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Abstract

Neural cell adhesion molecule (NCAM) and fibroblast growth factor receptor 1 (FGFR1)
cross-talk have been involved in epithelial-to-mesenchymal transition (EMT) process during
carcinogenesis. Since EMT also contributes to maladaptive repair and parenchymal dam-
age during renal fibrosis, we became encouraged to explore the role of NCAM/FGFR1 sig-
naling as initiating or driving forces of EMT program in cultured human proximal tubular
epithelial cells (TECs). TECs stimulated with TGF-31 (10ng/mL) was used as an established
in vitro EMT model. TGF-B1 downstream effectors were detected in vitro, as well as in 50
biopsies of different human kidney diseases to explore their in vivo correlation. NCAM/
FGFR1 signaling and its modulation by FGFR1 inhibitor PD173074 (100nM) were analyzed
by light microscopy, immunolabeling, gRT-PCR and scratch assays. Morphological
changes associated with EMT appeared 48h after TGF-31 treatment and was clearly appar-
ent after 72 hours, followed by loss of CDH1 (encoding E-Cadherin) and transcriptional
induction of SNAI1 (SNAIL), SNAI2 (SLUG), TWIST1, MMP2, MMP9, CDHZ2 (N-Cadherin),
ITGAS (integrin-a5), ITGB1 (integrin-B1), ACTAZ2 (a-SMA) and S100A4 (FSP1). Moreover,
at the early stage of EMT program (24 hours upon TGF-1 exposure), transcriptional induc-
tion of several NCAM isoforms along with FGFR1 was observed, implicating a mechanistic
link between NCAM/FGFR1 signaling and induction of EMT. These assumptions were fur-
ther supported by the inhibition of the EMT program after specific blocking of FGFR1 signal-
ing by PD173074. Finally, there was evidence for an in vivo TGF-1 pathway activation in
diseased human kidneys and correlation with impaired renal excretory functions. Collec-
tively, NCAM/FGFR1 signaling appears to be involved in the initial phase of TGF-31 initiated
EMT which can be effectively suppressed by application of FGFR inhibitor.
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Introduction

Progression of chronic kidney disease (CKD) remains an unsolved problem in clinical
nephrology since approaches to reverse or repair chronic renal injury are not yet available [1].
Independent of the underlying disease, loss of functional kidney parenchyma and tubulo-
interstitial fibrosis is commonly observed when kidney injury progresses towards CKD [2]. In
this regard, epithelial-to-mesenchymal transition (EMT) program of tubular epithelial cells
(TECs) and consecutive G2/M cell arrest have been shown to determine maladaptive kidney
repair in response to injury, ultimately associated with renal fibrogenesis and progression into
CKD [3, 4]. Persistent efforts to modulate CKD progression have led scientists to better under-
stand molecular mechanisms driving renal fibrosis [5]. TGF-B1 is considered as a key mediator
of intrarenal EMT program and renal fibrosis [6-8]. Preclinical studies established many effec-
tive strategies to attenuate EMT program in rodents [9-11], but only a few of them are applica-
ble in humans [6]. Moreover, the few proposed therapy strategies efficient to reduce human
renal fibrosis, unfortunately also stimulated inflammation [9, 12]. Thus, further investigations
to develop new strategies to modulate EMT program should focus on down-stream effectors
of TGF-P1 signaling pathway. It has been previously shown that TGF-B1 induces over-expres-
sion of FGFR family members [13, 14].

Since our previous observations have suggested an involvement of neural cell adhesion
molecule (NCAM) and fibroblast growth factor receptor 1 (FGFR1) in the early phase of renal
interstitial fibrosis [15, 16], and considering EMT program mediated by TGF-B1 as a major
regulator of fibrotic tissue response in the kidney [6], we decided to explore the relevance of
NCAM/FGEFR interactions and effects of their interplay also after their modulation by FGFR1
inhibitor (PD173074) on TGF-B1-induced EMT in cultured human cells. Furthermore, clin-
ico-pathological relevance of TGF-B1 dependent EMT activation was evaluated in diseased
human kidneys.

