of conventional urothelial carcinoma (conventional
UC; also known as transitional cell carcinoma), distinct
variants include micropapillary, squamous, plasmacytoid,
nested, and other rarer ones [1, 2]. Several of these Bhis-
tologic variants^ are inherently aggressive, and manage-
ment thus differs from conventional UC. For example,
early stage (pT1) micropapillary cancer has high rates of
metastasis and death compared to early stage conventional
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UC, and some advocate radical cystectomy rather than
transurethral resection and intravesical therapy [3, 4],
though this area is somewhat controversial [5–7]. As sev-
eral histologic variants are inherently aggressive, there is
potential clinical value in understanding their underlying
biology.

Molecular studies have revealed that bladder cancer
may be subtyped based on transcriptional profile, and
the resulting transcriptional subtypes may inform on prog-
nosis and chemotherapy response [8–12]. Though studies
differ in the number of named transcriptional subtypes
and the genes that define them, it has been consistently
found that bladder cancer may be broadly categorized into
two groups: a Bluminal^ group, which expresses markers
of urothelial differentiation including Forkhead box A1
(FOXA1), GATA-binding protein 3 (GATA3), and the
uroplakins, and a Bbasal^ group, which expresses high
molecular weight keratins, such as cytokeratin 14
(CK14), and other markers of more primitive, basal
urothelial cells [8, 13].

Variant histology associates with transcriptional subtype.
Specifically, tumors with micropapillary histology tend to be
luminal, while tumors with squamous histology tend to be
basal [8, 13, 14]. Bladder cancers with variant histology often
have a separate component of conventional UC, which pre-
sumably arises from the same precursor as the histologic
variant.

In the study presented here, we investigate associations
between markers of transcriptional subtype and four histolog-
ic variants of bladder cancer: squamous, micropapillary,
nested, and plasmacytoid. Specifically, we study patterns of
mutual exclusivity among histologic variants and evaluate ex-
pression of FOXA1 (luminal marker) and CK14 (basal mark-
er) in histologic variants and their associated conventional
UCs.

Material and methods

Case selection and slide review

A consecutive series of specimens was collected from the
pathology archives of Penn State Hershey Medical Center,
including all radical cystectomies and cystoprostatectomies
performed for bladder cancer from May 2001 to February
2014 (n = 309; excluding cases for which slides were not
available). Pathology slides were assembled and all sec-
tions of bladder and prostate were methodically re-
reviewed by study pathologists (JIW and GC). All diag-
nostic slides were reviewed by a subspecialized urologic
pathologist with fellowship training (JIW) to confirm the
diagnosis.

Criteria for variant histology classification

Documented variant morphologies included micropapillary,
squamous, nested, and plasmacytoid. Thresholds for assigning
a variant pattern were strict, including only cases fitting World
Health Organization descriptions [2]. Micropapillary was
strictly defined as classic micropapillary. That is, prior studies
have shown that invasive bladder cancers may be composed of
admixed large and small cancer nests with retraction, similar to
classic micropapillary carcinoma [15, 16]. However, these are
irreproducibly considered micropapillary by pathologists [15],
and were thus not considered micropapillary in the current
study. Squamous differentiation was strictly considered tumor
with definite keratin formation or intercellular bridges. Nested
cases were strictly considered invasive small nests of carcino-
ma with cytologically bland nuclei. Plasmacytoid cases were
strictly considered as cancers composed of diffusely infiltrative
single cells, similar in appearance to lobular breast cancer. For
consistency in nomenclature, we include all cancers with a
given variant morphology under that same category, irrespec-
tive of other cancer morphologies in the specimen. For exam-
ple, Bsquamous bladder cancer^ describes carcinoma with
squamous morphology, irrespective of the presence of conven-
tional UC within the specimen.

This study also sought to compare conventional UC to
cancer with variant histology within the same bladder. As
such, for cases with a variant histology, we only considered
a focus as conventional UC if the focus was obviously spa-
tially and morphologically distinct from the histologic variant.
If conventional UC and histologic variant were tightly
admixed), and did not consider any of the focus as conven-
tional UC. For example, in bladders containing squamous
bladder cancer, we only considered a separate focus as con-
ventional UC if (1) it was spatially distinct from the squamous
cancer, and (2) its morphology was qualitatively different
from the squamous cancer (i.e., it did not merely look like
the squamous cancer with the keratin subtracted).

