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Abstract
The urothelium is a stratified epithelium that lines the inner surface of the components of the urinary drainage system. It 
is composed of a layer of basal cells, one or several layers of intermediate cells, and a layer of large luminal superficial or 
umbrella cells. In the mouse, only a small set of markers is available that allows easy molecular distinction of these urothe-
lial cell types. Here, we analyzed expression of S100A1, a member of the S100 family of calcium-binding proteins, in the 
urothelium of the two major organs of the murine urinary tract, the ureter and the bladder. Using RNA in situ hybridization 
analysis, we found exclusive expression of S100a1 mRNA in luminal cells of the ureter from embryonic day (E)17.5 onwards 
and of the bladder from E15.5 to adulthood. Immunofluorescence analysis showed that expression of S100A1 protein is 
confined to terminally differentiated superficial cells of both the ureter and bladder where it localized to the nucleus and 
cytoplasm. We conclude that S100A1 is a suitable marker for mature superficial cells in the urothelial lining of the drainage 
system of the developing and mature mouse.
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Introduction

The urothelium is a stratified epithelium that lines the inner 
surface of the components of the urinary drainage system, 
i.e., of the paired renal pelvises and ureters, and the unpaired 
bladder and the proximal urethra. Within the ureter and blad-
der, the urothelium is composed of three major cell types 
that are organized in radial layers of variable thickness. Bor-
dering the lumen are large bi- or multinucleated terminally 
differentiated superficial (S-) or umbrella cells that primar-
ily account for the barrier function of this tissue, partly by 
the formation of tight junctions between them, and partly 
by the expression of uroplakins (UPKs), that assemble as 
heterotetramers to form crystalline plaques on the apical sur-
face (Hu et al. 2002; Acharya et al. 2004; Sun et al. 1996). 

Underneath the S-cells are much smaller intermediate (I-) 
cells that form layers of one to several cell thickness and 
serve as precursors (Gandhi et al. 2013; Bohnenpoll et al. 
2017). Sitting on the basement membrane is a layer of cuboi-
dal basal (B-) cells that are smallest in size but constitute the 
most abundant population of cells in the mature tissue (for 
reviews see Arrighi 2015; Lazzeri 2006; Dalghi et al. 2020)).

In addition to size and location, a small set of proteins 
have been established whose combinatorial expression 
distinguishes the three urothelial cell types (Dalghi et al. 
2020). B-cells uniquely express the intermediate filament 
protein KRT5. They are also positive for expression of the 
∆N isoform of the runt-type transcription factor TRP63 
(∆NP63) but negative for UPKs. I-cells are KRT5 nega-
tive and express low levels of ∆NP63 and UPKs, whereas 
S-cells lack expression of KRT5 and ∆NP63 but express 
high levels of UPKs (Gandhi et al. 2013; Bohnenpoll et al. 
2017). S-cells in the mature bladder also express KRT20 
(Erman et al. 2001).

Expression analysis of these markers at embryonic stages 
revealed a staggered differentiation of the urothelial cell 
types in the development of the murine bladder and ureter. 
In the cloaca, the bladder primordium, epithelial progeni-
tors start to stratify at embryonic day (E)12.5, concomitant 
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with the expression of ∆NP63. Cells of the luminal layer 
express UPKs at E14.5, and increase their DNA content and 
polyploidy by incomplete cytokinesis and endoreplication, 
indicating S-cell differentiation (Wang et al. 2018). B-cell 
differentiation occurs at E16.5 as visualized by expres-
sion of KRT5 in the basal layer (Gandhi et al. 2013). This 
sequence of marker activation is preserved in ureter devel-
opment but occurs with a delay of 2 days (Bohnenpoll et al. 
2017).

S100 proteins are a vertebrate-specific family of small 
dimeric calcium-binding proteins. They have two EF-hands, 
which upon calcium binding trigger structural changes in the 
protein that allow interactions with a large cohort of target 
proteins and modulations of their activity. The physiological 
functions of S100 proteins are poorly understood, but intra-
cellularly they are known to participate in processes such as 
proliferation, differentiation, apoptosis,  Ca2+ homeostasis, 
and energy metabolism, while extracellular S100 proteins 
can activate a variety of receptors (for reviews see Mar-
enholz et al. 2004; Weisz and Uversky 2020; Ecsédi et al. 
2021).

Altered S100 mRNA or protein levels have been described 
in various pathologies such as cardiomyopathies, neurodegen-
erative and inflammatory disorders, and cancers (Weisz and 
Uversky 2020; Ecsédi et al. 2021). In mouse urothelial car-
cinoma, S100a1 and S100a5 were underexpressed, whereas 
S100a3, S100a8, S100a9, S100a10, and S100g where over-
expressed (Yao et al. 2007a). Nucleocytoplasmic immunore-
activity of S100P was detected in normal human urothelium 
and in urothelial carcinoma cells (Higgins et al. 2007). Later 
work confirmed the high prevalence of S100P positivity in 
high-grade urothelial carcinomas (reviewed in (Suryavanshi 
et al. 2017).

S100A1 is the founding member of the S100 protein family. 
It is expressed in many tissues including the nervous system, 
the developing and mature heart, skeletal muscle, and kidney 
(Zimmer et al. 1995). As a marker, this protein has been used 
to distinguish various forms of renal cell neoplasms (Mar-
tignoni et al. 2007), and also to diagnose nephrogenic adeno-
mas, and differentiate these from prostatic adenocarcinomas 
(Cossu-Rocca et al. 2009). Moreover, as mentioned above, 
S100A1 is downregulated in mouse, rat, and human bladder 
cancer (Yao et al. 2007a).