Results

Altered NCAM/FGEFR signaling is mechanistically involved in EMT
program initiation

Human proximal tubular epithelial cells (HK-2) were tested for expression levels of NCAM
(three isoforms: NCAM-120, NCAM-140, NCAM-180) and of FGFR1 during EMT program
initiation upon TGF-P1 exposure (10ng/uL). gRT-PCR analysis revealed robust induction of
NCAM isoforms (NCAM-140 and NCAM-180) along with FGFRI 24 hours after TGF-1 stim-
ulation (Fig 1A), whereby morphological differences were not visible yet on light microscopy
(Fig 1B). However, 48 hours after TGF-B1 exposure, several HK-2 cells started to change and
lose their epithelial phenotype acquiring typical spindle shaped appearance, while many of the
cells still kept normal epithelial morphology (Fig 1B). At that time point, rapid decrement of
NCAM and FGFRI mRNA levels was observed (Fig 1A). Genes involved in EMT program
were highly over-expressed 48 hours after TGF-B1 stimulation (Fig 1C), indicating that altered
NCAM/FGEFR signaling acts upstream in response to TGF-B1 driving EMT program. This is
supported by increased mRNA expression levels of genes of the EMT pathway, such as of
SNAI2 (encoding SLUG), SNAII (encoding SNAIL), TWIST1, MMP2, MMP9, S100A4 (encod-
ing FSP-1) and ACTA2 (encoding a-SMA) (Fig 1C), indicating robust induction of the EMT
program. Based on these observations, we next explored the relevance of NCAM/FGER induc-
tion in the initiation of EMT by blocking FGFR signaling. Therefore, we again induced EMT
program of HK-2 cells upon TGF-B1 exposure but only after 1 hour prior blocking of FGFR
signaling by PD173074. Inhibition of FGFR-dependent signaling morphologically attenuated
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Fig 1. Time-dependent morphological and molecular changes upon TGF-B1 stimulation of proximal tubular epithelial cells (HK-2 cells).
(A) Relative mRNA expression levels of NCAM isoforms (NCAM-120, NCAM-140, NCAM-180) and FGFRI at the indicated time points after
TGF-B1 treatment (n = 2 independent biological replicates performed in three technical replicates, data are presented as means). (B) Cell
morphology observed at indicated time points by optical microscopy in control cells, as well as in cells treated with TGF-B1 alone and in addition
to PD173074. (C) Relative mRNA expression levels of genes known to be affected during TGF-1 stimulation (SNAII, SNAI2, TWISTI, MMP2,
MMP9, S100A4, ACTA2) measured 24 and 48 hours after TGF-p1 treatment of HK-2 cells (n = 2 independent biological replicates performed in
three technical replicates, data are presented as means).

https://doi.org/10.1371/journal.pone.0206786.9001

EMT program in cultured TECs (Fig 1B), supporting a mechanistic link between FGFR signal-
ing and induction of EMT program [17].

These observations were further confirmed by scratch assay analysis of the HK-2 cells cul-
tured in wells. TGF-P1 treated cells migrated faster than control cells, while FGFR blocker
PD173074 normalized cell migration (Fig 2A-2E).

These results were further confirmed by qRT-PCR. PD173074 effectively blocked TGF-
Bl-induced SNAII, SNAI2 and TWIST mRNA expression levels (Fig 3A and 3B), and was
associated with attenuated mRNA expression levels of S100A4 and ACTA2 (Fig 3C and
3D) and normalization of CDH1, CDH2, MMP2, MMP9, ITGA5 and ITGBI (Fig 4A-4F)
in HK-2 cells.

In summary, FGFR signaling was mechanistically involved in EMT program initiation. In
addition, FGFR signaling blocking effectively blocked EMT program in cultured TECs. We
next explored underlying mechanisms of such down-regulation of the EMT program.
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Fig 2. Scratch assay analysis in experimental groups. (A-E) Representative photomicrographs of scratch assay analysis of control cells
and cells treated with TGF-p1 alone or in combination with PD173074 at indicated time points (percentage was calculated in
comparison to day 0, n = 3 independent measurements, data are presented as meanszs.d., values of p were calculated using Mann-
Whitney U test for the first two experimental days and Student’s t test for two independent samples for the 3™ day).

https://doi.org/10.1371/journal.pone.0206786.9002
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Fig 3. Modulation of gene expressions by PD173074 in TGF-$1 stimulated HK-2 cells. (A,B) Analyzed by qRT-PCR, relative mRNA
expression levels of SNAII, SNAI2 and TWIST] at indicated time-points are shown (n = 2 independent biological replicates performed in
three technical replicates, data are presented as meanszs.d., values of p were calculated using Mann-Whitney U test or Student’s t test for two
independent samples, depending on the normality of data distribution within these two groups assessed by Kolmogorov-Smirnov and
Shapiro-Wilk tests, as well as considering skewness and kurtosis values). (C,D) Analyzed by qRT-PCR, relative mRNA expression levels of
S100A4 and ACTA? at indicated time-points are shown (n = 2 independent biological replicates performed in three technical replicates, data
are presented as meansts.d., values of p were calculated using Mann-Whitney U test or Student’s t test for two independent samples,
depending on the normality of data distribution within these two groups assessed by Kolmogorov-Smirnov and Shapiro-Wilk tests, as well as
considering skewness and kurtosis values).

