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Abstract
Thrombospondin-2 (TSP2) is an anti-angiogenic matricellular protein that inhibits tumor growth and angiogenesis. Tumor-
associated blood vascular endothelial cells (BECs) were isolated from human invasive bladder cancers and from matched
normal bladder tissue by immuno-laser capture microdissection. Exon expression profiling analyses revealed a particularly
high expression of a short TSP2 transcript containing only the last 9 (3′) exons of the full-length TSP2 transcript. Using 5′
and 3′ RACE (rapid amplification of cDNA ends) and Sanger sequencing, we confirmed the existence of the shorter
transcript of TSP2 (sTSP2) and determined its sequence which completely lacked the anti-angiogenic thrombospondin type
1 repeats domain. The largest open reading frame predicted within the transcript comprises 209 amino acids and matches
almost completely the C-terminal lectin domain of full-length TSP2. We produced recombinant sTSP2 and found that unlike
the full-length TSP2, sTSP2 did not inhibit vascular endothelial growth factor-A-induced proliferation of cultured human
BECs, but in contrast when combined with TSP2 blocked the inhibitory effects of TSP2 on BEC proliferation. In vivo
studies with stably transfected A431 squamous cell carcinoma cells revealed that full-length TSP2, but not sTSP2, inhibited
tumor growth and angiogenesis. This study reveals that the transcriptional program of tumor stromal cells can change to
transcribe a new version of an endogenous angiogenesis inhibitor that has lost its anti-angiogenic activity.

Introduction

Bladder cancer growth is thought to dependent on the
activation of angiogenesis [1–3]. However, the therapeutic
targeting of vascular endothelial growth factor-A (VEGF-A)
or its receptors has shown no or only limited benefit in
clinical trials of bladder cancer [4], indicating that other
regulators of angiogenesis might play a major role.

Recent discoveries of the ENCODE and FANTOM5
projects [5, 6] and of other RNA-sequencing projects [7, 8]
revealed that approximately 90% of human genes undergo
alternative splicing or alternative transcription and that there
are around 10 to 12 alternative transcripts per gene on
average that can code for proteins that show very different
protein interactions and perform different biological roles
[9]. In order to find new unexplored mediators of tumor
angiogenesis in bladder cancer, we isolated tumor-
associated blood vascular endothelial cells (tBEC) from
invasive human bladder cancers and endothelial cells (ECs)
from adjacent normal tissue (nBEC) using immuno-laser
capture microdissection (LCM). We then assessed the dif-
ferences in alternative splicing and transcription using
microarray technology. Among other changes, we identified
the expression of an alternative transcript of the potent
endogenous angiogenesis inhibitor thrombospondin-2
(TSP2) in tBECs.

The alternative TSP2 transcript comprises the 3′-end
region of the full-length transcript, spanning from exon 15
to the poly-A tail and does not contain the anti-angiogenic
thrombospondin type 1 repeats domain that is located at the
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Fig. 1 Identification of a short alternative transcript of TSP2 that is
highly expressed in bladder cancer-associated blood vessels. a Blood
vascular endothelial cells (BECs) were isolated from frozen sections of
invasive bladder cancers (tBEC) and adjacent normal (nBEC) bladder
tissue (n= 6). RNA was isolated and hybridized to Human Exon 1.0
ST arrays. a Detection of alternative splicing and transcription was
performed using three different bioinformatics analysis tools, namely
MIDAS, ANOSVA, and FIRMA. The numbers indicate the number of
genes with alternative splicing or alternative transcription identified by
each method and their overlap. b Exon array expression levels of the

full-length and the short transcript of TSP2 and exon structure as
shown in the GenBank database. c qRT-PCR analysis of the expres-
sion of the full-length and the short TSP2 transcripts in tumor-
associated vessels and in vessels of healthy bladder tissue. For five out
of six patients, matched samples of tumor-associated and healthy
vessels could be analyzed as highlighted by the connecting dotted
lines. The positions of the primers used are indicated by arrows in b.
Horizontal lines represent median values. Dots represent patient
samples. Relative expression was normalized to expression of vessels
from healthy tissues in both groups. *p< 0.05
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N-terminal region of the full-length TSP2 sequence [10–
13]. We investigated the potential loss of anti-angiogenic
activities of sTSP2 both in vitro and in vivo in mouse
models of cancer. Our results demonstrate the first example
of the conversion of an endogenous angiogenesis inhibitor
into a non-angiogenesis inhibiting molecule by alternative
splicing (transcription) in tumor-associated stromal cells,
thus revealing a potential new mechanism by which natural
anti-angiogenic mechanisms can be inactivated in cancers.

Results

Identification of alternative transcripts of invasive
bladder cancer-associated blood vessels

BECs were isolated from frozen sections of invasive blad-
der cancers (tBECs) and adjacent normal (nBEC) bladder
tissue (n= 6) using LCM. The purity of isolates was con-
firmed by high mRNA expression of PECAM1 (EC marker;

among 15% highest expressed genes) and low mRNA
expression of KRT7 (urothelial cell marker; among 10%
lowest expressed genes).