Selection of markers for luminal and basal subtype

Single markers were chosen to represent luminal and basal
subtypes. Prior study has identified FOXA1 as a marker of
the luminal subtype [17], and we have shown that overexpres-
sion of this transcription factor operates in a cooperative man-
ner to drive the luminal expression subtype [18], while genetic
ablation of this transcription factor results in squamous meta-
plasia [19]. FOXA1 was chosen as our luminal marker be-
cause it is a strong nuclear marker, and our group has exten-
sive experience with this gene [19–22].We chose CK14 as the
basal marker, as this is a known marker of basal urothelium
and stem cells [23], and is overexpressed in bladder cancers of
the basal subtype [8].
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To determine the accuracy of FOXA1 and CK14 as
markers of luminal and basal subtype, respectively, we col-
lected gene expression and transcriptional subtyping data for
127 cases of muscle invasive bladder cancer from The Cancer
Genome Atlas (TCGA) data from the Genomic Data
Commons (https://portal.gdc.cancer.gov/). TCGA type 1 and
2 tumors were considered luminal, and type 3 and 4 tumors
were considered basal. An expression matrix was created,
log2 transformed, and scaled by Z-score. FOXA1 and CK14
expression were compared between luminal and basal cancers
(see the BResults^ section).

Tissue microarray construction

Tissue microarrays (TMAs) were created that included histo-
logic variants and conventional UCs. Specifically, histology
slides were reviewed and areas of histologic variant and con-
ventional UC selected and circled. Corresponding tissue
blocks (formalin fixed paraffin embedded tissues) were re-
trieved and aligned to histology slides. Single 3 mm punches
were taken from tissue blocks from areas of interest to include
histologic variants and conventional UCs. Paraffin recipient
blocks were punched with 3 mm cores, and donor cores were
placed in recipient blocks using a manual arrayer. The
resulting blocks was baked at 42 °C for 40 min, then allowed
to cool. Multiple 4 μm sections were taken from the final
TMA blocks.

Immunohistochemistry assays

Immunohistochemistry (IHC) was performed as previously
described [18]. Briefly, slides were deparaffinized and
rehydrated through a series of graded alcohols and washed
in deionized water for 5 min. Antigen retrieval was performed
by placing slides in 1% antigen unmasking solution (Vector
Labs, Burlingame, CA) and heating slides for 20min on high
power in a pressure cooker (Cuisinart CPC-600FR). Steam
was released in short bursts to prevent boiling and preserve
tissue integrity. Slides were cooled to room temperature and
washed three times for 10min in PBS (pH 7.4). All incuba-
tions were performed at room temperature unless otherwise
noted. Endogenous peroxidases were blocked by incubation
in 3% hydrogen peroxide in methanol for 20min, and slides
were again washed three times for 10 min in phosphate-
buffered saline (PBS). Sections were incubated in PBS con-
taining horse serum (Vector Labs) for 1 h to reduce nonspe-
cific antibody binding and then incubated overnight with pri-
mary antibody at 4 °C in a humidified chamber. Primary anti-
bodies used for IHC include goat anti FOXA1 (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA) and mouse anti
Cytokeratin 14 (CK14; 1:200; Vector Laboratories,
Burlingame CA). Following overnight incubation, slides were
washed three times for 10 min in PBS and sections were

incubated in biotinylated secondary antibody diluted in PBS
containing horse serum (1:200; Vector Labs) for 1 h. Specific
antibody binding was visualized using Vectastain Elite ABC
Peroxidase kit (Vector Labs) according to the manufacturer
protocol with diaminobenzidine substrate buffer as the chro-
mogen Dako/Agilent.

Immunohistochemistry evaluation

FOXA1 expression was scored with the Allred scoring system
[24]. In short, nuclear expression intensity was graded 0 to 3
(least to most intense), and area with positive expression was
assigned a score from 0 to 5 (0 = none, 1 = 1%, 2 = 10%,
3 = 33%, 4 = 66%, 5 = 100% cells positive). The intensity and
area scores were added to give a final score, with a maximum
possible score of 8 and a minimum of 0. CK14 expression was
graded similarly. Cytoplasmic expression intensity was grad-
ed 0 to 3 (least to most intense), and area with positive expres-
sion was assigned a score from 0 to 5 (0 = none, 1 = 1%,
2 = 10%, 3 = 33%, 4 = 66%, 5 = 100% cells positive). The
intensity and area scored were added to give a final score, with
a maximum possible score of 8 and a minimum of 0. A single
pathologist scored all tumors (JIW). Examples are FOXA1
and CK14 immunohistochemistry are presented in Fig. 1.

