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Abstract Suppressor of cancer cell invasion (SCAI) has been
originally characterized as a tumor suppressor inhibiting metas-
tasis in different human cancer cells, and it has been suggested
that SCAI expression declines in tumors. The expression pat-
terns and role of SCAI during physiological and pathophysio-
logical processes is still poorly understood. Earlier we demon-
strated that SCAI is regulating the epithelial-mesenchymal tran-
sition of proximal tubular epithelial cells, it is downregulated
during renal fibrosis and it is overexpressed in Wilms’ tumors.
Here we bring further evidence for the involvement of SCAI
during cell plasticity and we examine the prognostic value and
expression patterns of SCAI in various tumors. SCAI
prevented the activation of the SMA promoter induced by an-
giotensin II. SCAI expression decreased in a model of
endothelial-mesenchymal transition and increased during iPS
reprogramming of fibroblasts. During renal fibrosis SCAI ex-
pression declined, as evidenced in a rat model of renal trans-
plant rejection and in TGF-β1 overexpressing transgenic mice.

High expression of SCAI correlated with better survival in
patients with breast and lung cancers. Intriguingly, in the case
of other cancers (gastric, prostate, colorectal) high SCAI ex-
pression correlated with poor survival of patients. Finally, we
bring evidence for SCAI overexpression in colorectal cancer
patients, irrespective of stage or metastatic status of the disease,
suggesting a diverse role of SCAI in various diseases and
cancer.
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Introduction

SCAI (Suppressor of Cancer Cell Invasion) is a relatively recent-
ly characterized interacting partner of Myocardin Related
Transcription Factor/Serum Response Factor (MRTF/SRF).
Consistent with the role of MRTFs in tumor progression and
epithelial-mesenchymal transition (EMT) [1–3], SCAI acts
through the transcriptional repression of the MKL-SRF complex
[4], and as such, through the inhibition of CArG dependent gene
expression [5]. Consistent with a tumor suppressor role, SCAI
inhibits tumor cell invasion, β1-integrin expression [4] and EMT
[5]. The role of SCAI during EMT is well established, SCAI
regulates the expression of several markers and regulators of
EMT. It inhibits TGF-β1 induced expression of CTGF, calponin
and SMA. It also prevents TGF-β1 induced E-cadherin down-
regulation, through regulating Snail expression [6]. SCAI direct-
ly regulates TWISTexpression, and SCAI downregulation led to
transcriptional activation of the Wnt/β-catenin pathway [6].
SCAI controls gene expression by the interaction with the
SWI/SNF complex and SWI/SNF could be a downstreammedi-
ator for SCAI signaling [7]. MRTF also contributes to dendritic
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complexity of rat cortical neurons, and as an inhibitory cofactor
of MRTF, overexpression of SCAI blocks SRF-dependent tran-
scriptional responses and dendritic complexity [8].

SCAI is expressed in epithelial cells, where it shows a
predominantly nuclear expression. Myofibroblasts present
lower SCAI expression in response to TGF-β1 signaling [5].
Generally, reduced SCAI expression was found in several
tumors [4, 6]. However, it seems that a downregulation of
SCAI does not occur in all types of cancer: Wilms´ tumors
show very high expression of SCAI [5].

Here we further investigated the potential roles of SCAI dur-
ing renal fibrosis and cancer focusing on SCAI dependent sig-
naling mechanisms, SCAI expression patterns and prognostic
value. Similarly to TGF-β1, angiotensin II is also known to
mediate EMT in renal proximal tubular epithelial cells shown
in the rat NRK-52E cell line [9]. We show here that angiotensin
II mediated activation of the SMA promoter can be inhibited by
SCAI overexpression. Higher SCAI expression is linked to the
epithelial phenotype during reprogramming of fibroblasts to in-
duced pluripotent stem cells (iPSC), a model that mimics a
mesenchymal-to-epithelial transition-like (MET) process [10,
11]. Further, stimulation of endothelial cells with activated tumor
cell conditioned medium to induce an endothelial-mesenchymal
transition (EndMT) caused a reduction of SCAI expression. In
the present study SCAI was downregulated in the kidneys of
TGF-β1 transgenic mice and SCAI expression declined during
renal transplant rejection. In the setting of cancer we bring evi-
dence that, in contrary to other tumors, SCAI is highly
overexpressed in colorectal cancers, and high SCAI expression
levels correlate with poor colorectal cancer patient survival.