Using exon microarrays, alternative splicing was deter-
mined by the relative inclusion or skipping rate of an exon
in tumor-associated blood vessels and in blood vessels of
healthy bladder tissue. Although alternative start/termina-
tion of transcription is not an alternative splice event, the
exon array technology can also detect differences in the
usage of transcription start/stop sites. Since the analysis of
exon arrays is challenging, as there are no clear standards of
analysis [14] and most of the splicing analysis methods
suffer from high false-positive detection rates, we combined
three different analysis methods: microarray detection of
alternative splicing (MIDAS [15]), analysis of splice var-
iation (ANOSVA [16, 17]), and finding isoforms using
robust multichip analysis (FIRMA [18]) to increase the
stringency (described in detail in Materials and methods
section). We identified, using MIDAS with a cut-off of p<
0.05, 963 genes with alternative splicing events (Fig. 1a).
As a second method to analyze alternative splicing, we used
ANOSVA with a cut-off of p< 0.01 and found 2,095 genes
with alternative splicing events (Fig. 1a). As a third method,
we used FIRMA with a cut-off of p< 0.001 and found
1,402 genes with alternative splicing events (Fig. 1a).

Combining these three analysis approaches, we found 76
alternatively spliced genes that were identified by all three
methods (Fig. 1a, Table 1 and Supplementary Table 1).
Alternative transcripts that were found by all three
approaches were visually inspected by evaluating the
expression of individual exons and comparing them to the
deposited alternative transcript sequence in the GenBank
database. We focused on the transcripts with alternative
transcription; setting the threshold to excision/inclusion of
five consecutive exons that could encode for a novel tran-
script (Table 2). As a validation of our method to identify
alternative transcripts, we could validate the existence of
alternative transcripts with the capability to encode for
proteins (Supplementary Figure 1). In the 3′ end of RAB-
GAP1L, we identified ENST00000478442.5 and
ENST00000465412.5 (Supplementary Figure 1A) from the
ENSEMBL database with higher expression in tBEC. Fur-
thermore, we detected a higher expression of the alternative
transcript ENST00000465413.6 in tBEC, a shorter tran-
script of ALCAM, previously deposited at ENSEMBL
(Supplementary Figure 1B).

Identification of an alternative short TSP2 transcript
highly expressed in bladder cancer-associated blood
vessels

In the blood vessels of healthy bladder tissue, we detected
the expression of the long transcript variant of TSP2

Table 1 Genes with statistically significant splicing identified by all
three bioinformatics methods (FIRMA, MIDAS, ANOSVA)

Splicing of a
single exon

Splicing of 2–4
consecutive exons

Splicing of >5
consecutive exons

RPL11 ILF2 SPARC CCNA2 IARS2

NEXN ZBTB41 SOX4 SLC17A5 BUB1

CEP350 USP34 STXBP5 EZH2 ALCAM

PRDX1 IDH1 BRAF RDH10 APP

PDIA6 VCAN PRKDC PTK2 TNFRSF21

SEC61A1 SSR1 SIRT1 CAPRIN1 LEMD3

LAT2 SMC2 MARS ESYT1 CAND1

SPIN1 TAOK1 ATP2A2 GDE1 TRIM33

TTC17 MED13 SLC38A1 GNAS MANF

PCGF2 GATA6 DLGAP5 RABGAP1L THBS2

GNA13 DSG2 RPN2 COL12A1 ADAMTS9

GALNT1 SLC39A6 PSMA7 MTCH2 TPX2

TCF3 GNB1 CCT2 COL5A2

YTHDF1 MATR3 CLSPN

HMGXB4 CCNJ

RCC2 ZBTB44

DARS RAP2A

TFRC YY1

KIF23

Genes were separated in three categories based on the number of
consective exons spliced

The list of 76 genes identified was divided into 3 categories, based on
FIRMA significance analysis: genes with splicing in 1 exon, genes
with splicing in 2–4 adjacent exons, and genes with splicing in 5
adjacent exons

MIDAS microarray detection of alternative splicing, FIRMA finding
isoforms using robust multichip analysis, ANOSVA analysis of splice
variation
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(NM_003247), while in tumor-associated blood
vessels, there was a much higher expression of a short TSP2
variant (sTSP2) (sequence almost identical to BX641023,
deposited at GenBank) than of the long transcript (Fig. 1b).
To confirm the results obtained by the microarrays, we
performed quantitative reverse transcription PCR (qRT-
PCR) using two different primer pairs. We designed one
primer pair that was specific for the long transcript (exon 10
to the exon 10/exon 11 junction) and another primer pair
that binds in the 3′ region of both transcripts (exon 20 to
exon 21/exon 22 junction). We found that in the vessels of
healthy bladder tissue, the expression level of long tran-
scripts was similar to the expression level of the short
transcript. In contrast, in tumor-associated blood vessels,
expression of the short transcript was much higher
than expression of the long transcript (31.5-fold increase,
p< 0.05) (Fig. 1c).