Here, we use RNA in situ hybridization and immunofluo-
rescence analyses to characterize expression of S100a1 mRNA 
and S100A1 protein in the development and homeostasis of 
the ureter and bladder. We find strong and specific expression 
of S100a1 and S100A1 in differentiated S-cells, making them 
suitable markers for this cell type.

Materials and methods

Mice

NMRI wild-type mice were purchased in house from the 
animal facility of the Medizinische Hochschule Hannover. 
Up to four mice per cage were housed with ad libitum 
access to food and water under conditions of regulated 
temperature (22 °C) and humidity (50%) and a 12-h light/
dark cycle. For timing of pregnancies, vaginal plugs were 
checked in the morning after mating and noon was desig-
nated as embryonic day (E) 0.5. Female mice were sacri-
ficed by cervical dislocation. Embryos were dissected in 
PBS. After decapitation, trunks and dissected urogenital 
systems were fixed in 4% paraformaldehyde/PBS overnight 
and stored for several days up to 1 year in 100% methanol 
at − 20 °C. Specimens were subsequently transferred into 
paraffin wax and serial sections were cut on a microtome 
(Leica RM2155, Leica Biosystems, Nussloch, Germany) 
to a thickness of 5 µm for immunodetection and of 10 µm 
for RNA in situ hybridization analyses.

The mouse work was in accordance with the German 
Animal Welfare Legislation and approved by the local 
Institutional Animal Care and Research Advisory Com-
mittee and permitted by the Lower Saxony State Office 
for Consumer Protection and Food Safety (AZ42500/1H).

RNA in situ hybridization analysis

Non-radioactive RNA in situ hybridization analysis of gene 
expression was performed on 10-μm-thick paraffin wax 
sections with digoxigenin-labeled antisense riboprobes as 
previously reported (Moorman et al. 2001). Upk1b and 
Trp63 antisense riboprobes were obtained by transcription 
with the T3 RNA polymerase (#11,031,163,001, Roche, 
Basel, Switzerland) of linearized plasmid DNA in the pres-
ence of a Dig-RNA labeling mix (#11,277,073,910, Roche, 
Basel, Switzerland). For Upk1b, the plasmid pFLCI.
Upk1b, which contained a 1765-bp Upk1b cDNA (NCBI 
reference sequence AK083101), was linearized with the 
restriction enzyme EcoRI (#R3101S, New England Bio-
labs, Ipswich, MA, USA). For Trp63, the plasmid pFLCI.
Trp63, which contained a 1729-bp Trp63 cDNA (NCBI 
sequence reference NM_001127263), was linearized with 
the restriction enzyme NotI (#R3189S, New England Bio-
labs). Probes for Krt5 and S100a1 were obtained from 
PCR products. For Krt5, a PCR fragment was used that 
was amplified from E18.5 ureter cDNA (forward primer 
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sequence: TGT TGA ACG CCG CTG ACC TC, reverse 
primer sequence: CGC GCG TAA TAC GAC TCA CTA TAG 
GGT GCT CAG CTT CAG CAA TGGC; relating to position 
8-1319 in the NCBI reference sequence NM_027011). For 
S100a1, a PCR fragment was amplified from E18.5 ure-
ter cDNA (forward primer sequence: AGG AGG TCG GTA 
GGG AAA GACG, reverse primer sequence: CGC GCG 
TAA TAC GAC TCA CTA TAG GGT GCC ACT CTT GTG 
CCC TTGG; relating to position 14-568 in the NCBI refer-
ence sequence NM_011309). In both cases, a T7 promoter 
sequence was added to the 5’ end of the reverse primer in 
order to transcribe the PCR fragment with the T7 RNA 
polymerase (#M0251L, New England Biolabs, Ipswich, 
MA, USA) in the presence of Dig-RNA labeling mix.

For the negative control experiment, sense probes were 
used and no reaction was observed. Embryonic mouse inner-
ear sections were used for the positive control for S100a1, 
and skin sections were used for Krt5 and Trp63. Upk1b 
expression in the urothelium was as previously reported 
(data not shown).

Immunohistochemistry and immunofluorescence

Immunofluorescence and immunohistochemical stainings 
were performed on paraffin wax sections of 5-µm thick-
ness. After deparaffinization, slides were transferred in 
metal containers containing unmasking solution (#H3300, 
Vector Laboratories, Burlingame, CA, USA) in a 1:100 
dilution in  H2O. The containers were sealed and placed in 
boiling water for 15 min. Following this antigen retrieval 
step, the sections were treated for 10 min with 6%  H2O2/
H2O for blocking of endogenous peroxidases, washed three 
times in PBS-T (0.05% Tween-20 in PBS) and incubated for 
1 h at room temperature in TNB Blocking Buffer (0.1 M 
TRIS–HCl pH7.5, 0.15 M NaCl and 0.5% TSA Blocking 
Reagent FP1012 from kit NEL702001KT, Perkin Elmer, 
Waltham, MA, USA). Sections were then incubated with 
primary antibodies in TNB buffer at room temperature for 
1 h, washed three times in PBS-T, and incubated with sec-
ondary antibodies in TNB buffer at room temperature for 
1 h. After washing three times in PBS-T, nuclei were stained 
with 4’,6-diamidino-2-phenylindole (DAPI, #6335.1, Carl 
Roth, Karlsruhe, Germany) and slides were mounted in IS 
mounting medium (#AKS-38447, Dianova, Hamburg Ger-
many). For immunohistochemistry, the DAB substrate solu-
tion (#NEL938001EA, Perkin Elmer, Waltham, MA, USA) 
was used for detection after incubation with the secondary 
antibody.