Our data bring further evidence to link SCAI to cell plas-
ticity. Certain aspects of SCAI expression patterns during
pathological conditions are in concordance with earlier find-
ings. Interestingly, conflicting patient survival data and prog-
nostic value of SCAI was found in different cancers.
Surprisingly, SCAI was overexpressed in colorectal cancers,
underlining the need to further investigate the exact role and
function of SCAI during health and disease progression.

Materials and Methods

Cell Culture and Treatments

For experiments cells were grown on 6-well plates at 37 °C
under a humidified atmosphere containing 5% CO2, and sub-
jected to various treatments.

LLC-PK1 (CL4) proximal tubular epithelial cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA), supplemented with 10% fetal bovine serum
(FBS, Invitrogen) and 1% penicillin-streptomycin. Angiotensin
II (Sigma-Aldrich, St. Louis, MO) treatments were performed as
specified at the individual experiments (10−7 M or vehicle for

controls). For inhibitor studies, cells were preincubated with
10−7 M candesartan (Astra Zeneca, Mölndal, Sweden) or
10 μmol/L CCG-1423 (Merck Chemicals, Darmstadt,
Germany), a specific inhibitor of MRTF dependent signaling
[12], for one hour.

Human umbilical vein endothelial cells (HUVECs) were iso-
lated as described previously [13, 14]. Cells were grown on 0.5%
gelatin-coated flasks (Sigma) and cultured in M199 medium
(Sigma) supplemented with 15% FBS (Life Technologies),
100 IU/ml penicillin (Life Technologies), 100 μg/ml streptomy-
cin (Life Technologies), 7.5 IU/ml heparin (Merckle, Ulm,
Germany), 2 ng/ml epidermal growth factor (R&D Systems,
Abington, UK), and 250 pg/ml β-endothelial cell growth factor
(R&D Systems), referred to as complete medium. Cells from
passages 2–4 were used for experiments.

B16/F10 murine melanoma cells were kept in RPMImedium
(Sigma) supplemented with 5% FBS (Life Technologies) and
Glutamax (Life Technologies).

To obtain cancer cell line conditioned medium for HUVECs,
serum-free M199 medium was collected after 24 h from B16/
F10 cells. Latent TGF-βwas heat activated (80 °C, 10min). FBS
was supplemented before adding non-activated or activated con-
ditioned medium to HUVECs.

Human iPS cells were reprogrammed as described previ-
ously [15, 16]. Three established iPS clones were grown on
Matrigel (Corning Incorporated Life Sciences, Tewksbury,
MA, USA) coated 6-well plates in mTeSR1 medium (Stem
Cell Technologies).

Plasmids

The PA3-Luc vector containing a 765-bp fragment of the rat
SMA promoter (pSMA-Luc) was a kind gift fromDr. Raphael
Nemenoff (University of Colorado, Denver, CO). The thymi-
dine kinase–driven Renilla luciferase vector (pRL-TK), used
as an internal control for transfection efficiency, was obtained
from Promega (Madison, WI).

Green fluorescent protein (GFP)-tagged wild-type SCAI
(GFP-SCAI) was obtained from Dr. Robert Grosse (University
of Heidelberg, Heidelberg, Germany) and was previously de-
scribed [4]. The dominant negative truncation mutant (ΔC585)
of myocardin (DNMyoC) known to inhibit MRTFs as well was
kindly provided Dr. Eric N. Olson (University of Texas, Dallas,
TX) and was previously described [17].

Luciferase Assays

Luciferase assays were performed as earlier [5]. Briefly, cells
were transfected with FuGene6 (Promega) and 0.5μg promot-
er construct, 0.05μg pRL-TK, and 2μg of either empty vector
(pcDNA3.1) or the specific construct to be tested. For each
measurement point three parallel wells were transfected.
Firefly and Renilla luciferase activities were measured by
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the Dual-Luciferase Reporter Assay Kit (Promega) according
to the manufacturer’s instructions. Results were normalized
by dividing the Firefly luciferase activity with the Renilla
luciferase activity of the same sample. Experiments were re-
peated at least three times. Results are presented asmean ± SE.

