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The cancer-associated cell 
migration protein TSPAN1 is 
under control of androgens and its 
upregulation increases prostate 
cancer cell migration
Jennifer Munkley1, Urszula L. McClurg2, Karen E. Livermore1, Ingrid Ehrmann1, Bridget 
Knight3, Paul Mccullagh4, John Mcgrath5, Malcolm Crundwell6, Lorna W. Harries7, Hing Y. 
Leung8,9, Ian G. Mills10,11,12, Craig N. Robson2, Prabhakar Rajan13 & David J. Elliott1

Cell migration drives cell invasion and metastatic progression in prostate cancer and is a major cause of 
mortality and morbidity. However the mechanisms driving cell migration in prostate cancer patients are 
not fully understood. We previously identified the cancer-associated cell migration protein Tetraspanin 
1 (TSPAN1) as a clinically relevant androgen regulated target in prostate cancer. Here we find that 
TSPAN1 is acutely induced by androgens, and is significantly upregulated in prostate cancer relative 
to both normal prostate tissue and benign prostate hyperplasia (BPH). We also show for the first time, 
that TSPAN1 expression in prostate cancer cells controls the expression of key proteins involved in 
cell migration. Stable upregulation of TSPAN1 in both DU145 and PC3 cells significantly increased cell 
migration and induced the expression of the mesenchymal markers SLUG and ARF6. Our data suggest 
TSPAN1 is an androgen-driven contributor to cell survival and motility in prostate cancer.

Cancer, in its most aggressive form, is not only a disease of uncontrolled cell growth, but also a disease of inap-
propriate cell migration. Activating invasion and metastasis is a hallmark of cancer progression1, 2 and is the 
leading cause of mortality among cancer patients3. Metastasis involves cancer cells detaching from the primary 
tumour, and travelling as circulating tumour cells through the bloodstream or lymphatic system to other parts of 
the body. Prostate cancer is the most common male cancer in Europe, with around 50,000 new cases in the UK 
each year4. At initial diagnosis 37–43% of men have late stage disease and 17–34% of prostate cancer patients have 
metastasis (http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/
prostate-cancer/incidence#ref-8). The development of prostate cancer is initially driven by androgen steroid hor-
mones via the androgen receptor (AR) transcription factor. The first line treatment for prostate cancer that is no 
longer organ confined is androgen deprivation therapy (ADT). However, after 2–3 years many patients develop 
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castrate resistant prostate cancer (CRPC) for which treatment options are limited and prognosis is poor5, mean-
ing there is an urgent need to develop new treatments for advanced prostate cancer. Prognostic heterogeneity is 
an important feature of prostate cancer; while some prostate cancers can progress very rapidly, others can remain 
indolent for many years, hence there also a major unmet clinical need to identify new biomarkers to help distin-
guish indolent from aggressive disease6.

The mechanisms underlying the development and progression of prostate cancer are poorly understood. We 
recently used RNA-Sequencing to comprehensively profile how the prostate cancer transcriptome responds to 
androgens7. Our approach directly correlated gene expression data from LNCaP cells before and after androgen 
exposure, with data from a small cohort of 7 prostate cancer patients before and after ADT. We identified a set 
of nearly 700 genes which were reciprocally regulated between the two datasets and so were strong candidates to 
be clinically relevant androgen-regulated genes in prostate cancer. This set of 700 genes included the gene for the 
cancer-associated cell migration protein Tetraspanin 1 (TSPAN1) which had not previously been shown to be 
regulated by androgens in prostate cancer.

Tetraspanins, also known as the transmembrane 4 superfamily, are small transmembrane glycoproteins which 
were first described in studies of tumour associated proteins8–13. As a member of the tetraspanin family, TSPAN1 
has been reported to regulate cancer progression in many human cancers. TSPAN1 is upregulated in human 
hepatocellular carcinoma14, gastric carcinoma15, colorectal adenocarcinoma16, ovarian carcinomas17 and cervical 
cancer18, 19. Tetraspanins reportedly play a role in a range of biological processes including cell proliferation9, cell 
adhesion20, cell migration and motility21, 22 and signal transduction23, 24. Here, we show that expression of TSPAN1 
is controlled by androgens in prostate cancer cells, is upregulated in prostate cancer tissue and is important for 
prostate cancer cell survival and migration. Our findings are in agreement with numerous studies showing that 
TSPAN1 is upregulated in several other cancer types15, 17, 25–28, but are in contrast to a recent publication suggest-
ing that decreased TSPAN1 is linked to prostate cancer progression29.

Results
TSPAN1 is an early target of the AR in vitro and in vivo.  Previous RNA-Seq analysis of LNCaP cells 
identified the cancer-associated TSPAN1 gene as being under control of androgens after 24 hours treatment with 
10 nM of the synthetic androgen analogue R1881 (methyltrienolone)7. Using a time course and real-time PCR 
we found that androgen mediated induction of the TSPAN1 gene could be detected in LNCaP cells 9 hours after 
androgen exposure suggesting it is directly regulated by the AR. The early expression profile of TSPAN1 follow-
ing androgen exposure had similar dynamics to the known directly AR-regulated gene KLK3 (PSA) (Fig. 1A). 
Androgen-mediated induction of TSPAN1 expression in LNCaP cells was also induced by treatment with a range 
of R1881 concentrations for 24 hours, consistent with TSPAN1 induction also occurring under physiological 
androgen concentrations within the prostate (Fig. 1B), and was blocked by treatment with the AR antagonist 
CasodexR (bicalutamide) (Fig. 1C). To test whether androgen-mediated induction of TSPAN1 expression was 
a result of AR activity, we treated LNCaP cells with 10 mM R1881 (androgens) in the presence and absence of 
cycloheximide to inhibit de novo protein synthesis. Androgen mediated up-regulation of TSPAN1 mRNA expres-
sion was observed in the presence or absence of the protein synthesis inhibitor cycloheximide indicating that 
TSPAN1 induction might be directly mediated by the AR (Fig. 1D). Consistent with this, analysis of previously 
published AR ChIP-Seq data30 revealed an AR binding site which is overlapping with the start of the TSPAN1 
gene for both LNCaP and VCaP cells (Supplementary Figure 1).

