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Abstract: PIN1 is a phosphorylation-dependent peptidyl-prolyl cis/trans isomerase, overexpressed in many cancers,
including melanoma. Our immunohistochemistry data of melanoma patient tissue underline the up-regulation of
PIN1 in metastases. Here, we demonstrate important functions of PIN1 and its selective and cell permeable in-
hibitor 37 for the treatment of melanoma. To analyze its possible role in oncogenesis and as a therapeutic target,
we first suppressed PIN1 expression by a siRNA pool. PIN1 knockdown potently inhibited melanoma cell prolifera-
tion and vascular mimicry by influencing several cancer-relevant pathways. Furthermore, inhibitor 37 inhibited cell
growth in melanoma and induced apoptosis. Normal healthy melanocytes, keratinocytes and fibroblasts are not
affected by the PIN1 inhibitor 37. Combinatorial treatment of melanoma cells is with Vemurafenib as a common
therapeutic option for BRAF-mutated melanoma and inhibitor 37 resulted in a strong, synergistic effect on apopto-
sis of melanoma cell lines. In summary, targeting PIN1 offers a promising therapeutic approach to simultaneously
downregulate multiple cancer-driving pathways in cancer.
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Introduction

An important oncogenic signaling pathway is
the Ras/MEK/ERK pathway. MEK is constitu-
tively activated in the vast majority of melano-
mas due to activating mutations in the up-
stream proteins such as NRAS and BRAF, with
BRAF mutations being the oncogenic driver of
~50% of all melanomas [1]. Furthermore, both
normal and oncogenic BRAF proteins are ‘feed-
back’ phosphorylated on four Ser/Thr-Pro sites
(5151, T401, S750, and T753) by activated
MAP kinase ERK to interrupt the signaling pa-
thway. This feedback phosphorylation prev-
ents the binding of BRAF to activated RAS or
between C-RAF and BRAF, which alters the sig-
naling pathway of BRAF. Subsequently, the pep-
tidyl-prolyl cis-trans isomerase PIN1 contrib-
utes to the ‘recycling’ of BRAF proteins which
allows again the re-assembling of BRAF to build
heterodimers (RAS/BRAF; C-RAF/BRAF) to re-
activate the signaling pathway [2]. Here, PIN1
catalyzes conformational changes of the pro-
tein which represent a novel and tightly con-
trolled signaling mechanism regulating a spec-

trum of protein activities during physiological
and pathological processes [1].

In recent years, a growing number of proteins
has been reported as PIN1's substrates, includ-
ing tumor suppressor p53 [3, 4], proto-onco-
gene ¢c-MYC [5], cell-cycle proteins CDC25 [6],
Cyclin D1 [7], and many others proteins that are
generally not related to each other [8].

Activities of multiple transcriptional factors
such as c¢-FOS [9], c-JUN [7], NFkB [10] and
STAT3 [11] were influenced by nuclear PIN1
whereas the described BRAF signaling path-
way is dependent on cytoplasmic PIN1 [2]. Zhou
et al. [12] reported that PIN1 can switch on
more than 40 oncogenes and growth promot-
ers and/or switch off at least 20 tumor suppres-
sors and growth inhibitors through positive and
negative feedback mechanisms to simultane-
ously activate and/or amplify numerous cancer-
driving pathways.

Of particular interest is the observation that
PIN1 is often overexpressed in human cancers
including ~44% of melanoma [2, 3] and acti-
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vates multiple cancer-driving pathways [13].
PIN1 has been proposed as potential target for
the development of anticancer drugs. However,
until recently development of PIN1 inhibitors as
therapeutic agents has been challenging [13].
Although several families of small-molecule
and peptidyl inhibitors have been reported,
they often have poor potency or specificity (e.g.,
EGCG, Juglone), poor solubility (e.g., PiB) or low
cell-permeability (e.g., peptide inhibitors) [14].
Recently, Jiang and Pei reported a potent,
selective, and cell-permeable nonphosphory-
lated bicyclic peptidyl inhibitor against PIN1,
peptide 37 [15]. Peptide 37 inhibited HelLa cell
growth in a concentration-dependent manner
(with an IC,, value of 1.0 pM), whereas a con-
trol peptide (Peptide 47, which is cell-perme-
able but defective in PIN1 binding) did not. The
improved cell permeability and metabolic sta-
bility of peptide 37 makes it an attractive candi-
date for in vivo applications. Here, we show that
genetic knockdown of PIN1 via a siRNA pool
suppresses melanoma cell proliferation and
tube formation by blocking several cancer-driv-
ing pathways. Furthermore, peptide 37 induces
apoptosis of melanoma cells. These results
demonstrate that specific PIN1 inhibitors may
provide a novel treatment option for melano-
mas.