Kidney Transplant Rejection Model

Male Lewis (LEW, RT1I) and Brown-Norway (BN, RT1n)
rats were obtained from Charles River (Munich, Germany,
through Akronom Kft., Budapest, Hungary). Lewis-Brown-
Norway (LEW x BN F1, LBN) hybrid rats were bred at the
animal facility of Semmelweis University. LBN rats served as
donors and LEW rats as recipients of kidney grafts. Rats at
8 weeks of age were used throughout the experiment. The rats
were housed under standard conditions, and received rat chow
and water ad libitum. All experimental procedures were in
accordance with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health. The experimental protocol was reviewed and ap-
proved by the BInstitutional Ethical Committee for Animal
Care and Use^ of Semmelweis University Budapest,
Hungary (XIV-I-001/2012–4/2012).

LBN rats served as donors and Lewis rats as recipients.
Animals were anesthetized with Pentobarbital-sodium 60 mg/
kg (Euthasol 40%, Produlab Pharma, Raamsdonksveer,
The Netherlands). Transplantation was performed as previously
described [18, 19]. LBN-to-Lewis (LBN-to-LEW) rat kidney
allografts were investigated. Non-transplanted native right kid-
neys of LBN rats (donors) were included as controls. Briefly, the
left renal vessels of the donor were isolated and clamped. The
donor kidney was perfused with 4 °C cold transplant buffer
solution, removed, and positioned orthotopically into the recipi-
ent, whose renal vessels had been isolated, clamped, and the left
native kidney removed. End-to-end anastomosis of renal artery,
vein, and ureter was performed using 10–0 prolene sutures. Total
graft ischemia was set to 30 min. No immunosuppression was
applied. Postoperative care included morphine hydrochloride
(Buprenorphine, Alstoe Limited, Sherriff Hutton, York, UK,
2.5 mg/kg s.c. after the operation) analgesia and ceftriaxone
(Rocephine) 25 mg/kg i.p. once after operation, sc. (Roche
Hungary Ltd., Budaörs, Hungary) to prevent infectious compli-
cations. On the second postoperative day the right native kidney
was removed. Body weight was measured urine was collected
and blood was taken from the tail vein daily after right nephrec-
tomy. Serum and urine samples were stored at −80 °C for later
measurements. Under isoflurane narcosis rats were exsanguinat-
ed from the abdominal aorta and were perfused with physiologic
salt solution transcardially. Kidney grafts were removed and
pieces were snap frozen in liquid nitrogen and stored at −80 °C
for later western blot analysis. Experiments were terminated on
the 4th and 7th postoperative day.

Western Blot

Kidney tissues were homogenized into 200 μl RIPA buffer
using a tissue glass Dounce homogenizer. Protein concentra-
tion was determined using the BCA Protein Assay (Pierce
Thermo Scientific, Rockford, USA). Samples were diluted
into RIPA buffer and 20 μg were loaded for Western blot.
Western blots were carried out as described previously [5]
using the following antibodies purchased from Sigma: anti-
SCAI, anti-α-SMA, anti-α-tubulin.

TGF-β Transgenic Mice

CBA.B6-Alb/TGF-β1(cys223,225ser) transgenic mice were
kindly provided by Dr. S.S. Thorgeirsson [20] and were main-
tained with continuous backcrosses to CBAxB6 F1 females.
Mice were housed under specific pathogen free conditions
(Semmelweis University NET GMO facility) with a 10/14 h
light/dark cycle. Mice had access to rodent chow and drinking
water ad libitum. All animal experiments were approved by
the Semmelweis University Ethical Committee for Animal
Welfare (XIV-I-001/2146–4/2012) and adhered to the NIH
Guidelines for the Care and Use of Laboratory Animals.

RT-qPCR Analysis of SCAI mRNA Expression

For quantitative RT-PCR experiments in kidneys of TGF-β
transgenic mice 100 mg of whole kidneys were homogenized
and total RNA was isolated according to the manufacturer’s
protocol (SV Total RNA Kit, Promega, Madison, WI, USA).
2 μg RNA was reverse transcribed (High Capacity cDNA
Reverse Transcription Kit, Applied Biosystems, Forster City,
CA, USA) using random primers. PCR reactions were per-
formed on a BioRad CFX thermalcycler (BioRad, Hercules,
CA, USA) using the Maxima SYBR Green PCR Master Mix
(Thermo) and 95 °C for 15 s and 60 °C for 60 s for 40 cycles.
Specificity and efficiency of the PCR reaction was confirmed
with melting curve and standard curve analysis, respectively.
Mean values are expressed with the formula 2-ΔΔCt.

When analyzing SCAI mRNA expression in HUVEC and
iPS cells, cells were washed once with PBS and total RNAwas
isolated using TRIzol (Invitrogen), following the instructions of
the manufacturer. Reverse transcription and RT-PCR were per-
formed as above. Three parallels were measured for each exper-
imental point, and the experiment was repeated two times.