Expression of TSPAN1 protein was also induced by treatment of LNCaP cells with 10 nM R1881 (Fig. 1E). 
Confirming this effect on protein levels was mediated by the AR, we found that androgen-mediated induction of 
the TSPAN1 protein is prevented when cells are depleted of the AR using esiRNA (Fig. 1F). Interestingly, although 
induction of TSPAN1 mRNA was detected within 9 hours of androgen exposure, induction at the protein level 
was not detected until 48 hours. Specificity of our TSPAN1 antibody was confirmed via siRNA mediated protein 
depletion and detection of over-expressed protein by western blotting (Supplementary Figure 2A,B). Supporting 
our data obtained in LNCaP cells, TSPAN1 expression was also androgen responsive in VCaP cells at both the 
RNA and protein level (Fig. 1G). Analysis of previously published RNA-Seq data from before and after 7 days 
of androgen depletion in prostate cancer patients using Degarelix31 shows a significant reduction in TSPAN1 
mRNA indicating a tissue based response (Fig. 1H). Similarly, analysis of previously published RNA-Seq data 
from 7 prostate cancer patients32 showed that TSPAN1 gene expression is strongly down-regulated following 
ADT (Fig. 1I), suggesting that TSPAN1 is also regulated (either directly or indirectly) by androgens in vivo within 
patients.

TSPAN1 is upregulated in prostate cancer tissue.  We carried out meta-analysis of 1012 prostate tissue 
samples using data from 14 previously published studies33–46 to monitor how expression of TSPAN1 changes in 
clinical prostate cancer. We found that 11/14 datasets showed significant up-regulation of TSPAN1 mRNA expres-
sion in prostate carcinoma versus normal prostate tissue (Supplementary Table 1). TSPAN1 expression showed an 
average mean fold change of 2.214 (p � 1.31E-6) in 122 primary prostate carcinoma samples studied by Grasso et 
al.33, and a mean fold change of 1.844 (p � 1.72E-7) in 185 samples studied by Taylor et al.34. TSPAN1 expression 
analysis by real-time PCR showed that TSPAN1 mRNA was significantly up-regulated in prostate carcinoma 
samples relative to BPH samples (p � 0.049), and in primary prostate tumour tissue relative to matched normal 
tissue from the same patient (p � 0.0004) (Fig. 2A,B).

To develop a rigorous test for TSPAN1 protein we extensively validated our TSPAN1 antibody in multiple 
cell lines using western blotting, siRNA mediated protein depletion, and detection of over-expressed protein 
(Supplementary Figure 2A,B). To examine TSPAN1 protein expression in clinical prostate cancer tissue we fur-
ther showed that staining by this antibody was blocked by pre-incubation with a blocking peptide (Supplementary 
Figure 2C) and by detection of siRNA mediated protein depletion by immunohistochemistry in Formalin Fixed 
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Figure 1. TSPAN1 is regulated by androgens in in vitro and in vivo. (A) Analysis of TSPAN1 and KLK3 (PSA) 
mRNA in LNCaP cells treated with androgens (A�) over a 24 hour time course. (B) Upregulation of TSPAN1 
is also evident in LNCaP cells treated with 1 to 100 nM of R1881. (C) Induction of TSPAN1 mRNA by the AR 
is inhibited in the presence of 10 �M of the anti-androgen Casodex (bicalutamide) (lane 6). (D) The increase 
in TSPAN1 mRNA expression in response to androgens is still seen in the presence of 1 �g/ml cycloheximide 
(CHX). Relative TSPAN1 expression was detected by real-time PCR and normalised to three reference genes. 
(E) Expression of TSPAN1 protein is induced in LNCaP cells treated with 10 nM R1881 for 48 hours as detected 
by western blot. Actin was used as a loading control. (F) Depletion of AR protein in LNCaP cells by esiRNA 
shows that when the AR is depleted there is no induction of the TSPAN1 protein in response to androgens. 
(G) Real-time PCR and western blot analysis of TSPAN1 mRNA and protein in VCaP cells grown in steroid 
deplete (SD) or 10 nM R1881 (androgens, A�) treated conditions for 48 hours. (H) Analysis of TSPAN1 
mRNA expression before and after 7 days of serum/tissue androgen depletion in prostate cancer patients using 
degarelix31. (I) Analysis of TSPAN1 expression in previously published RNA-Seq data 32 shows that TSPAN1 
mRNA is significantly down-regulated in 7 PCa patients following androgen deprivation treatment (ADT). The 
Y axis shows the relative expression level of TSPAN1 (calculated by comparing the FPKM expression values of 
genes after ADT to the value before treatment). Please note: cropped western blots are displayed in the figure, 
but full length blots are included in the Supplementary Information file.
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