For the negative control experiment, primary antibod-
ies were omitted and no reaction was observed. To control 
the specificity of the primary antibodies, we analyzed by 
immunofluorescence sections of tissues previously described 

to express the antigens. We detected S100A1 protein in sup-
porting cells and inner hair cells of the developing cochlea 
at E18.5 (Bermingham-McDonogh et al. 2006). Embry-
onic skin sections served as positive controls for KRT5 
and ∆NP63 expression in basal cells (Croyle et al. 2011; 
Medawar et al. 2008). UPK1B was detected in bladder and 
ureter urothelium as previously reported (Gandhi et al. 2013; 
Bohnenpoll et al. 2017) (data not shown). Moreover, the 
pattern of protein expression as detected by immunofluo-
rescence and immunohistochemistry was identical to that 
detected for the respective mRNAs, and thus, provided an 
orthogonal validation of the specificity of the four antibodies 
used in this study.

Antibodies

We used the following primary antibodies for immunodetec-
tion on sections.

Keratin 5 (KRT5): Polyclonal rabbit-anti-KRT5 (clone 
Poly19055, #PRB-160P, Biolegend, San Diego, CA, USA) 
was raised against a peptide sequence derived from the 
C-terminus of the mouse KRT5 protein (manufacturer’s 
information). Basal cells of the mouse epidermis were 
labeled by this antibody (Croyle et al. 2011). We used the 
antibody in a dilution of 1:100.

∆N isoform of transformation related protein 63 
(∆NP63): polyclonal rabbit-anti-∆NP63 (clone Poly6190, 
#619,001, Biolegend) was raised against a modified pep-
tide and purified by antigen-affinity chromatography. 
Western blotting detected a single band of approximately 
80 kDa in lysates of 293 cells (manufacturer’s informa-
tion). Epidermal cells were immunoreactive to this anti-
body (Medawar et al. 2008). We used the antibody in a 
dilution of 1:100.

Uroplakin 1b (UPK1B): monoclonal mouse-anti-UPK1B 
(clone1E1, #WH0007348M2, Sigma-Aldrich, St. Louis, 
MO, USA) was raised against a UPK1B partial recombi-
nant protein with GST tag corresponding to the 131-228 
amino acid sequence of human UPK1B, and immunoblotting 
analysis of this antibody labeled a single band of 36.5 kDa 
(manufacturer’s information). Mouse urothelium was immu-
noreactive to this antibody (Bohnenpoll et al. 2017). The 
antibody was diluted 1:200.

S100A1: polyclonal rabbit-anti-S100A1 (#C0318-1, 
Acris Antibodies, Herford, Germany) was raised against 
a synthesized peptide derived from human S100A1. West-
ern blot analysis of this antibody labeled a single band of 
approximately 10 kDa in lysates of 293 cells (manufac-
turer’s information). We used the antibody in a dilution of 
1:200.

Fluorescent staining was performed using the fol-
lowing secondary antibodies in the indicated dilutions: 
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biotinylated goat-anti-rabbit IgG (1:200; #111-065-003; 
Dianova, Hamburg, Germany), Alexa488-conjugated 
goat-anti-rabbit IgG (1:200; #A11034; Molecular Probes, 
Carlsbad, CA, USA), Alexa555-conjugated goat-anti-rabbit 
IgG (1:200; #A21428; ThermoFisher Scientific, Waltham, 
MA, USA) and Alexa555-conjugated goat-anti-mouse 
IgG (1:200; #A21422; Molecular Probes). The signal of 
∆NP63 was amplified using the Tyramide Signal Amplifi-
cation system (#NEL702001KT, Perkin Elmer, Waltham, 
MA, USA).

The following secondary antibodies were used for the 
immunohistochemistry: biotinylated goat-anti-rabbit IgG 
(1:200; #111-065-003; Dianova, Hamburg, Germany), biotin 
HRP-conjugated goat-anti-rabbit IgG (1:200; #111-035-045; 
Dianova) and biotin HRP-conjugated goat-anti-mouse IgG 
(1:200; #sc-2005; Santa Cruz).

Numbers

We collected eight mice of each prenatal (E14.5, E15.5, 
E16.5, E17.5, E18.5) and postnatal stage (P7, P14, P40) 
for our expression analyses. After paraffin embedding, four 
specimens of each stage were used to obtain serial sections 
through the proximal ureter region (a row of 5-µm thickness 
and a row of 10 µm thickness each), the other four specimens 
were sectioned in a transverse manner to obtain serial blad-
der sections of 5- and 10-µm thickness. For each probe in 
the RNA in situ hybridization analysis and each antibody 
or antibody combination in the immunodetection, we used 
four individual sections (one each from the four different 
specimens) at each stage and for each tissue (ureter or blad-
der). To compare the expression patterns of different genes 
and proteins, we applied the different probes and antibodies 
to serial sections.

Image documentation

Sections were photographed using either a Leica 
DM5000 microscope equipped with A4, L5, and TX2 
filter cubes, Leica N PLAN 5x/0.12 and Leica HCX 
PL FLUOTAR 40x/0.75 objective lenses, and a 1.4-MP 
Leica DFC300FX digital camera, or a Leica DM6000 

microscope equipped with A4, L5, and TX2 filter cubes, 
Leica N PLAN 5x/0.12 and Leica HCX PL FLUOTAR 
L 40x/0.60 CORR objective lenses, and a 1.4-MP Leica 
DFC350FX digital camera (Leica Microsystems, Wetzlar, 
Germany). Images were acquired with Leica Fire Cam or 
Leica Application Suite X (LAS X) software, and sub-
sequently processed and composed to figures in Adobe 
Photoshop CS4 (Adobe, San Jose, CA, USA). All images 
were modified following the guidelines of the journal 
Histochemistry and Cell Biology.