Primer sequences were as follows: mSCAI forward:
acccctgttcatcgttgtg, mSCAI reverse: cgagtggctgtccaaacaa,
mGAPDH forward: ctttgtcaagctcatttcctgg, mGAPDH reverse:
tcttgctcagtgtccttgc, hSCAI forward: cgggaaacacgaaattatcc,
hSCAI reverse: gcttctggagatgaggattctc, hE-cadherin forward:
ggctggaccgagagagtttc, hE-cadherin reverse: cctgacccttgtacgtggtg,
hNanog forward: acctcagctacaaacaggtgaag, hNanog reverse:
agagtaaaggctggggtaggt, hGAPDH forward: cccttcattgacctcaacta;
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hGAPDH reverse: ccaaagttgtcatggatgac, h18S forward:
ccccatgaacgagggaatt, h18S reverse: gggacttaatcaacgcaagctt.

Database Setup for Patient Survival Analysis

Gene expression datasets for breast and lung cancer patients
were established as described previously [21, 22]. Databases
for gastric, colon, and prostate cancers were established fol-
lowing way: gene expression data was identified in GEO
(http://www.ncbi.nlm.nih.gov/geo/). In this, the keywords
Btumor tissue of origin^, Bcancer^, Bgpl96^, Bgpl571^ and
Bgpl570^ were used. Only publications with available raw
data, clinical survival information, and at least 30 patients
were included. Only Affymetrix HG-U133A (GPL96), HG-
U133Aplus2 (GPL571) and HG-U133 Plus 2.0 (GPL570)
gene chips were considered, because they are frequently
used and because these particular chips measure the ex-
pression for a set of genes using the exact same probe
sets.

For statistical analysis the raw. CEL files were MAS5 nor-
malized in the R statistical environment (www.r-project.org)
using the affy Bioconductor library. We selected MAS5
because it ranked among the best normalization methods
when compared to the results of RT-PCR measurements in a
previous study [23]. Then, only probes measured on each of
the three array platforms were retained (n = 22,277) and we
performed a second scaling normalization to set the average
expression on each chip to 1000 to avoid batch effects. Cox
proportional hazard regression was utilized for survival anal-
ysis. Kaplan-Meier survival plot and the hazard ratio with
95% confidence intervals and logrank P value were calculated
and plotted in R as described previously [24]. Statistical sig-
nificance was set at p < 0.05.

Gene Microarray Data Analysis

For this, sets of gene expression profiles were downloaded
from Gene Expression Omnibus (GEO) of the National
Center for Biotechnology Information (NCBI). SCAI gene
expression levels were compared in three different datasets:
breast cancer (GDS3853, healthy breast tissue, ductal carcino-
ma in situ, invasive ductal carcinoma), colorectal cancer
(GSE21815, healthy tissue, colorectal cancer stages 1–4),
metastatic colorectal cancer (GDS4393, primary lesions, met-
astatic lesions).

Immunohistochemical Analysis of Human Colorectal
Cancer Samples

Samples were retrieved from the archives of the 2nd
Department of Pathology, Semmelweis University, according
to the approval of the local Institutional Review Board (IKEB
#207/2011). Formalin-fixed, paraffin-embedded (FFPE)

samples were used for tissue microarrays. Eight 1 mm cores
were analyzed from each sample. Normal colon mucosa and
main tumor mass areas were selected from all resection spec-
imens. Staining was carried out as described earlier [5].
Digital imaging of immunostained specimens was performed
using a Pannoramic P250beta slide scanner with 40× objective
and a Hitachi camera (3DHistech Ltd., Budapest, Hungary).
SCAI expression patterns were analyzed using the
NuclearQuant modul of the 3DHistech Pannoramic Viewer.
H-score was calculated by classifying staining intensity as
follows: 0: none, 1: weak, 2: intermediate, 3: strong
expression.