https://doi.org/10.1371/journal.pone.0206786.9g003

FGEFR inhibition attenuates TGF-B1-dependent SMAD signaling responses

Since our previous results (with regard to cell morphology, cell migration capacity and gene
expressions estimated by qRT-PCR) revealed the efficacy of FGFR inhibitor PD173074 to sup-
press EMT program in cultured TECs, we next evaluated presence and localization of TGF-f1
down-stream effectors such as SMAD proteins, SNAIL, TWIST1, o-SMA and N-cadherin in
addition to vimentin as an intermediate filament protein characteristic for mesenchymal cells
and Ki-67 as a marker of cell proliferation. SMAD2 and SMAD3 proteins became phosphory-
lated upon TGEF-B1 stimulation and were detected in the nuclear compartment as pPSMAD2
and pSMAD3 either 48h or 72h after stimulation (Fig 5A1 and 5A3 and Fig 5B1 and 5B3).
These green fluorescent dots representing aforementioned pSMAD proteins were not detect-
able in cells co-treated with PD173074 (Fig 5A2 and 5A4 and Fig 5B2 and 5B4), suggesting
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Fig 4. Modulation of gene expressions by PD173074 in TGF-$1 stimulated HK-2 cells. (A,B) Analyzed by qRT-PCR, relative nRNA
expression levels of CDH1 and CDH?2 at indicated time-points are shown (n = 2 independent biological replicates performed in three
technical replicates, data are presented as meanszs.d., values of p were calculated using Mann-Whitney U test or Student’s t test for two
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independent samples, depending on the normality of data distribution within these two groups assessed by Kolmogorov-Smirnov and
Shapiro-Wilk tests, as well as considering skewness and kurtosis values). (C,D) Analyzed by qRT-PCR, relative mRNA expression levels of
MMP2 and MMPS at indicated time-points are shown (n = 2 independent biological replicates performed in three technical replicates, data
are presented as meansts.d., values of p were calculated using Mann-Whitney U test or Student’s t test for two independent samples,
depending on the normality of data distribution within these two groups assessed by Kolmogorov-Smirnov and Shapiro-Wilk tests, as well as
considering skewness and kurtosis values). (E,F) Analyzed by qRT-PCR, relative mRNA expression levels of ITGA5 and ITGBI at indicated
time-points are shown (n = 2 independent biological replicates performed in three technical replicates, data are presented as means+s.d.,
values of p were calculated using Mann-Whitney U test or Student’s t test for two independent samples, depending on the normality of data
distribution within these two groups assessed by Kolmogorov-Smirnov and Shapiro-Wilk tests, as well as considering skewness and kurtosis
values).

https://doi.org/10.1371/journal.pone.0206786.g004

that FGFR inhibition suppressed TGF-B1 signaling through inhibition of SMAD dependent
downstream actions.

48h after treatment 72h after treatment
TGF-B + PD173074 TGF-B TGF-B + PD173074

p-SMAD2/

Fig 5. Double immunofluorescent labeling of proteins involved in TGF-p1 signaling pathway. (A-D) Representative photomicrographs of cells immunolabeled for
PSMAD2/Vimentin (A1-A4), pPSMAD3/Ki-67 (B1-B4), SNAIL/oSMA (C1-C4) or TWIST1/N-cadherin (D1-D4) are shown.

https://doi.org/10.1371/journal.pone.0206786.9005

PLOS ONE | https://doi.org/10.1371/journal.pone.0206786 November 1,2018 7/18


https://doi.org/10.1371/journal.pone.0206786.g004
https://doi.org/10.1371/journal.pone.0206786.g005
https://doi.org/10.1371/journal.pone.0206786

®PLOS | one

NCAM/FGFR1 modulates EMT

Since PD173074 acts as small ATP competitive inhibitor of tyrosine/kinase receptors, it was
not clear how serine/threonine dependent phosphorylation of SMAD proteins was affected by
administration of PD173074. Thus, we decided to look at an even earlier time point and per-
formed immunolabeling 24h after stimulation with TGF-B1 alone and with TGF-B1+-
PD173074 in comparison. Surprisingly, pPSMAD3 was detected in the cytosol, but not in the
nuclei, in both experimental groups, indirectly implicating that PD173074 did not cross-react
with serine/threonine dependent SMAD phosphorylation (Fig 6).