Full-length sequence of the short TSP2 transcript

To obtain the full-length sequence of the short TSP2 RNA
transcript, we performed rapid amplification of both the 5′
and 3′ cDNA ends (5′ and 3′ RACE (rapid amplification of
cDNA ends) [19]). Using the RNA isolated from a sample of
tumor-associated vasculature (RNA not previously amplified
or hybridized to exon arrays), we first generated cDNA using
reverse transcription and template switching with incor-
poration of a SMART II A oligo. Then, using a gene-specific
primer (5′ GSP1) and a universal primer mix (binds to
SMART II A oligo), we obtained two weak bands of around
0.5 and 1 kb (Fig. 2a). A second round of PCR was per-
formed using nested primers on the two products from the 5′
RACE PCR in order to increase specificity and yield. Pri-
mers were designed in reverse direction and specific to
TSP2. We obtained bands of approximately 300 bp (5′

Table 2 Genes with statistically significant splicing identified by all three bioinformatics methods (FIRMA, MIDAS, ANOSVA) with five and
more consecutive exon spliced

Gene symbol Number of adjacent exons spliced FIRMA scores FIRMA
p values

MIDAS scores MIDAS
p values

ANOSVA
p values

RABGAP1L 5 2.67 0.00009 2.08 0.029123 0.00557443

COL5A2 11 −2.69 0.0001 3.78 0.018022 5.59315E−12

THBS2 8 −2.13 0.00012 −2.82 0.026826 1.82292E−10

CAPRIN1 4 −2.71 0.00016 1.77 0.016125 0.00401313

CCT2 5 −2.91 0.00017 −5.31 0.034639 1.66782E−08

PTK2 4 −2.47 0.00024 1.05 0.029415 0.000841486

CAND1 7 2.94 0.00036 1.72 0.036665 1.18221E−05

ALCAM 6 1.95 0.00036 1.49 0.042686 3.01511E−06

IARS2 6 −2.16 0.00043 4.17 0.02786 0.00132895

GNAS 4 2.09 0.00043 1.26 0.048403 3.58804E−06

CLSPN 12 −1.71 0.00045 −2.78 0.018561 7.88203E−10

COL12A1 5 −2.16 0.00049 3.61 0.017637 1.24805E−11

MANF 8 −1.69 0.00051 4.77 0.028571 1.57539E−08

ESYT1 4 1.78 0.00052 −3.86 0.024699 6.8431E−07

SLC17A5 4 −1.78 0.00054 3.04 0.030499 0.000364402

APP 6 −1.94 0.00064 2.25 0.044619 0.000200504

EZH2 4 4.95 0.00067 3.06 0.046242 2.39594E−10

TPX2 10 −1.54 0.0007 2.58 0.048631 5.44606E−10

CCNA2 4 −1.77 0.00072 2.83 0.032232 1.44783E−10

TRIM33 8 −2.05 0.00073 1.60 0.021483 0.00122048

GDE1 4 −1.61 0.00076 2.90 0.045743 7.47662E−08

RDH10 4 1.95 0.00078 1.91 0.02083 0.000160419

ADAMTS9 10 −1.96 0.00086 −2.23 0.020655 0.000177544

LEMD3 7 2.09 0.0009 2.86 0.048904 0.000502659

BUB1 6 −3.24 0.0009 −2.30 0.020682 0.00287803

TNFRSF21 7 2.05 0.00098 3.26 0.030943 1.01738E−08

MTCH2 5 −1.68 0.00099 −3.38 0.013583 0.00801725

Scores and significance values for genes that have five or more adjacent exons that are spliced; potential alternative transcripts

MIDAS microarray detection of alternative splicing, FIRMA finding isoforms using robust multichip analysis, ANOSVA analysis of splice variation
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NGSP1) and 400 bp (5′ NGSP2 and 5′ NGSP3) from both
bands (left—0.5 kb, right—1 kb; Fig. 2b). We isolated the
bands and Sanger sequenced them and thus could assemble
the 5′ end sequence. For determining the 3′ end sequence, we
performed 3′ RACE using a gene-specific primer (3′ GSP1)
and universal primer mix to obtain a 500 nucleotide band
(Fig. 2c). Sanger sequencing determined the 3′ sequence.

Based on the determined sequence of TSP2 (Supple-
mentary Figure 2), we next determined the longest open
reading frame of the short TSP2 variant (Supplementary
Figure 3) and found a coding sequence that codes for a 209
amino acid-long protein sequence (Supplementary Figure 4)
corresponding to the C-terminal lectin domain (213 amino
acids, first 4 amino acids are missing in sTSP2). Next, we
investigated whether the transcript is indeed translated into
protein. The sTSP2 protein obtained was of the predicted
size and was secreted as a monomer (Fig. 2d). Due to the
limited amount of protein that can be isolated from blood
vessels by LCM, we isolated protein from total tumor
biopsies. We detected sTSP2 protein in one of tested seven

invasive bladder cancer (IBC) samples (Fig. 2e; seven
tumor lysates from four IBC patients, these samples were
from different tumors than those used for LCM where only
limited remaining material was available).