Results

1. SCAI Expression during Cell Plasticity

First, to validate earlier findings in our EMT model
established on LLC-PK1 porcine renal proximal tubular epi-
thelial cells, LLC-PK1 cells were transfected with the SMA
promoter and were treated with angiotensin II. Angiotensin II
induced SMA promoter activation and this effect was mitigat-
ed in the presence of candesartan, a specific inhibitor of AT1

receptor (Fig. 1a). To test whether angiotensin II dependent
SMA promoter activation is mediated through MRTFs, two
experiments were designed. Co-transfection of a dominant
negative form of MyoC known to inhibit MRTFs diminished
the effects of angiotensin II on the SMA promoter (Fig. 1b).
Similarly, CCG-1423, a specific inhibitor ofMRTF dependent
signaling, prevented angiotensin II induced SMA promoter
activation (Fig. 1c). Based on this data we concluded that
MRTFs mediate angiotensin II dependent SMA promoter ac-
tivation. When SCAI was co-transfected along the SMA pro-
moter, it prevented the effects of angiotensin II stimulation
(Fig. 1d). SCAI is therefore preventing SMA promoter acti-
vation upon both angiotensin II and TGF-β1 stimulation.

Earlier we linked higher levels of SCAI expression to an
epithelial phenotype in the context of EMT [5]. Activated
tumor cell conditioned medium can induce a TGF-β1 medi-
ated endothelial-mesenchymal transition in HUVECs and ce-
rebral endothelial cells, a phenomenon which could be impor-
tant during metastatic extravasation [14]. In accordance with
previous observations, treatment of HUVEC cells with acti-
vated tumor cell conditioned medium lead to a significant
decrease in SCAI mRNA levels (Fig. 1e).

Reprogramming fibroblasts into iPS cells represents a pow-
erful tool to investigate mesenchymal-to-epithelial transition.
To validate our findings on its expression changes during
EMT, SCAI expression was followed in fibroblasts and in
their iPSC derivate. As expected, in parallel to acquiring
stemness characterized by Nanog (Fig. 1f) and E-cadherin
(Fig. 1g) expression, cells undergoing iPSC reprogramming
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exhibited a significant and dramatic increase in SCAI expres-
sion as well (Fig. 1h). This data supports the hypothesis that
higher SCAI expression is likely more linked to an epithelial/
endothelial phenotype, and it is expressed less in mesenchy-
mal and mesenchymal-like cells.

2. SCAI Expression is Reduced in Fibrotic Kidneys

Earlier, SCAI expression was shown to be decreased in a rat
diabetic nephropathy model and in human fibrotic kidneys.
Another challenging aspect in the field of nephrology and
fibrotic renal disease is chronic interstitial fibrosis and tubular
atrophy (IF/TA) the main cause of late allograft loss. One
important mechanism involved in this process is EMT [25].
We investigated if SCAI expression would change during ear-
ly fibrotic events occurring in allograft nephropathy. For this
we used the LBNF1-to-LEW rat kidney allograft rejection
model leading to IF/TA [26]. We examined the allografts 4
and 7 days post transplantation to observe the very early
events of IF/TA development. Right kidneys of transplanted
Lewis rats were used as controls. In parallel with an increase
in SMA protein expression rejecting kidneys exhibited a steep
decrease of SCAI protein expression already 4 days after
transplantation, and more pronounced on day 7 (Fig. 2a).

In vitro experimental observations indicated that TGF-β1
is one of the inducers of SCAI expressional decline. Here we
present in vivo evidence linking SCAI expression to TGF-β1
mediated effects. For this we assessed SCAI mRNA levels in
the kidneys of a transgenic TGF-β1 overexpressing mouse
strain, as compared to wild-type mouse kidneys. SCAI