A possible explanation for the later disappearance of pSMAD?3 from the cells could be pro-
longed effects of PD173074 through prevention of nuclear translocation of pPSMAD3 and stim-
ulation of its degradation in the cytosol. Vimentin is known as intermediate filament protein
of mesenchymal cells and is also expressed in normal human proximal tubular epithelial cells
[18]. Vimentin was expressed upon exposure to TGF-B1, as well as upon additional blockade
with PD173074. However, the pattern of vimentin expression differed among the respective
cell culture groups. While in TGF-1 treated cells vimentin filaments spread through the
whole cytoplasmic compartment making a fine network appearance, addition of PD173074
induced perinuclear aggregation of vimentin (Fig 5A1-5A4) as it was also previously shown in
normal epithelial cells [18]. Based on immunofluorescent staining, nuclear detection of Ki-67
was observed in each cell group, thus there was no influence of PD173074 on cell proliferation
(Fig 5B1-5B4), although migration capacity was reduced (compare to Fig 2). TGF-B1 stimula-
tion caused widespread SNAIL protein expression (Fig 5C1 and 5C3), besides its effect on sig-
nificant transcriptional up-regulation of SNAIL mRNA (compare to Fig 3A and 3B). At 48h of
the experimental culture conditions, SNAIL was detected both in the cytoplasm and the nuclei
(Fig 5C1). These findings were confirmed the next day (72h), when the specific green immu-
nofluorescent signal became even stronger in the nuclear compartment (Fig 5C3). Pre-treat-
ment with PD173074 prevented SNAIL protein appearance either in the cytoplasm or the
nuclei during 48h of experimental culture (Fig 5C2) and correlated with strong down-regula-
tion of SNAIL mRNA expression (compare to Fig 3A). However, 72h later upon the same
treatment, SNAIL was weakly detectable in nuclei of few HK-2 cells (Fig 5C4) but still signifi-
cantly less compared to TGF-B1 treated group (Fig 5C3). TWIST was significantly over-
expressed in TGF-f1 treated group both on mRNA (Fig 3A and 3B) and protein level (Fig 5D1
and 5D3). Although PD173074 pre-incubation reduced TWIST mRNA level (Fig 3A and 3B),
TWIST protein was still visible in the respective cells. At 48h TWIST was mainly detected in
the cytoplasm, but some HK-2 cells showed TWIST also in nuclei after incubation with
PD173074 and TGF-B1. 0-SMA, as a characteristic protein of myofibroblast differentiation
upon TGF-P1 stimulation, was observed in the cytoplasm of HK-2 cells both at 48h and 72h of
TGF-B1 treatment (Fig 5C1 and 5C3). This phenotype was not detected in the cell culture
group stimulated with TGF-B1 after PD173074 pre-incubation, since all cells lacked o-SMA
expression (Fig 5C2 and 5C4). These results obtained by immunofluorescent labeling corre-
lated to qRT-PCR data of a-SMA mRNA expression (Fig 3C and 3D). Despite significant dif-
ferences in N-cadherin mRNA expression between control cultures, TGF-B1 and TGF-
B1-PD173074 treated groups of HK-2 cells (Fig 4A and 4B), immunolabeling showed the pres-
ence of N-cadherin (cell surface red immunofluorescent signal) in all cell groups (Fig 5D1-
5D4).

EMT program is associated with the impaired renal excretory function and
chronic kidney disease

Among 50 biopsy samples of patients presenting with proteinuria (alone or as a part of
nephrotic syndrome), constitutive expression of SMAD3 was detected in all cases in distal
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TGF-B + PD173074

Fig 6. pSMAD3 immunofluorescent labeling 24h upon TGF-p1 stimulation. (A,B) Representative
photomicrographs of cells immunolabeled for pPSMAD3 upon TGF-f1 alone or in combination with PD173074 are
shown.

https://doi.org/10.1371/journal.pone.0206786.9006

tubules and collecting ducts with cytoplasmic and membranous expression pattern (Fig 7A).
Proximal tubular epithelial cells and atrophic tubules did not express SMAD3, as shown on
(Fig 7B-7D). Therefore, SMAD3 immunoreactivity was a characteristic signature of morpho-
logically preserved cortical and medullar distal tubules and collecting ducts and was not related
to chronic renal parenchymal damages (interstitial fibrosis and tubular atrophy).