Full-length TSP2 but not sTSP2 inhibits proliferation
and migration of BECs in vitro

We next used CHO-S cells to recombinantly produce the
sTSP2 protein. Previously, it was found that TSP2 inhibits
proliferation of ECs in vitro [20–22]. We therefore inves-
tigated how sTSP2 may affect BEC proliferation. BECs
were incubated with recombinant full-length (TSP2) or
short TSP2 proteins (sTSP2) for 4, 24, or 48 h, followed by
treatment with VEGF-A until measurement of cell numbers
at 72 h. Pre-treatment with TSP2 for 4, 24, or 48 h sig-
nificantly inhibited VEGF-A-induced BEC proliferation
(Fig. 3a). In contrast, pre-treatment with sTSP2 did not
result in any inhibition of VEGF-A-induced BEC pro-
liferation (Fig. 3b). Pre-treatment with a combination of
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Fig. 2 Characterization of the short TSP2 transcript. 5′-RACE and 3′-
RACE reactions were performed on cDNA synthesized from bladder
cancer-associated blood vessels. Representative ethidium bromide-
stained 1% agarose gels are shown. a 5′-RACE with UPM (forward
primer) and GSP (reverse primer) yielded two products. b The 0.5 kb
(left panel) and the 1 kb product (right panel) were used as templates
for nested PCR using UPM (forward primer) and NGSPs (reverse
primers). c 3′-RACE with UPM and GSP yielded one distinct product.

d Recombinant TSP2 and sTSP2 proteins were expressed in CHO cells
and analyzed by SDS-PAGE and Western blot (left panel). Recom-
binant sTSP2 was electrophoresed under non-reducing (NR) and
reducing (R) conditions and stained with Coomassie blue (right panel).
e IBC tissue lysates (of seven tissue samples from four patients) were
subjected to Western blot analysis using an antibody directed against
the 3′ end of TSP2
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TSP2 and sTSP2 in equal amounts for 4 h resulted in a loss
of the inhibitory effect of TSP2 on BEC proliferation (Fig.
3c). Treatment with TSP2, but not sTSP2, also inhibited the
migration of BECs, as studied in a “Scratch” wound healing
assay (Fig. 3d).

Stable overexpression of full-length TSP2 but not of
short TSP2 in A431 cells inhibits tumor growth and
angiogenesis

To assess the effects of sTSP2 on tumor growth, we next
used our previously established experimental A431 tumor
model in which we had identified TSP1 and TSP2
as inhibitors of tumor angiogenesis [12, 23–26]. The
A431 cell line does not express TSP2 or sTSP2 and
therefore can serve as an appropriate model for over-
expressing TSP2. Due to the lack of specific antibodies for
the 3′ end of TSP2, we overexpressed sTSP2 with a 6× His-
tag (Supplementary Fig. 5A). A431 empty plasmid control
cells and A431 cells overexpressing full-length TSP2 or
sTSP2 showed comparable proliferation rates in vitro
(Supplementary Fig. 5B).

We next injected A431 cells intradermally into mice
as this model was previously used to evaluate the effects of
TSP1 and TSP2 on tumor angiogenesis [12, 23, 24]. After
10 days, there was a significant decrease in tumor size in
A431 tumors expressing full-length TSP2 compared to
control tumors expressing empty plasmid; this effect was
seen throughout day 14 when animals were sacrificed (day
10: 55%, p< 0.001; day 12: 52%, p< 0.001; day 14: 45%,
p< 0.001; Fig. 4a). No significant differences in animal
weights were detected (Supplementary Fig. 5C). Already by
visual observation on the day of sacrifice, a significant
reduction and a more regular arrangement of tumor-
supplying blood vessels was found in TSP2-
overexpressing squamous cell carcinomas, whereas tumors
overexpressing sTSP2 showed increased vasculature and
immature blood vessels similar to control tumors (Fig. 4b).
Quantitative image analysis of tumor sections stained for
the vascular marker MECA-32 (Fig. 4c, d) revealed a sig-
nificant decrease in the area covered by blood vessels in
tumors expressing full-length TSP2 (−26%; p= 0.04) and a
significant increase in tumors expressing sTSP2 (+36%; p
= 0.03).
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Fig. 3 Full-length TSP2 but not the short TSP2 variant inhibits VEGF-
A-induced proliferation and migration of blood vascular endothelial
cells in vitro. a Proliferation of BECs incubated with recombinant full-
length TSP2 with or without VEGF-A. b Proliferation of BECs
incubated with the recombinant short TSP2 variant with or without
VEGF-A. Cells were treated with full-length TSP2 or sTSP2 (100 ng/
mL) for 4, 24 and 48 h and then VEGF-A was added to the cells (20
ng/mL). Relative cell number was measured after 72 h using the MUH
assay. c Cells were treated with a full-length TSP2 and/or sTSP2 (100
ng/mL) for 4 h and then VEGF-A was added to the cells (20 ng/mL).
Relative cell number was measured after 72 h using the MUH assay. d
Migration of BECs with pre-treatment with a full-length TSP2 and/or
sTSP2 (100 ng/mL) for 4 h with a subsequent addition of VEGF-A (20
ng/mL). Migration was assessed using a scratch wound healing closure
assay. Control treated cells were treated with PBS. Data are presented
as mean± SD. *p< 0.05, **p< 0.01, ***p< 0.001
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Fig. 4 Stable overexpression of full-length TSP2, but not of the short
TSP2 variant, in A431 cells inhibits intradermal tumor growth and
angiogenesis. a Tumor growth was measured in mice with A431
tumors expressing either TSP2 or sTSP2 (n= 12 per group). b
Representative pictures of NOD-SCID mouse skin flaps containing
intradermally injected A431 tumors transfected with control vector,
full-length TSP2 (TSP2), or the short TSP2 variant (sTSP2). Arrows

indicate tumor borders. Scale bars= 5 mm. c Tumor sections were
stained with MECA-32 (vascular marker; green) and with Hoechst
(nuclear marker; blue). d Quantification of tumor area covered by
blood vessels for tumors of similar size (n= 12 for control and sTSP2,
n= 10 for TSP2; 200–600 mm3). Data are presented as mean± SD.
All comparisons for testing for significance were compared to A431-
control. *p< 0.05, ***p< 0.001. Scale bars= 100 μm
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Discussion