�Fig. 1 Linking SCAI and cell plasticity. a The AT1 receptor inhibitor
candesartan inhibited angiotensin II induced SMA promoter activation in
luciferase assays. Cells were transfected with SMA promoter and treated
with angiotensin II. Pretreatment of cells with candesartan inhibited the
effect of angiotensin II (2.5 ± 0.5 vs. 1.02 ± 0.09, *** p < 0.001, Mann-
Whitney U-test). b Inhibition of MRTFs reduced angiotensin II induced
activation of the SMA promoter in luciferase assays. Cells were
transfected with SMA promoter with or without DNMyoC and were
treated with angiotensin II. DNMyoC reduced the activation of the
SMA promoter induced by angiotensin II (2.05 ± 0.2 vs. 1.29 ± 0.29,
** p < 0.01, Mann-Whitney U-test). c CCG1423, a specific inhibitor of
MRTF signaling, prevented angiotensin II induced activation of the SMA
promoter in luciferase assays. Cells were transfected with SMA promoter
and treated with angiotensin II. Pretreatment of cells with candesartan
inhibited the effect of angiotensin II (2.23 ± 0.15 vs. 1.19 ± 0.25, ***
p < 0.001, Mann-Whitney U-test). d SCAI reduced angiotensin II in-
duced SMA promoter activation, as shown by luciferase assays. Cells
were transfected with SMA promoter with or without SCAI and were
treated with angiotensin II. SCAI reduced the activation of the SMA
promoter induced by angiotensin II (2.6 ± 0.43 vs. 1.72 ± 0.22, **
p < 0.01, Mann-Whitney U-test). e SCAI mRNA expression decreases
in a model of endothelial- mesenchymal transition. HUVECs were incu-
bated in activated tumor cell conditioned medium for 48 h and mRNA
was examined. SCAI mRNA levels significantly decreased in stimulated
HUVECs as compared to HUVECs grown under control conditions (*
p < 0.05, Mann-Whitney U-test). f, g, h Reprogramming of fibroblasts to
iPS cells corresponds in many aspects to a mesenchymal-to-epithelial
transition. Fibroblasts are negative for E-cadherin and Nanog. In parallel
with a massive overexpression of E-cadherin (F) and Nanog (G) mRNA,
iPS reprogramming results in the significant overexpression of SCAI
mRNA as well (H). Three iPS clones were examined and mRNA expres-
sion was compared to parental HFF-1 fibroblasts (** p < 0.01, Mann-
Whitney U-test)
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mRNA was significantly downregulated in kidneys of
TGF-β1 transgenic mice (Fig. 2b).

3. SCAI Prognostic Value and Expression in Cancer

We also assessed the prognostic value of SCAI in different
cancers. For this hazard ratios were calculated and Kaplan-
Meier plots were generated using large databases. Strikingly,
for certain cancers (breast or lung cancer) the hazard ratio was
<1 corresponding to a lower risk, other cancers (gastric, pros-
tate, colon) had a hazard ratio > 1 correlating with increased
risk (Table 1). Concordantly, high expression of SCAI corre-
lated with better survival in patients with breast and lung can-
cers (or their subgroups) (Fig. 3a-e), whereas in the case of
another group of cancers (gastric, prostate, colorectal) high
SCAI expression correlated with decreased survival of pa-
tients (Fig. 3f-j).

Focusing on breast and colorectal cancers publicly avail-
able databases were searched to compare SCAI expression
levels in healthy and cancerous tissues. SCAI expression de-
creased in ductal carcinoma in situ and in invasive ductal

carcinoma, as compared to healthy breast tissue (Fig. 4a). In
contrast to these observations, SCAI expression increased in
colorectal cancers as compared to healthy colon tissue, irre-
spective of tumor stage: one publicly available expression
database revealed that SCAI expression was more significant
in stages 1–4 of colorectal cancer than in healthy colon tissue
(Fig. 4b). Moreover, there was no significant difference in
SCAI expression when primary colorectal cancer and meta-
static tissue were compared as evidenced in data from another
publicly available database (Fig. 4c).

To bring further evidence to survival data and SCAI ex-
pression levels in databases, we examined 9 colorectal cancers
(Table 2) by immunohistochemistry and SCAI expression was
scored. Immunohistochemistry also evidenced that the rela-
tively low SCAI expression in healthy colon tissue became
more pronounced in the tumor tissue (Fig. 4d). H scoring also
evidenced the marked increase of SCAI staining in colorectal
cancer tissues as compared to the staining in normal colon
mucosa (Table 2).

Discussion

SCAI has been implicated in cell plasticity and EMT. SCAI
was shown to interfere with TGF-β1-induced expression of
EMT markers; moreover, it rescued TGF-β1-induced E-
cadherin down-regulation [5], a finding in line with

Fig. 2 SCAI expression in kidneys. a SCAI protein expression was
assessed in a LBNF1-to-LEW rat kidney allograft rejection model. Left
kidney allografts at 4 and 7 days post transplantation were examined and
compared to right kidneys of transplanted Lewis rats as controls. Western
blot analysis of kidney tissues revealed that in parallel with the increase in

SMA expression SCAI expression suffered a steep decrease in the
rejected kidneys. b SCAI mRNA levels in the kidneys of a transgenic
TGF-β1 overexpressing mice were compared to wild-type mouse kid-
neys. SCAI mRNAwas significantly downregulated in kidney of 14 days
old TGF-β1 transgenic mice (* p < 0.05, Mann-Whitney U-test)