Results and discussion

Expression of S100a1 was previously analyzed on sections 
of E14.5 mouse embryos as part of a large effort to map 
the spatial distribution of most embryonic transcripts by 
RNA in situ hybridization at this stage (Diez-Roux et al. 
2011). The corresponding data sets have been incorporated 
in the Gene Expression database (GXD) at Mouse Genome 
Informatics (MGI) at the Jackson lab (http:// www. infor 
matics. jax. org). The assay for S100a1 (euxassay_003348 
at http:// www. infor matics. jax. org/ assay/ MGI: 48278 46) 
revealed highly specific expression in the cochlear epithe-
lium, the ventricular myocardium, the intervertebral discs, 
and in the bladder epithelium. The latter site of expression 
prompted us to perform a detailed RNA section in situ 
hybridization analysis of S100a1 expression in urothelial 
development and homeostasis. To get a better appreciation 
of the cell-type specificity of S100a1, we comparatively 
analyzed expression of Upk1b, Trp63, and Krt5, as these 
markers have routinely been used to identify S-, I-, and 
B-cells, respectively (Gandhi et al. 2013; Bohnenpoll et al. 
2017).

In the bladder, S100a1 expression was first detected 
at E14.5 by weak signals of the color reaction at the 
luminal site of the epithelium, which was predomi-
nantly two-layered at this stage. From E15.5 to P40, 
when the bladder epithelium was mostly three-layered, 
expression was strong and confined to the luminal cell 
layer. Expression of Upk1b was very strong in the entire 
bladder epithelium at E14.5. It overlapped with S100a1 
expression in the luminal layer at the following stages, 
but was additionally found at lower levels in cells of 
the intermediate layer. Trp63 expression was confined 
to cells of the basal and intermediate layer from E14.5 
onwards. Krt5 expression started weakly in the bladder 
epithelium at E15.5. From E18.5 onwards, expression 
was enhanced and clearly restricted to the basal layer 
(Fig. 1, Fig. S1).

In ureter development, expression of S100a1 was first 
detected at E17.5 in some luminal cells of the two-layered 

Fig. 1  S100a1 mRNA is restricted to luminal cells of the bladder 
epithelium from E14.5 of development onwards. Analysis of S100a1 
expression was performed by RNA in  situ hybridization on mid-
sagittal sections of the bladder of E14.5 to P40 mice. Expression of 
Upk1b, Trp63, and Krt5 was comparatively analyzed to visualize lay-
ers of B-cells (Krt5+, Trp63+, Upk1b−), I-cells (Krt5−, Trp63+, Upk-
1bweak+) and S-cells (Krt5−, Trp63−, Upk1bstrong+) in the urothelium. 
be bladder epithelium, bm bladder mesenchyme, d dorsal, v ventral. 
All images are acquired at 40 × magnification. Scale bar is 50 µm

◂
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epithelium. At E18.5, when the urothelium became partly 
three-layered, S100a1 expression occurred in all luminal 
cells and remained so until maturity (P40). At postnatal 
stages, S100a1 expression outlined the arch-like shape of 
large luminal S-cells that resided on top of an aggregation 
of I- and B-cells. Expression of Upk1b started in the ureter 
epithelium at E14.5, when it was still mono-layered. From 
E17.5 to E18.5 onwards, expression was upregulated in 
the luminal cell layer while expression persisted at lower 
levels in the intermediate layer. Trp63 expression com-
menced in the ureter epithelium at E14.5, and was found 
in B- and I- cells from E17.5 into adulthood. Expression of 
Krt5 started in some cells of the basal layer at E17.5. From 
E18.5 onwards, all cells of this layer were positive for this 
marker (Fig. 2). Hence, S100a1 expression is confined to 
luminal cells in the developing and mature urothelium of 
the bladder and ureter. Late onset of expression, as well 
as exclusion from the Trp63 and Krt5 expression domains 
identifies differentiated S-cells as sites of specific S100a1 
expression.

To determine whether S100A1 protein distribution 
in the urothelium follows the pattern of mRNA, we per-
formed immunofluorescence analysis of S100A1 expres-
sion on sections of the developing and mature bladder 
and ureter. To more carefully determine the cell-type 
specificity, we additionally performed co-immunofluo-
rescence analysis of expression of S100A1 with UPK1B 
and ∆NP63, and immunofluorescence analysis of KRT5 
on serial sections. We used commercially available anti-
bodies for protein detection. In the developing bladder, 
epithelial expression of S100A1 protein commenced in 
some luminal cells at E15.5, and was found in the entire 
luminal cell layer from E16.5 onwards. Expression was 
nucleocytoplasmic at all analyzed stages. Expression of 
S100A1 overlapped with UPK1B in luminal cells. How-
ever, UPK1B was already highly expressed at E14.5 and 
extended into the I-cell layer. S100A1 expression was 
perfectly excluded from ∆NP63-positive B- and I-cells 
and distinct from the KRT5-positive domain at all stages 
analyzed (Fig. 3, Fig. S2).

Expression of S100A1 in the epithelium of the ureter 
followed the pattern in the bladder with a delay of 2 days. 
At E17.5, some luminal cells showed S100A1 expression 
(Fig. 4). From E18.5 onwards, nucleocytoplasmic staining 
labeled the cell bodies of all luminal cells. Co-expression 
occurred with UPK1B in luminal cells while expression 
of ∆NP63 and KRT5 was excluded from this domain and 
restricted to B- and I-cells and B-cells, respectively (Fig. 4). 
Immunohistochemical staining confirmed these expression 
patterns at postnatal stages of ureter development (Fig. S3).