Even though there are numerous studies that have investi-
gated the transcriptional profile of tumor-associated endo-
thelial cells [27–29], there has been no systematic
investigation of the alternative transcripts in tumor-
associated blood vessels on a global whole transcriptome
approach. This is surprising since it is well known that
tumor-associated stroma, similar to wound healing-
associated stroma, can express alternative splice forms of
matrix molecules such as embryonic variants of fibronectin
1 (extra domains A and B) [30–32], and these alternative
splice variants have been used to develop targeted anti-
tumor therapies [33, 34]. Here, we globally analyzed the
splicing changes and alternative transcription of tumor-
associated blood vessels in comparison to normal blood
vessels, using immuno-LCM of human bladder cancers and
of healthy bladder tissue combined with human exon array
analysis. There was relatively little overlap between the
results of three different analysis methods for exon arrays.
This is likely due to the fact that we could not perform a
multiple hypothesis testing correction, because the neces-
sary assumption that tests are independent is not valid as the
majority of exons belonging to the same gene are clearly
correlating. Nonetheless, the combination analysis identi-
fied 76 candidate alternative splicing events in tumor-
associated endothelial cells revealed by all three methods of
analysis. Out of these, we selected a short transcriptional
variant of TSP2 for further analyses since we had pre-
viously identified TSP2 as a potent endogenous inhibitor of
tumor angiogenesis [12, 23, 35, 36].

We found a shorter TSP2 transcript that was specifically
expressed in the tumor-associated vasculature (comprising
the 3′ end of the full-length mRNA sequence). The exis-
tence of this alternative TSP2 transcript in human bladder
cancer-associated blood vessels could be confirmed through
5′ and 3′ RACE and Sanger sequencing. The short TSP2
transcript is, with regard to the exon number and sequence,
almost identical to a mRNA sequence deposited in the
GenBank (NCBI accession number BX641023) that was
previously detected in esophageal cancer [37]. Indeed, we
could confirm translation of sTSP2 mRNA into a protein,
by detecting the sTSP2 in one of the whole tumor lysates.
Only detecting the protein in one out of seven IBC tumor
lysates is not surprising as vessels represent a very minor
part by amount in the whole tumor tissue and abundance of
vascular proteins is very low in protein of total tissue.

Under physiological conditions, vascular quiescence is
maintained by the tight balance between endogenous
angiogenic inhibitors and angiogenic factors [38, 39]. In
most human cancers, the balance is however thought to be
shifted towards angiogenesis through the increased pro-
duction of angiogenic factors (e.g. VEGF-A, FGF2, PDGF,

PlGF) and reduced production of endogenous inhibitors of
angiogenesis (most prominently, TSP1 and TSP2 [40]).
Whereas some endogenous angiogenesis inhibitors need to
be created by cleavage of extracellular matrix molecules
such as collagen XVIII (endostatin [41]) and plasminogen
(angiostatin [42]), TSP1 and TSP2 are already secreted in
their active form without the need for any further proteolytic
cleavage. TSP2-deficient mice have an increased vascular-
ization of several organs [43–45] and show an earlier
angiogenic switch and increased tumor formation and
angiogenesis when subjected to a multistep skin carcino-
genesis regimen [35], revealing TSP2 as a potent endo-
genous inhibitor of tumor angiogenesis. Importantly,
overexpression of TSP2 in cancer cells resulted in a potent
inhibition of tumor growth and angiogenesis [23] and the
anti-angiogenic activity was associated with the N-terminal
fragment of TSP2, which contains the procollagen homol-
ogy domain and the type I repeats, but lacks the type 2 and
3 repeats and the C-terminal lectin domain [12]. It is of
interest that TSP5 (also known as COMP, cartilage oligo-
meric matrix protein) contains type 2 and type 3 repeats and
the C-terminal lectin domain, but not the procollagen
homology or type 1 repeats domains, and fails to inhibit
endothelial cell migration or corneal vascularization in
comparison to full-length TSP2 [22]. Thus, the anti-
angiogenic activity of TSP2 resides within the type 1
repeat domain [10–13, 46] but not the N-terminal globular
domain or the procollagen homology domain [12]. TSP2
has a trimeric structure having three modules containing
type 1 repeat domains and also three C-terminal lectin
domains [47]. In contrast, sTSP2 is produced as a monomer,
with a structure of almost the complete C-terminal lectin
domain (lacking four first amino acids).