Table 1 Hazard ratio (HR) in different tumors

Tumor
location

Tumor subtype HR P value Number of patients
included in analysis

Breast All 0.8 0.00017 3729

Lymph node+ 0.7 0.0027 1041

PAM50 basal 0.66 0.00089 410

Lung All 0.64 6.1E-09 1919

Adenocarcinoma 0.44 9.7E-09 718

Gastric 1.75 1.40E-10 876

Prostate 3.8 0.000078 140

Colon All 1.6 1.20E-05 813

Grade 2 2.8 0.012 165

Grade 3 4.9 0.0041 46

�Fig. 3 Prognostic value of SCAI in different cancers.Kaplan-Meier plots
were generated using large databases. High expression of SCAI correlat-
ed with better survival in patients with breast and lung cancers or their
subgroups (a breast cancers, b lymph node positive breast cancers, c
PAM50 basal breast cancers, d lung cancers, e lung adenocarcinomas),
whereas in the case of another group of cancers (gastric, prostate, colo-
rectal) high SCAI expression correlated with poor survival of patients (f
gastric cancers, g prostate cancers, h colorectal cancers, i grade 2 colo-
rectal cancers, j grade 3 colorectal cancers). Hazard ratios calculated
based on these data are presented in Table 1
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observations in glioma cells: SCAI downregulation activated
Wnt/β-catenin signaling, and blockade of the Wnt/β-catenin
pathway abrogated the effects of SCAI downregulation on
glioma cell aggressiveness. Further, expression of key EMT
regulators Snail and TWIST is also SCAI-regulated [6]. Here
we demonstrated that angiotensin II induced SMA promoter

activation can be influenced by the presence of SCAI, simi-
larly to influencing TGF-β1-dependent signaling.

Despite earlier controversies, EMT and epithelial plasticity
are important mechanisms during renal fibrosis [27]. In this
context we showed earlier that kidneys of diabetic rats and
mice with unilateral ureteral obstruction depicted significant

Fig. 4 SCAI expression in human cancer tissues. a SCAI gene
expression was compared in a breast cancer gene expression dataset
(GDS3853): healthy breast tissue (healthy, n = 5), ductal carcinoma in
situ (DCIS, n = 9), invasive ductal carcinoma (IDC, n = 5). SCAI
expression significantly declined in breast cancers as compared to
healthy breast tissue (* p < 0.05, Kruskal-Wallis with Dunn’s multiple
comparison test). b SCAI gene expression was compared in a colorectal
cancer gene expression dataset (GSE21815): normal colon mucosa (nor-
mal, n = 9), colorectal cancer stage 1 (stage 1, n = 13), colorectal cancer
stage 2 (stage 2, n = 26), colorectal cancer stage 3 (stage 3, n = 17),
colorectal cancer stage 4 (stage 4, n = 10). SCAI mRNA expression
significantly increased in colorectal cancers as compared to normal colon

mucosa, irrespective of the stage of the disease (** p < 0.01, ***
p < 0.001, Kruskal-Wallis with Dunn’s multiple comparison test). c
SCAI gene expression was compared in a metastatic colorectal cancer
gene expression dataset (GDS4393): primary lesions (n = 33), metastatic
lesions (n = 21). There was no significant difference in SCAI mRNA
expression levels between primary lesions and metastatic lesions of co-
lorectal carcinoma patients. d SCAI expression in colorectal cancers,
representative images of SCAI immunohistochemistry. SCAI was
expressed in normal colonmucosa at lower levels, colon adenocarcinoma
presented a high expression of SCAI. A H-score quantification of SCAI
immunohistochemistry analysis of 9 colorectal cancer patient tissues is
shown in Table 2
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loss of SCAI expression [5]. Here we bring further in vivo
data on the alterations of SCAI expression during renal fibro-
sis. SCAI mRNA expression was diminished in kidneys of
TGF-β1 transgenic mice, and SCAI protein expression dra-
matically decreased in a model of renal transplant rejection,
findings in concordance with our earlier observations.