All of these findings show that S100A1 expression is 
restricted to luminal cells of the urothelium. Late onset and 

exclusion from ∆NP63-positive I-cells and B-cells define 
these cells as differentiated S-cells. S100A1 protein expres-
sion follows precisely the pattern of the S100a1 mRNA 
excluding a posttranscriptional regulation, and confirming 
the specificity of the antibody used.

Previous work characterized Deiters’ cells and inner 
hair cells of the cochlea (Bermingham-McDonogh et al. 
2006), ventricular cardiomyocytes (Kiewitz et al. 2000), 
endothelial cells (Pleger et al. 2008), and late prolifera-
tive and pre-hypertrophic chondrocytes of the growth 
plate (Saito et al. 2007) as sites of highly specific expres-
sion of S100a1/S100A1 in murine development and/or 
homeostasis. A possible expression in the urothelium was 
indicated by microarray profilings (Yao et al. 2007a, b), 
but was, to our knowledge, not substantiated by inde-
pendent assays. Our results clearly define differentiated 
S-cells in the urinary drainage system as a novel site 
of S100a1/S100A1 expression, and therefore expand the 
range of expression domains of this calcium-binding 
protein.

Previous work associated loss of S100a1 with reduced 
cardiac contraction rates and relaxation rate responses to 
beta-adrenergic stimulation (Du et al. 2002), endothelial 
dysfunction, and apoptosis (Teichert-Kuliszewska et al. 
2015) and excitation–contraction coupling in skeletal mus-
cle (Prosser et al. 2008). Whether S100A1 is functionally 
involved in the terminal differentiation of S-cells and/or 
the maintenance of this highly specific and relevant cell 
type, e.g., by controlling the energy metabolism or bio-
synthetic activity is a possibility that may be addressed 
by future research.

Nucleocytoplasmic localization of the protein allows 
the unambiguous identification of the large and extended 
shape of S-cells particularly in the ureter where these cells 
cover a grape-like accumulation of I- and B-cells. S100A1 
as a marker for urothelial S-cells in the mouse is superior 
to KRT20 which has only been described in mature S-cells 
in the bladder (Erman et al. 2001), and to UPKs which are 
predominantly localized on the cell surface, are expressed 
at low levels in I-cells, and are activated prior to terminal 
differentiation of S-cells.

S100A1 was suggested as a useful marker for the detec-
tion of ovarian cancer (Hibbs et al. 2004; Tian et al. 2017) 
the distinction of nephrogenic adenoma from prostatic 
adenocarcinoma (Cossu-Rocca et al. 2009), the prognosis 
of relapse-free survival in patients suffering from endo-
metrial cancer (DeRycke et al. 2009), and the diagnosis 
and prognosis of papillary thyroid carcinoma (Wang et al. 
2021). It will be interesting to explore whether S100A1 
presents a suitable marker for recognizing urothelial car-
cinomas and distinguishing their subtypes in the murine 
and the human context.
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Fig. 2  S100a1 mRNA is 
restricted to luminal cells of the 
ureter epithelium from E17.5 of 
development onwards. Analysis 
of S100a1 expression was per-
formed by RNA in situ hybridi-
zation on transverse sections of 
the proximal ureter region of 
E14.5 to P40 mice. Expression 
of Upk1b, Trp63, and Krt5 was 
comparatively analyzed to visu-
alize layers of B-cells (Krt5+, 
Trp63+, Upk1b−), I-cells (Krt5−, 
Trp63+, Upk1bweak+) and S-cells 
(Krt5−, Trp63−, Upk1bstrong+) 
in the urothelium. ue ureter 
epithelium, um ureter mesen-
chyme. All images are acquired 
at 40 × magnification. Scale bar 
is 50 µm



396 Histochemistry and Cell Biology (2022) 158:389–399

1 3

Fig. 3  S100A1 protein is 
restricted to the nucleus and 
cytoplasm of S-cells of the blad-
der epithelium from E15.5 of 
development onwards. Analysis 
of S100A1 expression was per-
formed by immunofluorescence 
on midsagittal sections of the 
bladder of E14.5 to P40 mice. 
Co-immunofluorescence analy-
sis of expression of S100A1 
with UPK1B and ∆NP63 and 
immunofluorescence analysis of 
KRT5 expression was per-
formed on adjacent sections to 
determine the cell-type specific-
ity. KRT5 marks the subcortical 
cytoplasm in B-cells, ∆NP63 
marks the nuclei of B- and 
I-cells, while UPK1B localizes 
to the apical cell surface of I- 
and S-cells. be bladder epithe-
lium, bm bladder mesenchyme, 
d dorsal, v ventral. All images 
are acquired at 40 × magnifica-
tion. Scale bar is 50 µm
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Fig. 4  S100A1 protein is 
restricted to the nucleus and 
cytoplasm of S-cells of the 
ureter epithelium from E17.5 of 
development onwards. Analysis 
of S100A1 expression was 
performed by immunofluores-
cence on transverse sections of 
the proximal ureter of E14.5 
to P40 mice. Co-immunoflu-
orescence analysis of expres-
sion of S100A1 with UPK1B 
and ∆NP63 and immuno-
fluorescence analysis of KRT5 
expression was performed on 
adjacent sections to determine 
the cell-type specificity. KRT5 
marks the subcortical cytoplasm 
in B-cells, ∆NP63 marks the 
nuclei of B- and I-cells, while 
UPK1B localizes to the cell 
surface of I- and S-cells. ue 
ureter epithelium, um ureter 
mesenchyme. All images are 
acquired at 40 × magnification. 
Scale bar is 50 µm



398 Histochemistry and Cell Biology (2022) 158:389–399

1 3

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00418- 022- 02120-1.