In line with these findings, our overexpression studies
in vivo revealed that the newly identified sTSP2 variant that
comprises the C-terminal lectin domain failed to inhibit
tumor growth and angiogenesis. This is in agreement with
our in vitro studies where TSP2, but not sTSP2, inhibited
the migration of BECs. Recombinant sTSP2 also failed to
inhibit the proliferation of growth factor-stimulated BECs
and—when combined with TSP2—was able to block the
inhibitory effect of TSP2. As the molecular mechanisms of
action of TSP2 are currently not fully known [40, 48], and
the published TSP2 concentrations used for inhibition of
migration and proliferation of ECs in vitro are quite high (in
μg range [20, 22]), it is difficult to determine the exact
mechanism of action of sTSP2. Using intracellular Ca2+

live cell imaging, we found that treatment with VEGF-A
activated Ca2+ signaling in 89% of the cells, whereas pre-
treatment with TSP2 reduced the activation to 75% the
cells. In contrast, sTSP2 pre-treatment had no effect (91%
activated cells, data not shown). We also evaluated
phospho-AKT (p-AKT) and total-AKT (t-AKT) by Western
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blot. We found a moderate decrease in phosphorylation of
AKT by VEGF-A after pre-treatment with TSP2 (−32%),
but not after pre-treatment with sTSP2 (−16%, data not
shown). Quantification was performed in comparison to the
control (PBS) treated ECs, and p-AKT expression was
normalized to t-AKT. These rather moderate inhibitory
effects of TSP2 are in accordance with previous studies of
TSP1 and TSP1 repeats [49, 50] in vitro.

We propose that the sTSP2 expressed by tumor-
associated vessels might compete with stromal TSP2 for
binding to anti-angiogenic receptors and thus diminish the
anti-angiogenic effects of TSP2. Overall, our study suggests
a novel mechanism by which a potent endogenous inhibitor
of angiogenesis loses its anti-angiogenic properties upon
usage of an alternative transcription start site. The alter-
native transcription of TSP2 in the tumor microenvironment
also represents a novel mechanism by which angiogenesis
can be promoted in tumors. Further experiments are needed
to understand the exact mechanism of competition between
sTSP2 and TSP2. It will be of interest to investigate if
sTSP2 is also expressed in tumor-associated vessels of other
cancer types and in other conditions associated with
angiogenesis.

Materials and methods

Tissue samples

Clinically annotated frozen cancer and normal tissue sam-
ples were obtained after radical cystectomy from the Uni-
versity Hospital Zurich (USZ). Tissue collection was
approved by the SPUK-GGU-USZ Ethics Committee
(KEK-StV-Nr 02/09) and written informed consent was
obtained from each patient.

LCM and transcriptional profiling of BECs from
bladder tissue

We performed LCM on frozen sections of IBCs (6 patients;
pT1–pT4)) and matched normal bladder tissue samples
(tumor adjacent, lack of malignancy confirmed by a board-
certified pathologist). Bladder tissue sections of 8 μm were
fixed in acetone for 1 min at 4 °C. Blood vessels were
stained using a biotinylated rabbit antibody directed against
human von Willebrand factor (vWF; 0.25 mg/mL; A0082;
Dako Cytomation) and Cy3-streptavidin (1:100) in a mix-
ture of buffers A and B (all Life Technologies) containing
Protector RNase inhibitor (2 U/mL; Roche). Slides were
dehydrated in 75%, 95% and 100% ethanol, and xylene.
Immediately afterward, LCM was performed using near
infrared laser-based Arcturus Veritas LCM (Life Technol-
ogies). Up to 1 mm2 of vWF-immunostained blood vessels

were isolated per patient sample, followed by RNA isola-
tion, cDNA generation, and microarray hybridization as
described [2]. The microarray raw data can be accessed at
GEO under accession number GSE41614.

Analysis of human exon 1.0 ST array

In the human exon 1.0 ST array (Affymetrix), each exon is
represented by a probeset comprising at least four oligo-
nucleotides. Probesets with the highest level of supportive
evidence (core probesets (n= 284,000)) that target all exons
of transcripts annotated by Refseq were used for exon
analysis. Raw fluorescence intensity value summarization is
described extensively in Supplementary Material and
Methods under: Human Exon 1.0 ST probe summarization.

Alternative splicing was investigated using three parallel
analyses. To detect differential splicing/transcription, the
effect of differential gene expression needs to be removed.
A commonly used strategy to achieve this is to calculate a
splicing index (SI, [17]) for each exon, which is denoted as
the log 2 value of the ratio of expression levels of individual
exons to overall gene level expression. The SI was used as a
measure for differential splicing between two groups. An SI
value of 0 then indicates equal expression of a particular
exon in a transcript. SI values of 1 and −1 were used as
arbitrary thresholds. We used this SI in an analysis of var-
iance (ANOVA) model named MIDAS [15], using Gene-
spring Gx 12 (Agilent) and Altanalyze [51] to test the null
hypothesis that no alternative splicing occurs for a particular
exon. For the sake of clarity, SI when used in the MIDAS
ANOVA model is called MIDAS score. Exons with a
MIDAS p value <0.05 were considered significant for exon
inclusion/exclusion. Second, ANOSVA [16] as performed
on raw exon values using the Partek Genomics Suite (Partek
Incorporated). This method directly uses the probeset
intensity signals of individual exons to detect differences in
the expression of exons using an ANOVA model. Exons
with an ANOSVA value of p< 0.01 were considered sig-
nificant for exon inclusion/exclusion. A third analysis was
performed using the FIRMA [18] using the statistical lan-
guage R/Bioconductor [52]. FIRMA predicts alternative
splicing of an exon based on the distance from the transcript
expression estimate produced by the RMA model. The
FIRMA score is a measure of this distance. A FIRMA score
of 1 indicates that no splicing has occurred. FIRMA scores
were compared using Bayesian statistics. FIRMA was per-
formed using the default implementation of the aroma.
affymetrix package in R together with logarithmic trans-
formation, as described in the human exon array analysis
vignette [53, 54]. A custom chip description file covering
the exon array core probesets was used (HuEx-1_0-st-v2,
coreR3,A20071112,EP.cdf, created by E Purdom). After
obtaining the FIRMA scores per probeset per sample, the
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mean FIRMA score in both experimental groups and the
difference between the groups was calculated. Finally, the
probesets were mapped to transcript clusters and the tran-
scripts were sorted by the FIRMA score. The FIRMA scores
were also subjected to statistical testing using Bayesian
statistics as implemented in the limma [55] statistical
package to identify consistent splicing differences across
samples. Exons whose FIRMA scores were lower than p<
0.001 were considered significant for exon inclusion/
exclusion. A detailed description of the analysis is provided
in Supplementary Material and Methods under: Comparison
of different exon array methods of analysis.