On the other hand, SMAD2 protein was expressed in nuclei of many different epithelial
structures of the nephron. This spectrum included distal tubules, collecting ducts and parietal
cells of Bowman’s capsule. Moreover, in contrast to SMAD3, SMAD2 was present diffusely in
nuclei of all atrophic tubules surrounded by interstitial fibrosis (Fig 7E), whereby morphologi-
cally preserved proximal tubules were devoid of SMAD2 immunoreactivity.

SNAIL transcription factor had an almost identical distribution and pattern of expression
as SMAD?2. Thus, all atrophic tubules with SMAD?2 presence in nuclei displayed also expres-
sion of SNAIL (Fig 7F).

Furthermore, abundance of SMAD2 and SNAIL in TECs correlated with interstitial fibrosis
(p<0.001) and tubular atrophy (p<0.001, Fig 8A and 8B).

These observations were confirmed with regard of renal excretory function, individuals
who expressed SMAD2 in nuclei of proximal tubule cells (i.e. all atrophic tubuli) had signifi-
cantly higher urea and creatinine levels, as well as significantly reduced eGFR (Table 1). Fur-
thermore, there were statistically significant more SMAD2 and SNAIL positive cases (with
regard to nuclear tubular expression) with each increase in CKD stage (Table 1).

Discussion

NCAM is widely expressed during embryonic human kidney development in the metanephric
mesenchyme and its derivates (precursors of tubular epithelium), and progressively disappears
following the maturation of nephron structures [19]. In the adults, NCAM is completely absent
in normal tubular epithelium and could be only detected on scarce cells situated within the
interstitial compartment [14, 15]. However, our previous research had revealed increased
NCAM expression on renal interstitial cells at initial stages of renal fibrosis with consecutive
disappearance at later and terminal fibrotic changes of human kidneys [14, 15]. Furthermore,
it has been also shown that NCAM is transiently expressed by peritubular interstitial cells in
the acutely injured animal kidneys [20]. These observations encouraged us to consider a possi-
ble role of NCAM molecule in kidney fibrosis, especially during the initiation of this process.
Despite controversial opinions on the role and existence of EMT driving fibrosis in vivo [21,
22], NCAM re-expression on tubular epithelial cells had been also associated with regenerative
and/or EMT activity in animal models of kidney injury [23]. Therefore in humans in vitro
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Fig 7. Abundance of SMAD3, SMAD2 and SNAIL within human CKD lesions. (A,B) Representative
photomicrographs of human kidney specimens immunolabeled for SMAD3 in collecting ducts in renal medulla (200x,
A), SMAD?3 in distal tubules in renal cortex (200x, B). (C-H) Representative photomicrographs of interstitial fibrosis
and tubular atrophy with global glomerulosclerosis in a patient with end-stage kidney disease stained for PAS (400x,
C), SMAD3 in collecting ducts in renal cortex and absence of SMAD?3 in atrophic tubuli (400x, D), SMAD2 in atrophic
tubules surrounded with interstitial fibrosis (400x, E), SNAIL in atrophic tubules surrounded with interstitial fibrosis
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(400x, F), in podocytes in patient with nephrotic range proteinuria (400x, G) and in podocytes in a patient with sub-
nephrotic proteinuria (400x, H).

https://doi.org/10.1371/journal.pone.0206786.9007

studies of EMT promised to give insight into NCAM molecular function and relation to EMT.
Since we had previously detected that NCAM expressing renal interstitial cells in human kid-
neys occasionally express FGFR1 molecule [15], we considered a potential cross-talk between
these molecules with subsequent signaling stimulation of EMT [24-29]. We here explored for
the first time significance and involvement of NCAM/FGFR interplay during EMT program
in cultured TECs, as well as practical clinical and pathological relevance of EMT in human kid-
ney diseases.

NCAM and FGEFR signaling alone have already been described during EMT program and it
has been noticed that both molecules are fundamental for EMT in vitro [24-31]. However, rel-
evance of their interplay during EMT program in the kidney has not been evaluated yet,
although NCAM signaling through the activation of FGF receptor and induction of its down-
stream effectors is known to be significant in oncology researches [24-26]. It is well known
that functional cooperation between these two molecules results in the induction of FGFR sig-
naling directly stimulated by NCAM molecule [27-30]. However, FGFR signaling induced by
NCAM stimulation differs from the pathway initiated by other ligands such as FGF. In the
absence of FGF, activation of FGFR by NCAM specifically promotes characteristic FGF recep-
tor cellular trafficking and recycling that results in sustained FGFR signaling [27-30], leading
to enhanced cell migration with invasive and aggressive biological behavior [24, 26, 32].