Acknowledgements Fairouz Qasrawi was supported by the Hanno-
ver Biomedical Research School (HBRS) and the MD/PhD program 
Molecular Medicine.

Author contributions AK designed the study and acquired funding. 
FQ, MM, FL, and MS acquired and analyzed the data. FQ and AK 
wrote the manuscript. All authors critically revised the manuscript and 
approved its final version.

Funding Open Access funding enabled and organized by Pro-
jekt DEAL. This work was supported by a grant from the Deutsche 
Forschungsgemeinschaft (German Research Foundation) [DFG KI 
728/12-1 to A.K.].

Data availability All data generated or analyzed during this study are 
included in this published article (and its supplementary information 
files). Additional information is available from the corresponding 
author upon reasonable request.

Declarations 

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

Ethical approval Animal experimental protocols were approved by the 
local Institutional Animal Care and Research Advisory Committee and 
permitted by the Lower Saxony State Office for Consumer Protection 
and Food Safety (AZ42500/1H).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Acharya P, Beckel J, Ruiz WG, Wang E, Rojas R, Birder L, Apodaca G 
(2004) Distribution of the tight junction proteins ZO-1, occludin, 
and claudin-4, -8, and -12 in bladder epithelium. Am J Physiol 
Renal Physiol 287:F305-318. https:// doi. org/ 10. 1152/ ajpre nal. 
00341. 2003

Arrighi S (2015) The urothelium: anatomy, review of the literature, per-
spectives for veterinary medicine. Ann Anat 198:73–82. https:// 
doi. org/ 10. 1016/j. aanat. 2014. 11. 001

Bermingham-McDonogh O, Oesterle EC, Stone JS, Hume CR, Huynh 
HM, Hayashi T (2006) Expression of prox1 during mouse coch-
lear development. J Comp Neurol 496:172–186. https:// doi. org/ 
10. 1002/ cne. 20944

Bohnenpoll T, Feraric S, Nattkemper M, Weiss AC, Rudat C, Meuser 
M, Trowe MO, Kispert A (2017) Diversification of cell lineages 
in ureter development. J Am Soc Nephrol 28:1792–1801. https:// 
doi. org/ 10. 1681/ ASN. 20160 80849

Cossu-Rocca P, Contini M, Brunelli M, Festa A, Pili F, Gobbo S, 
Eccher A, Mura A, Massarelli G, Martignoni G (2009) S-100A1 
is a reliable marker in distinguishing nephrogenic adenoma from 
prostatic adenocarcinoma. Am J Surg Pathol 33:1031–1036. 
https:// doi. org/ 10. 1097/ PAS. 0b013 e3181 9c6ff9

Croyle MJ, Lehman JM, O’Connor AK, Wong SY, Malarkey EB, Irib-
arne D, Dowdle WE, Schoeb TR, Verney ZM, Athar M, Michaud 
EJ, Reiter JF, Yoder BK (2011) Role of epidermal primary 
cilia in the homeostasis of skin and hair follicles. Development 
138:1675–1685. https:// doi. org/ 10. 1242/ dev. 060210

Dalghi MG, Montalbetti N, Carattino MD, Apodaca G (2020) The 
urothelium: life in a liquid environment. Physiol Rev 100:1621–
1705. https:// doi. org/ 10. 1152/ physr ev. 00041. 2019

DeRycke MS, Andersen JD, Harrington KM, Pambuccian SE, Kalloger 
SE, Boylan KL, Argenta PA, Skubitz AP (2009) S100A1 expres-
sion in ovarian and endometrial endometrioid carcinomas is a 
prognostic indicator of relapse-free survival. Am J Clin Pathol 
132:846–856. https:// doi. org/ 10. 1309/ AJCPT K87EM MIKPFS

Diez-Roux G, Banfi S, Sultan M, Geffers L, Anand S, Rozado D, 
Magen A, Canidio E, Pagani M, Peluso I, Lin-Marq N, Koch 
M, Bilio M, Cantiello I, Verde R, De Masi C, Bianchi SA, Cic-
chini J, Perroud E, Mehmeti S, Dagand ESS, Nürnberger A, 
Schmidt K, Metz K, Zwingmann C, Brieske N, Springer C, 
Hernandez AM, Herzog S, Grabbe F, Sieverding C, Fischer B, 
Schrader K, Brockmeyer M, Dettmer S, Helbig C, Alunni V, 
Battaini MA, Mura C, Henrichsen CN, Garcia-Lopez R, Eche-
varria D, Puelles E, Garcia-Calero E, Kruse S, Uhr M, Kauck 
C, Feng G, Milyaev N, Ong CK, Kumar L, Lam M, Semple CA, 
Gyenesei A, Mundlos S, Radelof U, Lehrach H, Sarmientos P, 
Reymond A, Davidson DR, Dollé P, Antonarakis SE, Yaspo 
ML, Martinez S, Baldock RA, Eichele G, Ballabio A (2011) 
A high-resolution anatomical atlas of the transcriptome in the 
mouse embryo. PLoS Biol 9:e1000582. https:// doi. org/ 10. 1371/ 
journ al. pbio. 10005 82

Du XJ, Cole TJ, Tenis N, Gao XM, Köntgen F, Kemp BE, Heierhorst 
J (2002) Impaired cardiac contractility response to hemodynamic 
stress in S100A1-deficient mice. Mol Cell Biol 22:2821–2829. 
https:// doi. org/ 10. 1128/ MCB. 22.8. 2821- 2829. 2002

Ecsédi P, Gógl G, Nyitray L (2021) Studying the structures of relaxed 
and fuzzy interactions: the diverse world of S100 complexes. 
Front Mol Biosci 8:749052. https:// doi. org/ 10. 3389/ fmolb. 2021. 
749052