SMARTer RACE cDNA amplification

Total RNA was isolated from bladder cancer-associated
blood vasculature. 5′-end and 3′-end cDNA fragments were
generated from total RNA using SMARTerTM RACE
cDNA amplification technology according to the manu-
facturer’s instructions (Clontech). The 5′- and 3′-RACE
PCR reaction was carried out following the manufacturer’s
protocol using Universal Primer mix (UPM) and gene-
specific primers (5′-GSP1 or 3′-GSP1). Nested 5′-RACE
PCR was carried out using UPM as a forward primer and
one of three nested gene-specific reverse primers (NGSP1,
NGSP2, NGSP3). PCR products were separated on a 1%
agarose gel. DNA was isolated from the gels using the
QIAquick Gel Extraction kit (Qiagen) and sequenced by
Sanger sequencing. Primer sequences are provided in
Supplementary Table 2.

Quantitative real-time PCR

The transcript variants of TSP2 were quantified in samples
of bladder cancer-associated vessels and of vessels of
healthy bladder tissue and in A431 cells using qRT-PCR
with the AB 7900 HT Fast Real-Time PCR System and the
2−ΔΔCt method [56]. SYBR probes were designed spanning
the exon–exon junction. Primer sequences are provided in
Supplementary Table 2. Every reaction was normalized to
the housekeeping gene RPLP0.

Expression vectors

For expressing sTSP2 in CHO-S cells and A431 cells,
an expression construct was synthesized using GeneArt
gene synthesis (Thermo Fisher) and cloned into
the pcDNA3.1 (+) expression vector. The sequence con-
tained a leader peptide sequence for efficient protein
secretion (IgK; METDTLLLWVLLLWVPGSTG), a Kozak
sequence and a terminal 6xHis-Tag (Supplementary Fig.
S6). The full-length TSP2 plasmid has been described
before [23].

Production of recombinant sTSP2

Twenty-four hours prior to transfection, CHO-S cells
(Thermo Fisher, R800-07) were cultured (1× 106 cells per
mL) in ProCHO4 medium (without L-glutamine, nucleo-
sides (HT), with HEPES, Pluronic F-68, Lonza) supple-
mented with 1% Pro-HT and 4% L-glutamine. For transient
transfection of 1× 108 cells, 500 μg polyethylenimine (PEI)
transfection solution (1 μg/μL) was diluted in sterile 2.5 mL
150 mM NaCl and mixed with 125 μg plasmid DNA. The
mixture was incubated for 10 min at room temperature.
Cells were centrifuged for 10 min at 1,000 RPM and then
resuspended in 50 mL of ProCHO4 medium. The PEI-DNA
mixture was added carefully to the cells with subsequent
incubation at 37 °C with shaking. After 4 h, 50 mL
PowerCHO-2CD medium (without L-glutamine, nucleo-
sides (HT), with HEPES, Pluronic F-68) supplemented with
1% Pro-HT and 4% L-glutamine was added to the cells, and
cells were incubated at 32 °C with shaking. After 5–6 days,
supernatant was harvested, and a low yield of protein was
obtained. Supernatant was purified using immobilized
metal-affinity chromatography, and purity was validated by
western blot and Coomassie staining under reducing and
non-reducing conditions. Recombinant protein concentra-
tion was determined using a NanoDrop (ND-1000 spectro-
photometer), bicinchoninic acid assay (ThermoScientific),
and Western blot.

Production of polyclonal antibody against the C-
terminal end of TSP2

Recombinantly produced sTSP2 with a his-tag was used to
immunize rabbits for antibody production (GenScript). The
resulting antiserum was purified by column affinity pur-
ification (GenScript).