Since we observed in cell cultures of tubular epithelial cells early induction of NCAM and
FGFRI upon exposure to TGF-B1, as a proto-typical mediator of intrarenal EMT program and
kidney fibrosis, it was reasonable to consider and test for an opportunity to modulate or even
prevent EMT program by modulation of NCAM/FGEFR signaling responses. The majority of
morphological and molecular TGF-B1 induced changes of TECs were obviously suppressed by
inhibition of NCAM induced FGFR signaling, primarily acting through a SMAD dependent
pathway. Altogether, it became apparent that NCAM and FGFR1 are the earliest up-regulated
molecules upon TGF- B1 stimulated EMT program whose mechanistic co-operation can be
effectively suppressed by FGFR inhibitor (PD173074) administration. The efficiency of
PD73074 to modulate EMT events during carcinogenesis has been already investigated, as well
as its therapeutical potential to reduce hearth fibrosis [17, 33-36].
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Fig 8. Distribution of nuclear SMAD2 and SNAIL tubular expressions with regard to CKD stage. (A,B) Presence and absence of nuclear
SMAD?2 and SNAIL expression in tubular epithelial cells of human kidney specimens with interstitial renal fibrosis (IRF, A) and tubular
atrophy (TA, B).

https://doi.org/10.1371/journal.pone.0206786.g008
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Table 1. Clinical and laboratory parameters recorded at the time of biopsy in patients with and without SMAD2 and SNAIL expressing tubular epithelial cells.

age (years)
CKD stage n (%)

serum creatinine [umol/L]
eGFR [ml/min/1.73m’]
urea [mmol/L]

glucose [mmol/L]

clinical and laboratory parameters SMAD?2 and SNAIL expressing tubuli p value
tubulytubular epithelial cells
absent present
40.0+17.6 44.9+14.8 0.354
CKD1 9 (69.2%) 4(30.8%) 0.001*
CKD2 3 (30.0%) 7 (70.0%)
CKD3 2 (16.7%) 10 (83.3%)
CKD4 0 (0.0%) 4 (100%)
CKD5 0 (0.0%) 1 (100%)
84.5+29.3 129.7+68.3 0.006*
95.9+33.3 61.7+38.1 0.007*
7.3£1.9 9.8+4.9 0.026"
5.0+0.6 4.9+0.9 0.795
4.2+2.3 6.2+4.5 0.072

proteinuria [g/24h]
*-statistical significance

https://doi.org/10.1371/journal.pone.0206786.t001

Considering renal fibrosis as a common consequence of many kidney diseases, require-
ments for novel anti-fibrotic therapies are growing [1]. For the first time, we here provide evi-
dence for a direct mechanistic link between NCAM and FGFR signaling in the initiation of
EMT program in TECs, and also explore clinical relevance of TGF-B1 downstream effectors
detection in human kidney biopsies revealing their association with impaired renal excretory
function and chronic kidney disease development. Since aberrant NCAM/FGEFR signaling is
equally present among various human renal diseases especially at the beginning of renal inter-
stitial fibrosis [15, 16], and TGF-B1 is considered as master inducer of fibrogenic responses in
the kidney, our current findings could have significant translational implications. Finally,
modulation of such NCAM/FGEFR signaling as established by PD173074 effectively blocks
EMT program in cultured TECs, offering new insights into aberrant EMT program during
renal fibrosis and new therapeutical targets for such EMT program. Since the therapeutic effi-
cacy of PD173074 has been investigated and proven in various cancers but also non-cancerous
diseases and already entered clinical testing [17, 34-36], our findings expand our knowledge of
a putative role of NCAM/FGEFR in EMT program initiation and renal fibrosis and it is attrac-
tive to speculate that specific modulation of such NCAM/FGEFR signaling could be equally
effective in the treatment of renal disease associated with aberrant EMT program. There is no
cure for CKD that affects more than million lives each year, but researchers may now be at
least one step closer.

Material and methods
Cell culture experiments

HK-2 cells (ATTC, Manassas, USA) are immortalized proximal tubule epithelial cells derived
from normal adult human kidney. They were cultured in 6-well plates with DMEM medium
supplemented with 10% FCS and 1% penicillin/streptomycin at 37°C in 5% CO, air. Cells
were seeded at concentration of 4x10*cells/ml of medium. After one day of culture,
DMEM-ECS growth medium was removed and serum-free DMEM was added. Experimental
procedures were started on the third day (24 hours after starvation) and completely conducted
under serum-free conditions. Four groups of HK-2 cell cultures were kept and used as follows:
a) a control well, b) a TGF-B1 exposed well, ¢) a PD173074 exposed well, and d) a TGF-B1
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+PD173074 treated well group. HK-2 cells were first treated with 100nM PD173074 (Santa
Cruise, CAS 219580-11-7) and then stimulated with 10ng/mL recombinant human TGF-f1
(R&D Systems) one hour later. Cells were monitored by light microscopy at different culture
time points, depending on the experimental procedures.