Erman A, Jezernik K, Stiblar-Martincic D, Romih R, Veranic P (2001) 
Postnatal restoration of the mouse urinary bladder urothelium. 
Histochem Cell Biol 115:309–316. https:// doi. org/ 10. 1007/ s0041 
80000 240

Gandhi D, Molotkov A, Batourina E, Schneider K, Dan H, Reiley M, 
Laufer E, Metzger D, Liang F, Liao Y, Sun TT, Aronow B, Rosen 
R, Mauney J, Adam R, Rosselot C, Van Batavia J, McMahon A, 
McMahon J, Guo JJ, Mendelsohn C (2013) Retinoid signaling in 
progenitors controls specification and regeneration of the urothe-
lium. Dev Cell 26:469–482. https:// doi. org/ 10. 1016/j. devcel. 2013. 
07. 017

Hibbs K, Skubitz KM, Pambuccian SE, Casey RC, Burleson KM, 
Oegema TRJ, Thiele JJ, Grindle SM, Bliss RL, Skubitz AP (2004) 
Differential gene expression in ovarian carcinoma: identification 
of potential biomarkers. Am J Pathol 165:397–414. https:// doi. 
org/ 10. 1016/ S0002- 9440(10) 63306-8

Higgins JP, Kaygusuz G, Wang L, Montgomery K, Mason V, Zhu SX, 
Marinelli RJ, Presti JCJ, van de Rijn M, Brooks JD (2007) Pla-
cental S100 (S100P) and GATA3: markers for transitional epi-
thelium and urothelial carcinoma discovered by complementary 

https://doi.org/10.1007/s00418-022-02120-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1152/ajprenal.00341.2003
https://doi.org/10.1152/ajprenal.00341.2003
https://doi.org/10.1016/j.aanat.2014.11.001
https://doi.org/10.1016/j.aanat.2014.11.001
https://doi.org/10.1002/cne.20944
https://doi.org/10.1002/cne.20944
https://doi.org/10.1681/ASN.2016080849
https://doi.org/10.1681/ASN.2016080849
https://doi.org/10.1097/PAS.0b013e31819c6ff9
https://doi.org/10.1242/dev.060210
https://doi.org/10.1152/physrev.00041.2019
https://doi.org/10.1309/AJCPTK87EMMIKPFS
https://doi.org/10.1371/journal.pbio.1000582
https://doi.org/10.1371/journal.pbio.1000582
https://doi.org/10.1128/MCB.22.8.2821-2829.2002
https://doi.org/10.3389/fmolb.2021.749052
https://doi.org/10.3389/fmolb.2021.749052
https://doi.org/10.1007/s004180000240
https://doi.org/10.1007/s004180000240
https://doi.org/10.1016/j.devcel.2013.07.017
https://doi.org/10.1016/j.devcel.2013.07.017
https://doi.org/10.1016/S0002-9440(10)63306-8
https://doi.org/10.1016/S0002-9440(10)63306-8


399Histochemistry and Cell Biology (2022) 158:389–399 

1 3

DNA microarray. Am J Surg Pathol 31:673–680. https:// doi. org/ 
10. 1097/ 01. pas. 00002 13438. 01278. 5f

Hu P, Meyers S, Liang FX, Deng FM, Kachar B, Zeidel ML, Sun TT 
(2002) Role of membrane proteins in permeability barrier func-
tion: uroplakin ablation elevates urothelial permeability. Am J 
Physiol Renal Physiol 283:F1200-1207. https:// doi. org/ 10. 1152/ 
ajpre nal. 00043. 2002

Kiewitz R, Lyons GE, Schäfer BW, Heizmann CW (2000) Transcrip-
tional regulation of S100A1 and expression during mouse heart 
development. Biochem Biophys Acta 1498:207–219. https:// doi. 
org/ 10. 1016/ s0167- 4889(00) 00097-5

Lazzeri M (2006) The physiological function of the urothelium–more 
than a simple barrier. Urol Int 76:289–295. https:// doi. org/ 10. 
1159/ 00009 2049

Marenholz I, Heizmann CW, Fritz G (2004) S100 proteins in mouse 
and man: from evolution to function and pathology (including 
an update of the nomenclature). Biochem Biophys Res Commun 
322:1111–1122. https:// doi. org/ 10. 1016/j. bbrc. 2004. 07. 096

Martignoni G, Brunelli M, Gobbo S, Remo A, Ficarra V, Cossu-Rocca 
P, Pea M, Chilosi M, Menestrina F, Cheng L (2007) Role of 
molecular markers in diagnosis and prognosis of renal cell carci-
noma. Anal Quant Cytol Histol 29:41–49

Medawar A, Virolle T, Rostagno P, de la Forest-Divonne S, Gambaro 
K, Rouleau M, Aberdam D (2008) DeltaNp63 is essential for epi-
dermal commitment of embryonic stem cells. PLoS One 3:e3441. 
https:// doi. org/ 10. 1371/ journ al. pone. 00034 41

Moorman AF, Houweling AC, de Boer PA, Christoffels VM (2001) 
Sensitive nonradioactive detection of mRNA in tissue sections: 
novel application of the whole-mount in situ hybridization proto-
col. J Histochem Cytochem 49:1–8. https:// doi. org/ 10. 1177/ 00221 
55401 04900 101

Pleger ST, Harris DM, Shan C, Vinge LE, Chuprun JK, Berzins B, 
Pleger W, Druckman C, Völkers M, Heierhorst J, Øie E, Remppis 
A, Katus HA, Scalia R, Eckhart AD, Koch WJ, Most P (2008) 
Endothelial S100A1 modulates vascular function via nitric oxide. 
Circ Res 102:786–794. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 
108. 172031