Statistical analysis

The Wilcoxon rank sum test, Kruskal-Wallis test, and Fisher
exact test were used utilized as designated; p < 0.05 was con-
sidered significant. Fisher’s exact test andWilcoxon rank sum
test were performed using the stats package in the R program-
ming language, version 3.1.1 [25]. The Kruskal-Wallis test
and follow-up tests of individual significance were performed
with the pgirmess package in R [26]. Heatmaps were con-
structed with the ggplot2 package in R [27].

Results

Diagnostic performance of FOXA1 and CK14
in distinguishing luminal from basal bladder cancer
in TCGA data set

In keeping with previous findings, differential expression of
FOXA1 and CK14 was detected between luminal and basal
cancers in TCGA data (p < 0.001 for both, Wilcoxon rank
sum; FOXA1 higher in luminal, CK14 higher in basal; Fig.
S1). By receiver operating characteristic (ROC) analysis [28],
FOXA1 expression separated luminal from basal cancers with
area under the curve (AUC) of 0.88, and CK14 expression
separated luminal from basal cancers with AUC of 0.79.
FOXA1 and CK14 were independently associated with tran-
scriptional subtype in multivariate analysis (logit, p < 0.001
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for FOXA1 and CK14). A score including FOXA1 and CK14
(see below, equation based on logit model) demonstrated
AUC of 0.92 for prediction of transcriptional subtype.We thus
considered FOXA1 and CK14 to be reasonable markers of
luminal and basal subtypes, respectively.

Score ¼ 1:5 FOXA1ð Þ− CK14ð Þ

Patient demographics and tumor stage

Of the 309 consecutive cases in our in-house cohort, 270 had
invasive carcinoma. No patient had schistosomiasis infection
per history. Clinical, demographic, and staging data are pre-
sented in Table 1.

Variant morphology prevalence and mutual-exclusivity

Variant histology of at least one type was identified in
35% of invasive cases (94/270). These included squamous
(52 cases, 19%), micropapillary (27 cases, 10%),
plasmacytoid (8 cases, 3%), and nested (7 cases, 3%), as
shown in Table 2. Some cases had more than one variant
pattern.

Two cases had concurrent squamous and micropapillary
carcinoma, and one case had both plasmacytoid and
micropapillary carcinoma. Patterns of mutual-exclusivity
were identified among several variant patterns. Most notably,
squamous carcinoma was largely mutually exclusive of
micropapillary carcinoma, which approached statistical signif-
icance (p = 0.074, Fisher’s exact test, one-sided). Nested and
plasmacytoid morphologies appeared mutually exclusive of

Fig. 1 H&E-stained sections of
histologic variants (a–d; ×200). a
Squamous carcinoma—invasive
carcinoma with definite keratin
formation. b Micropapillary
carcinoma—small cell nests with
surrounding retraction and
reverser polarization. c Nested
carcinoma—invasive cancer nests
with banal nuclei. d Plasmacytoid
carcinoma—invasive single cells.
Immunohistochemistry (e, f;
×400). FOXA1 expression in
conventional urothelial
carcinoma; this was assigned
Allred score of 5 (area) + 3
(intensity) = 8. CK14 expression
in conventional urothelial
carcinoma; with assigned score of
5 (area) + 3 (intensity) = 8
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the others, though there were too few cases to reasonably
perform test statistics. Concurrent non-invasive papillary UC
was more common in micropapillary carcinoma than squa-
mous carcinoma (p = 0.05, Fisher), though concurrent flat
carcinoma did not differ in prevalence among these variants
(p = 1).

Of histologic variants, 70 cases were available for immu-
nohistochemistry (39 squamous, 19 micropapillary, 5 nested,
7 plasmacytoid). Of these, 56 had not received neoadjuvant
chemotherapy (38 squamous, 11 micropapillary, 2 nested, 5
plasmacytoid). Patterns of mutual exclusivity among variants
and their expression of FOXA1 and CK14 are presented in
Fig. 2.

FOXA1 and CK14 expression in histologic variants

Expression of FOXA1was lower in squamous carcinoma than
micropapillary, plasmacytoid, and nested carcinomas (Fig. 3a;
p < 0.001, Kruskal Wallis; multiple comparison p < 0.05 for
squamous versus micropapillary, plasmacytoid, and nested;
other multiple comparisons p > 0.05). Expression of CK14
was likewise higher in squamous carcinoma than
micropapillary, plasmacytoid, and nested carcinoma (Fig.
3b; p < 0.001, Kruskal Wallis; multiple comparison p < 0.05
for squamous versus micropapillary, plasmacytoid, and
nested; other multiple comparisons p > 0.05).