As for the context of cancer, the current understanding is that
SCAI is downregulated in cancers and is a suppressor of tumor
cell invasion [4]. In glioma cells SCAI also inhibited the self-
renewal ability of tumor cells, suggesting a more complex role in
suppressing cancer progression. Observations on human breast
cancer tissue evidenced that SCAI is downregulated in breast
cancer [7, 28]. Accordingly, when assessing its prognostic value
in databases, decreased expression of SCAI correlated with poor
survival of breast and lung cancer patients. However, a contra-
dicting observation was made in other types of cancers (gastric,
prostate, and colorectal) where low SCAI expression correlated
with better survival. Interestingly, in publicly available expres-
sion databases we found that SCAI expression is increased in
stage 1–4 colorectal cancers when compared to healthy tissue.
Further, there was no significant difference between SCAI ex-
pression in primary colorectal tumors or metastatic foci.
Immunohistochemical analysis of human colorectal cancer spec-
imens also evidenced an increase in SCAI staining in primary
tumors, as compared to healthy tissue. This is not the only ob-
servation of this kind, Wilms´ tumors are also characterized by
high levels of SCAI expression, whereas other types of kidney
tumors express low levels of SCAI [5]. These observations could
mean that SCAI expression during cancer development could
vary depending on the cell type of origin of the tumors. Indeed,
it is well known that certain proteins may have pleiotropic func-
tions, for example Notch can be tumor suppressive or oncogenic
depending on the cellular context [29]. The limited amount of
data available so far indicates a more complex role of SCAI in
the pathophysiology of human disease.

The cellular function of SCAI has been only partially eluci-
dated. Its potential involvement in cell plasticity and metastasis

can be explained by a mechanism involving the inhibition of
MRTF-SRF dependent signaling [4–6]. Yet other specific effects
still need to be elucidated. For example SCAI was shown to
interact with the tumor suppressing SWI/SNF chromatin remod-
eling complex [7]. SCAI also interacts with heterochromatin
protein 1 (HP1, product of the CBX5 gene) [30], which functions
primarily as a gene silencer. Intriguingly, SCAIwas also found to
interact with KDM3B, anH3K9me1/2 histone demethylase [31].
Interestingly, the amino acid sequence of SCAI contains a PIP
box defined by the Q-x-[x]-I/L/V-x-[x]-F/Y/W/H-F/Y/W/H se-
quence [32], at positions 526–532, which is known to be found
in many PCNA-interacting proteins. Proteins binding to PCNA
via the PIP-box are mainly involved in DNA replication and
chromatin assembly [33]. PCNA binds to several regulators of
chromatin organization, for example HDAC1, which plays an
important role in gene silencing [34], WSTF-SNF2H chroma-
tin-remodeling complex, or human heterochromatin protein HP1
[35]. Complexing of SCAI with these proteins hint to a poten-
tially wider role for SCAI in chromatin organization. In concor-
dance to these observations and hypothesis, it has been evidenced
that SCAI is also involved in double-strand break repair mecha-
nisms [36]. Recent data indicated that SCAI facilitates the recruit-
ment of BRCA1 to damage sites during homology-directed re-
pair [37], a functional synergy possibly relevant in the context of
EMT as well: similarly to SCAI, BRCA1 is also known to sup-
presses EMT [38].

The data obtained in this study clearly provide new evi-
dence for the involvement of SCAI in regulating cell plasticity
and EMT. SCAI expression declines during renal fibrosis, and
may have a prognostic value for certain cancers. The study
brings further evidence to show that there are tumors where
SCAI is not downregulated as hypothesized before, moreover,
the prognostic value of SCAI in different tumors is contradic-
tory. Thus, further studies are needed to elucidate the exact
roles of SCAI during physiological and pathophysiological
mechanisms and to implicate SCAI or its regulators as thera-
peutic targets.

Table 2 H-scoring of SCAI immunohistochemistry analysis of 9 human colorectal carcinoma and adjacent healthy tissues

Patient Gender Age Location of tumor Grade T N Dukes MAC K-RAS MSI Ave H score Normal Ave H score Tumor

1 M 84 Coecum 2 3 0 B B2 Mut12 0 1.33 31.83

2 F 74 Sigma 2 3 0 D D Mut12 0 0.10 4.64

3 F 59 Descendens 2 3 1 C C2 WT 0 0.00 26.71

4 F 57 Flex.hepatica 3 3 0 B B2 WT 1 0.40 16.37

5 M 73 Ascendens 2 3 0 B B2 WT 0 1.20 11.40

6 F 66 Ascendens 3 3 2 D D WT 0 3.28 15.71

7 F 53 Coecum 2 3 2 C C3 Mut12 0 2.82 29.19

8 F 67 Sigma 2 3 1 D D WT 0 4.70 67.61

9 F 75 Rectum 2 3 2 C C3 WT 0 1.53 34.29

M: male; F: female; Mut12: mutation in codon 12; WT: wild type; Ave H score Normal: SCAI immunohistochemistry average H score value for normal
tissue; Ave H score Tumor: SCAI immunohistochemistry average H score value for tumor tissue
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