Scratch assay

In order to estimate cell migration capacity in the 4 experimental culture groups, we made
scratches in the wells of the 6-well plate using 1000yl pipette tips. Scratches were done immedi-
ately prior to TGF-B1 stimulation. Distance between cells separated with the scratch was docu-
mented using Olympus XM10 camera and cellSence software (10x magnification) at three
distinct position points labeled in order to repeat and compare measurements at the same
positions later. Measurements were repeated 24, 48 and 72 hours after TGF-B1 application.

RNA isolation and real-time RT-PCR analysis

Cells were detached using trypsin and after washing with PBS they were centrifuged. Cell pel-
lets of each well were used for RNA isolation with TRIzol reagent (Invitrogen) and PureLink
RNA Mini Kit (Life Technologies) following manufacturer instructions. The quality of the iso-
lated RNA was assessed using NanoDrop 2000 spectrophotometer (Thermo Scientific). 100 ng
of total RNA, digested with DNasel (Sigma), was used for cDNA synthesis using SuperScript II
Reverse Transcriptase (Life Technologies). For quantitative real-time PCR (qRT-PCR) analy-
sis, diluted cDNA (1/10) was used as a template in a Fast SYBR Green Master Mix (Life Tech-
nologies) and run in a StepOnePlus Real-Time PCR System (Applied Biosystems) in a total
reaction volume of 20 pL. Primer sequences for detection and amplification of the tested
mRNA transcripts are shown in Table 2. Samples were run in triplicates and the mRNA
expression levels were quantitatively analyzed and normalized to the expression level of glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping gene. GAPDH primers were
provided by PrimerDesign as undisclosed sequences. Time points of RNA isolation and
qRT-PCR analyses of the cell cultures, depended on the genes of interest as indicated in
results.

Double immunofluorescence in vitro assays

On the first day, 10* HK-2 cells resuspended in 500uL of growth medium were seeded on 8
well culture slides (Falcon 8 Well culture slide, glass slide with polystyrene vessel, product
354118). Pre-culture and starvation of the cells in the test wells on serum-free DMEM as well
as experimental exposure to TGF-£31 with and without PD173074 was done as described
above. Thereafter cultures of HK-2 cells on the chamber slides were investigated by double
immunofluorescent staining as follows: After removal of medium, slides were briefly washed
with PBS. Then, -20°C pre-cooled 100% methanol was added to each well and culture slides
were kept at -20°C for 20 minutes. After removal of methanol and brief washes with PBS cul-
tured cells on the slides were permeabilized with 0.2% Triton X-100 in PBS for 15 minutes at
RT". Thereafter two washes with PBS again were performed and blocking of unspecific bind-
ing of the cells was done with 5% BSA dissolved in 0.1% Tween 20 in PBS for 1 hour at RT.
After washing with PBS cultured cells on the slides were incubated with specific primary anti-
bodies overnight at 4°C. Origin, specificity and dilution (1% BSA dissolved in 0.1% Tween 20
in PBS) of the applied antibodies are summarized in Table 3. After additional washes of the
slides (3x5min with 0.1% Tween 20 in PBS on shaking plate) on the following day, cells were
incubated with secondary antibodies (Table 3) for 1hour at RT". The slides were again washed
twice for 5 minutes with 0.1% Tween 20 in PBS on a shaking plate and prepared for incubation
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Table 2. Primer sequences used for qRT-PCR.

gene forward primer 5’ to 3’ reverse primer 5’ to 3’