Western blot analyses

Proteins were isolated from 4 to 8,100 μm sections of
bladder tissue from optimal-cutting temperature blocks
containing tissue of invasive cancer bladder cancers (from
some patients, several blocks from different parts of the
tumor were available), using 350 μL of modified RIPA
buffer lysis solution (pH 7.4, 50 mM Tris-HCl, 150 mM
NaCl, 0.25% sodium dodecyl sulfate (SDS), 0.25% sodium
deoxycholate, 1 mM EDTA, 0.1% Triton X-100, 1 tablet
protease inhibitor cocktail: complete, Mini, Roche). After
RIPA buffer was added to the sections, samples were frozen
in liquid nitrogen for further processing. Tissue lysis was
performed using the TissueLyser (Qiagen) twice for 2 min
at 30 Hz. Tubes were then centrifuged at 16,000× g and 4 °
C for 20 min in a microcentrifuge. The supernatant were
transferred to fresh tubes.
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Tissue lysates containing 60–260 μg of protein, 2 μg
recombinant human TSP2 (R&D System), and 0.2 μg
sTSP2 of protein (assessed using the BCA protein assay)
were subjected to SDS-polyacrylamide gel electrophoresis
using Bolt 4–12% gradient Bis-Tris gels (Invitrogen). Pro-
teins were transferred to a polyvinylidene fluoride mem-
brane (EMD Millipore) and the membranes were incubated
at 4 °C with a rabbit anti-sTSP2 (3.225 μg/mL, GenScript)
overnight. Membranes were then probed with an anti-rabbit
immunoglobulin G horseradish peroxidase conjugate
(1:5000, GenScript) and the ECL System (Thermo-
Scientific) was used for detection.

Cell culture

Primary human dermal BECs [57] were cultured as
described [2] and tested negatively for mycoplasma con-
tamination. Human A431 squamous cell carcinoma cells
were purchased from the American Type Culture Collection
and cultured in DMEM+Glutamax (Thermo Fisher) with
10% fetal bovine serum (FBS).

Cell proliferation and migration assays

A431 cells (103/well) or BECs (4× 103/well) were seeded
onto black clear-bottom 96-well plates (Costar) and left to
attach for 24 h at 37 °C and 5% CO2. Cells were starved
overnight in media containing only 1% FBS. Afterwards,
cells were cultured for 72 h and viable cells were quantified
using the MUH fluorimetric method (6 wells per condition)
[58]. The monolayer wound healing assay was performed as
previously described [59]. In brief, two cross-shaped
scratches were made into a confluent BEC monolayer (5
wells per condition). After washing, cells were pre-treated
with TSP2 (100 ng/mL) or sTSP2 (100 ng/mL) or a com-
bination of TSP and sTSP2 for 4 h, followed by treatment
with VEGF-A for 16 h. Plain medium was used as a control.
Images of the scratches were taken immediately after
scratching and 16 h after VEGF-A addition. The surface
areas of the cell-free zones were measured and the %
scratch closure was determined using TScratch software
[59]. The assays were repeated at least three times. Results
from one representative experiment are shown.

In vivo tumorigenesis assay

Tumor studies were performed in accordance with animal
protocols approved by the Kantonales Veterinaramt Zurich.
NOD-SCID strain NOD.CB17-Prkdcscid/J (Tyrc/Tyrc: Hap-
lotype H2g7) albino mice were used (Charles River).
A431 cells (2× 106), stably transfected with full-length
TSP2 or sTSP2 or the empty expression vector pcDNA3.1

(+), were injected intradermally into both flanks of 10–12-
week-old mice (10 mice per group, 18–25 g, males and
females). Mice were ear marked and randomly assigned
codes for the grouping into experimental groups. This was
done before the start of the study and the codes were
revealed only after analysis of the data to ensure blinded
observation. Animal welfare was monitored by physical
appearance, behavior, and body weight. The size of the
tumors was determined by external measurements of the
tumor diameter every 2 days post-injection using a digital
caliper. Tumor volume (V) was estimated as V= (4/3× π×
(1/2× smaller diameter)2× 1/2× larger diameter). Animals
were sacrificed under anesthesia (64 mg/kg ketamine, 10
mg/kg xylazine, 2 mg/kg acetopromazine) after 2 weeks
post-injection when the total tumor load per mouse reached
approximately 1 cm3. Tumors were harvested for mRNA
and protein expression analyses, and tissue sections were
stained as described [60], using a monoclonal rat MECA-32
antibody (2.5 μg/mL, 553849, BD Pharmingen), an Alexa
Fluor 488-coupled secondary antibodies (1:200, Invitro-
gen), and the nuclear-dye Hoechst 33342 (10 μg/mL, Invi-
trogen). The animal study was repeated twice. Data from
one representative study is shown.

Image acquisition after immunohistochemistry of
mouse tumors

Images were captured on an Axioskop 2 mot plus micro-
scope, equipped with an AxioCam MRc camera and Plan-
APOCHROMAT 10×/0.45 MA and Plan-NEOPLAN 20×/
0.5 NA objectives (all from Zeiss). Image acquisition in the
individual fluorescence channels was accomplished using
Axio Vision 4.8 software (Zeiss). The stained areas were
quantified using ImageJ.

Statistical analyses

Based on previous experience with the cellular assays used
here, we performed more than four replicates (for pro-
liferation assay: 6 and for migration assay: 5). For the
animal studies, we used 10 mice per group. Statistical
analyses were performed using the version 5.00 of Prism
(GraphPad Software Inc.). Data distribution was checked
for normality by visual observation of the variation of data
points within experimental groups. For most comparisons,
ANOVA or a two-tailed unpaired Student’s t test were
employed as indicated. Differences were considered statis-
tically significant at p< 0.05.
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