When including only cases that had not received neoadju-
vant chemotherapy, all significant associations above were
maintained (p < 0.05) except for FOXA1 and CK14 expres-
sion in squamous versus plasmacytoid carcinoma on multiple
comparisons testing (p > 0.05).

FOXA1 and CK14 expression in conventional urothelial
carcinoma associated with histologic variants

Conventional UC associated with squamous carcinoma had
lower FOXA1 expression than conventional UC associated
with micropapillary carcinoma (Fig. 4a; p = 0.0072, Wilcoxon
rank sum test; cases with both micropapillary and squamous
morphology excluded). This association was held when remov-
ing patients who had received neoadjuvant chemotherapy (all
p = 0.019). In contrast, expression of CK14 did not differ be-
tween conventional UC associated with squamouscarcinoma
and conventional UC associated with micropapillary carcinoma
(Fig. 4b; p = 0.89, Wilcoxon rank sum test).

FOXA1 and CK14 expression in histologic variant versus
conventional urothelial carcinoma in the same bladder

In bladders with both squamous carcinoma and conventional
UC, CK14 was higher in the squamous component (Fig. 5;
p = 0.014, Wilcoxon rank sum test, paired), while FOXA1
expression did not differ between the squamous and conven-
tional components (p = 0.10, Wilcoxon rank sum test, paired).
The former association held when removing patients who had
received neoadjuvant chemotherapy (p = 0.014, Wilcoxon
rank sum test, paired). In bladders with both micropapillary
carcinoma and conventional UC, neither FOXA1 nor CK14
expression differed between the two components (p = 0.28
and p = 0.71, respectively, Wilcoxon rank sum test, paired).

Discussion

Based on the use of a limited panel of markers, our findings
support the concept that squamous bladder cancer tends to be
basal (low FOXA1, high CK14), while micropapillary cancer
tends to be luminal (high FOXA1, low CK14). These findings
are consistent with prior studies [8, 14]. The data also show
that nested and plasmacytoid cancers tend to express high

Table 1 Clinical and
staging information for
cohort (n = 309 patients)

Demographic and clinical
data

Number
(%)

Male patients 226 (73%)

Neoadjuvant
chemotherapy

83 (27%)

Tumor stagea

pT0/pTis/pTa 39 (12.5%)

pT1 45 (14.5%)

pT2 65 (21%)

pT3 123 (40%)

pT4 37 (12%)

Nodal stagea

pNX 13 (4%)

pN0 212 (69%)

pN1 30 (9.5%)

pN2 38 (12.5%)

pN3 16 (5%)

aAJCC staging, 7th edition

Table 2 Variant histologies, as percentage of cases with invasive
carcinoma

Invasive cases with
variant histology
(cases, %), n = 270
invasive cases

Cases with concurrent
conventional UC and
variant histology
(%—cases with
conventional UC/total
number with given
variant histology)

Squamous 52 (19%) 42%

Micropapillary 27 (10%) 69%

Plasmacytoid 8 (3%) 56%

Nested 7 (3%) 43%
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levels of FOXA1, suggesting that these variants exhibit a lu-
minal characteristics. While more studies will be required to
test this hypothesis, the current report is the first to suggest this
possibility to the best of our knowledge.

This study also provides two pieces of evidence that precur-
sors to micropapillary carcinoma and squamous carcinoma tend

to be biologically different. First, micropapillary carcinoma
tended to be mutually exclusive of squamous cell carcinoma,
though this only approached statistical significance. Second,
conventional UCs differed in FOXA1 expression depending
on their associated histologic variant. That is, conventional
UCs associated with squamous carcinoma tended to be

Fig. 3 FOXA1 (a) and CK14 (b) expressions in cancer with specific histologic variants (*p < 0.05 for multiple comparisons after Kruskal-Wallis test)

Fig. 2 Morphologic variants and Molecular subtype, with FOXA1
expression (a) and CK14 expression (b). Each row is a patient, and
each column is a histologic pattern. The rows (patients) are in the same

order for a and b. Conventional urothelial carcinoma was only included
for a patient if it was spatially and morphologically distinct from the
histologic variant
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FOXA1-low, while conventional UCs associated with
micropapillary carcinoma tended to be FOXA1-high. The com-
bined findings suggest that a luminal precursor gives rise to
micropapillary carcinoma, while a basal precursor gives rise to
squamous carcinoma. This would also keep with the findings
that luminal cancers tend to arise with noninvasive papillary
urothelial carcinoma [8] and that squamous carcinoma in situ
of the bladder is often associated with invasive carcinoma with
squamous differentiation [29]. It is also possible that the precur-
sors are invasive conventional UC. Specifically, luminal con-
ventional UC may give rise to micropapillary carcinoma, while
basal conventional UC may give rise to squamous carcinoma.