Prosser B, Wright NT, Hernãndez-Ochoa EO, Varney KM, Liu Y, 
Olojo RO, Zimmer D, Weber DJ, Schneider MF (2008) S100A1 
binds to the calmodulin-binding site of ryanodine receptor and 
modulates skeletal muscle excitation-contraction coupling. J Biol 
Chem 283:5046–5057. https:// doi. org/ 10. 1074/ jbc. M7092 31200

Saito T, Ikeda T, Nakamura K, Chung UI, Kawaguchi H (2007) 
S100A1 and S100B, transcriptional targets of SOX trio, inhibit 
terminal differentiation of chondrocytes. EMBO Rep 8:504–509. 
https:// doi. org/ 10. 1038/ sj. embor. 74009 34

Sun TT, Zhao H, Provet J, Aebi U, Wu XR (1996) Formation of asym-
metric unit membrane during urothelial differentiation. Mol Biol 
Rep 23:3–11

Suryavanshi M, Sanz-Ortega J, Sirohi D, Divatia MK, Ohe C, Zampini 
C, Luthringer D, Smith SC, Amin MB (2017) S100P as a marker 
for urothelial histogenesis: a critical review and comparison with 
novel and traditional urothelial immunohistochemical markers. 
Adv Anat Pathol 24:151–160. https:// doi. org/ 10. 1097/ PAP. 00000 
00000 000150

Teichert-Kuliszewska K, Tsoporis JN, Desjardins JF, Yin J, Wang L, 
Kuebler WM, Parker TG (2015) Absence of the calcium-binding 
protein, S100A1, confers pulmonary hypertension in mice associ-
ated with endothelial dysfunction and apoptosis. Cardiovasc Res 
105:8–19. https:// doi. org/ 10. 1093/ cvr/ cvu241

Tian T, Li X, Hua Z, Ma J, Liu Z, Chen H, Cui Z (2017) S100A1 
promotes cell proliferation and migration and is associated with 
lymph node metastasis in ovarian cancer. Discov Med 23:235–245

Wang J, Batourina E, Schneider K, Souza S, Swayne T, Liu C, George 
CD, Tate T, Dan H, Wiessner G, Zhuravlev Y, Canman JC, 
Mysorekar IU, Mendelsohn CL (2018) Polyploid superficial cells 
that maintain the urothelial barrier are produced via incomplete 
cytokinesis and endoreplication. Cell Rep 25:464–477. https:// doi. 
org/ 10. 1016/j. celrep. 2018. 09. 042

Wang G, Li HN, Cui XQ, Xu T, Dong ML, Li SY, Li XR (2021) 
S100A1 is a potential biomarker for papillary thyroid carcinoma 
diagnosis and prognosis. J Cancer 12:5760–5771. https:// doi. org/ 
10. 7150/ jca. 51855

Weisz J, Uversky VN (2020) Zooming into the dark side of human 
annexin-S100 complexes: dynamic alliance of flexible partners. 
Int J Mol Sci 21:5879. https:// doi. org/ 10. 3390/ ijms2 11658 79

Yao R, Davidson DD, Lopez-Beltran A, MacLennan GT, Montironi R, 
Cheng L (2007a) The S100 proteins for screening and prognos-
tic grading of bladder cancer. Histol Histopathol 22:1025–1032. 
https:// doi. org/ 10. 14670/ HH- 22. 1025

Yao R, Lopez-Beltran A, Maclennan GT, Montiron IR, Eble JN, Cheng 
L (2007b) Expression of S100 protein family members in the 
pathogenesis of bladder tumors. Anticancer Res 27:3051–3058

Zimmer DB, Cornwall EH, Landar A, Song W (1995) The S100 protein 
family: history, function, and expression. Brain Res Bull 37:417–
429. https:// doi. org/ 10. 1016/ 0361- 9230(95) 00040-2

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

https://doi.org/10.1097/01.pas.0000213438.01278.5f
https://doi.org/10.1097/01.pas.0000213438.01278.5f
https://doi.org/10.1152/ajprenal.00043.2002
https://doi.org/10.1152/ajprenal.00043.2002
https://doi.org/10.1016/s0167-4889(00)00097-5
https://doi.org/10.1016/s0167-4889(00)00097-5
https://doi.org/10.1159/000092049
https://doi.org/10.1159/000092049
https://doi.org/10.1016/j.bbrc.2004.07.096
https://doi.org/10.1371/journal.pone.0003441
https://doi.org/10.1177/002215540104900101
https://doi.org/10.1177/002215540104900101
https://doi.org/10.1161/CIRCRESAHA.108.172031
https://doi.org/10.1161/CIRCRESAHA.108.172031
https://doi.org/10.1074/jbc.M709231200
https://doi.org/10.1038/sj.embor.7400934
https://doi.org/10.1097/PAP.0000000000000150
https://doi.org/10.1097/PAP.0000000000000150
https://doi.org/10.1093/cvr/cvu241
https://doi.org/10.1016/j.celrep.2018.09.042
https://doi.org/10.1016/j.celrep.2018.09.042
https://doi.org/10.7150/jca.51855
https://doi.org/10.7150/jca.51855
https://doi.org/10.3390/ijms21165879
https://doi.org/10.14670/HH-22.1025
https://doi.org/10.1016/0361-9230(95)00040-2

	S100A1 expression characterizes terminally differentiated superficial cells in the urothelium of the murine bladder and ureter
	Abstract
	Introduction
	Materials and methods
	Mice
	RNA in situ hybridization analysis
	Immunohistochemistry and immunofluorescence
	Antibodies
	Numbers
	Image documentation

	Results and discussion
	Acknowledgements 
	References