NCAM-120 GAACCTGATCAAGCAGGATGACGG CTAACAGAGCAAAAGAAGAGTC
NCAM-140 GTCCTGCTCCTGGTGGTTGTG CCTTCTCGGGCTCCGTCAGT
NCAM-180 CGAGGCTGCCTCCGTCAGCACC CCGGATCCATCATGCTTTGCTCTC
FGFR1 GGCTACAAGGTCCGTTATGCC GATGCTGCCGTACTCATTCTC
S100A4 TCTTTCTTGGTTTGATCCTG GCATCAAGCACGTGTCTGAA
ACTA2 AAGCACAGAGCAAAAGAGGAAT ATGTCGTCCCAGTTGGTGAT
SNAI2 ACTCCGAAGCCAAATGACAA CTCTCTCTGTGGGTGTGTGT
SNAIl1 GGCAATTTAACAATGTCTGAAAAGG GAATAGTTCTGGGAGACACATCG
TWIST1 CTCAAGAGGTCGTGCCAATC CCCAGTATTTTTATTTCTAAAGGTGTT
MMP2 TACAGGATCATTGGCTACACACC GGTCACATCGCTCCAGACT
MMP9 TGTACCGCTATGGTTACACTCG GGCAGGGACAGTTGCTTCT
ITGA5 GGCTTCAACTTAGACGCGGAG TGGCTGGTATTAGCCTTGGGT
ITGB1 GTAACCAACCGTAGCAAAGGA TCCCCTGATCTTAATCGCAAAAC
CDH1 CATGAGTGTCCCCCGGTATC CAGTATCAGCCGCTTTCAGA
CDH2 TCAGGCGTCTGTAGAGGCTT ATGCACATCCTTCGATAAGACTG

https:/doi.org/10.1371/journal.pone.0206786.t002

with DAPI (1:1000 diluted in pure PBS) at RT* for 5 minutes. Chambers were removed and
slides were finally washed with PBS for 15 minutes on a shaking plate and covered using
Immu-Mount (ThermoScientific, 9990412) medium.

Human kidney biopsy samples

Kidney samples were obtained from 50 patients clinically presenting with different stages of
kidney insufficiency with nephrotic syndrome or proteinuria alone. The renal biopsies were
submitted to routine diagnostic and morphologic analysis at the Institute of Pathology, Uni-
versity of Belgrade-Faculty of Medicine before the rest of tissue specimens were used for fur-
ther research purposes. The pathological diagnoses of the included biopsies were as follows:
membranous glomerulonephritis (11 cases), focal-segmental glomerulosclerosis (9), mesan-
gio-proliferative glomerulonephritis (8), end-stage kidney disease (9), membrano-proliferative
glomerulonephritis (5), lupus nephritis (2), malignant hypertension (2), amyloidosis (2) and

Table 3. List of primary and secondary antibodies used for immunofluorescent staining.

Antibodies Manufacturer Source Dilution
Primary

P-Smad3 (9520S) Cell Signaling rabbit 1:100
p-Smad2 (3108S) Cell Signaling rabbit 1:100
Ki-67 (9449S) Cell Signaling mouse 1:200
Twistl (ABD29) EMD Millipore rabbit 1:100
SNAIL (ab180714) Abcam rabbit 1:100
Alpha-SMA (A5228) Sigma mouse 1:100
Vimentin (AB1620) EMD Millipore goat 1:20
N-Cadherin (610920) BD Transduction Laboratory mouse 1:50
Secondary

Anti-mouse IgG (H+L), Alexa Fluor 594 (A21203) Life technologies donkey 1:200
Anti-rabbit IgG (H+L), Alexa Fluor 488 (A21206) Life technologies donkey 1:200
Anti-goat IgG (H+L), Alexa Fluor 488 (A11055) Life technologies donkey 1:200

https://doi.org/10.1371/journal.pone.0206786.t003
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diabetic nephropathy (2 cases). Corresponding clinical and laboratory data of the patients
were collected from the medical records. Patients were clinically classified in chronic kidney
disease (CKD) stages, following the widely accepted KDIGO recommendations [37].

Immunohistochemistry

Immunohistochemical analysis of paraffin sections was performed according to standard pro-
cedures using antibodies against SMAD2 (1:100, clone 31H15L4, Thermo scientific), SMAD3
(1:500, clone EP568Y, ab40854, Abcam) SNAIL (1:100, ab180714, Abcam) antibodies. Labeling
procedure was done as previously described [38].

Ethics

All participants gave the written informed consents to participate in the study. The study was
carried out in accordance with the Code of Ethics of the World Medical Association (Declara-
tion of Helsinki) and was approved by the Ethic Committee of Faculty of Medicine, University
of Belgrade (approval no. 29/1I-15).

Statistical analysis

Statistical analysis was performed using the IBM SPSS software. Numerical variables among
groups were analyzed using Mann-Whitney U, Student t-test and/or ANOVA, depending on
the number of groups and data normality which was assessed with Kolmogorov-Smirnov and
Shapiro-Wilk tests, as well as with skewness and kurtosis values. Ordinal data (CKD stages)
were analyzed using Kruskal-Wallis test. p values <0.05 were considered to be significant.
Graphs were made using Microsoft Office Excel software package.
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