We initially expected that CK14 expressionwould inversely
correlate with FOXA1 expression, and would thus be
overexpressed in both squamous bladder cancers and their as-
sociated conventional UCs. We did not observe this. Instead,
we found that while squamous bladder cancers expressed
higher CK14 than micropapillary, nested, and plasmacytoid
bladder cancers, conventional UC associated with squamous
cancer expressed similar CK14 levels to conventional UC as-
sociated with micropapillary cancer. Furthermore, cancer with
squamous morphology expressed significantly higher CK14
than conventional UC found in the same bladder. This keeps
with the previous finding that CK14 is a marker of squamous
differentiation in transitional cell carcinoma [30], and indicates
it is a marker of squamous differentiation, not a marker of a
general basal subtype.

Bladder cancer is molecularly diverse, which our study
highlights. Indeed, TCGA consortium showed invasive blad-
der cancer is among the most genetically diverse cancer types

Fig. 4 FOXA1 (a) and CK14 (b) expressions in conventional UC associated with micropapillary carcinoma versus conventional UC associated with
squamous carcinoma (p values by Wilcoxon rank sum test)

Fig. 5 CK14 expression in conventional UC and squamous carcinoma
present in the same bladder (p value by Wilcoxon rank sum test, paired)
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they have studied [31]. Although transcriptional profiling di-
vides bladder cancers into broad luminal and basal subtypes,
there is much diversity within these broad subtypes. For ex-
ample, a study from Lund University named seven expression
subtypes [12]. One subtype was called Bsquamous-like^ and
characteristically overexpressed CK14, similar to the squa-
mous cancers in the present study. The cumulative findings
thus suggest that expression profiles in bladder cancer fall into
two large groups—luminal and basal—with transcriptional
diversity in these large groups. By showing that CK14 is
overexpressed in squamous cancer compared to conventional
UC in the same bladder, we provide evidence that specific
subtypes may evolve within the same bladder.

The findings from the present study raise many questions.
First, while our findings suggest micropapillary cancers tend to
arise from a precursor common to luminal conventional UC, it
is unclear what drives this morphologic changes. Further work
is needed to clarify this issue and to understand what drives its
aggressive clinical behavior. Second, it is interesting that CK14
appeared to be an accurate marker of basal subtype per our
analysis of TCGA data, yet was specific for squamous carci-
noma in our immunohistochemical analysis. The TCGA study
did not dissect tumor with squamous morphology from con-
ventional morphology in their analysis, but instead included all
tumors of all morphologies in the expression analysis [12]. It is
thus probable that squamousmorphologywas common in their
basal tumors, as squamous differentiation is present in up to
40% of invasive bladder cancers [1, 2]. Including such tumors
may have driven the high CK14 expression seen in this study.
Also, we detected protein expression, while the TCGA study
detected RNA expression. This difference in targets may have
contributed to our differing results.

Though we identified a small number of plasmacytoid can-
cers, their pattern of FOXA1 and CK14 expression was qual-
itatively different from the other cancer types. That is, half of
our plasmacytoid cancers expressed high levels of both
FOXA1 and CK14 (Fig. 2). This was uncommon in the other
histologic variants. The finding suggests that plasmacytoid
cancers may have unique transcriptional features, not easily
classified by the luminal-basal dichotomy.

Aweakness of the present study, and indeed a weakness of
studying histologic variants in general, is distinction between
conventional UC and histologic variants. These may often be
admixed, and distinction may be subjective. In the present
study, we attempted to ameliorate this problem by requiring
that conventional UC and histologic variant are spatially dis-
tinct and appear qualitatively different. In conclusion, this
study adds evidence that the biology underlying transcription-
al subtypes relates to histologic variants of bladder cancer.
Specifically, pathways of morphologic evolution tend to differ
for luminal versus basal carcinoma. As several histologic var-
iants are inherently aggressive, our findings inform on the
clinical relevance of studying transcriptional subtypes.
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