Targeted therapies for melanoma have revolu-
tionized the management of advanced BRAF-
mutated melanoma, specifically by using BRAF
inhibitors such as vemurafenib and dabrafenib
and MEK inhibitors such as cobimetinib and
trametinib. Combination regimens of the inhibi-
tors have improved clinical benefit compared
with monotherapy [16]. New therapies would
either have to enhance initial drug efficacy,
repress acquired drug resistance or inhibit
downstream targets of MEK in an alternative
manner. However, the role of PIN1 for improve-
ment of the efficacy of e.g. vemurafenib against
melanoma is unknown. Therefore, we consider
a combination of vemurafenib plus PIN1 inhibi-
tory peptide 37 in our analysis.

Material and methods
Cell culture and tissue samples

Mel Im and SK-Mel-28 (derived from human
metastases of malignant melanoma) were cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with penicillin (400 U/
ml), streptomycin (50 pg/ml) and 10% fetal calf
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serum (all from Sigma-Aldrich, Munich, Ger-
many). HaCaT cells [17] and FV fibroblasts were
cultivated in DMEM. All cell lines were incubat-
ed at 37°C in a humidified atmosphere contain-
ing 8% CO.,,.

Human tissue samples with clear-cut pathologi-
cal classification were obtained a tissue collec-
tion (Institute of Pathology, University of Rege-
nsburg, Germany). Sampling and handling of
patient material were carried out in accordan-
ce with the ethical principles of the Declaration
of Helsinki.

Transfection experiments and luciferase
analysis

Cells were plated 2 x 10° cells/well into 6-well
plates and transfected with a siPool against
PIN1 (siTools Biotech GmbH, Minchen, Ge-
rmany), 2 nM in a 6-well chamber, using the
RNAiMax (Invitrogen/Life Technologies GmbH,
Darmstadt, Germany), according to the manu-
facturer’s instructions.

For luciferase analysis 0.5 pg plasmid DNA
using the Lipofectamine Plus method (In-
vitrogen/Life Technologies GmbH) according
to the manufacturer’s instructions, was per-
formed. For the transient transfection, the
plasmids pAP-1-Luc (TGACTAA),, pSRE-Luc (TA-
GTTTCACTTTCCC),, pNFkB-Luc (TGGGGACTTT-
CCGC), and p21/WAF1-promoter-Luc [18] (Ad-
dgene, LGC Standards Teddington, UK) were
used. TOPflash/FOPflash reporter constructs
for measuring TCF/LEF activity in the beta-
catenin signaling pathway, were purchased
from Upstate/MERCK Millipore (Billerica, MA,
USA). The pRLTK (Renilla) (Promega, Mann-
heim, Germany) activity was used to standard-
ize the transfection efficiency of the luciferase
constructs.

Scratch closure

Migration of cells was assayed by scratch
assays. For scratch assays cells were seeded
at 5 x 10° per well into 6-well plates and
scratched by a pipette tip in a definite array.
Migration into this array was recorded by digital
photography at the same point in the scratch
and measured after 24 and 48 h.

Measurement of proliferation

The xCELLigence System (Roche, Mannheim,
Germany) is based on measurement of electri-
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cal impedance and permits real-time analysis
of proliferation. E-plates were used and basic
protocols recommended by the manufacturer
were followed. The bottom chambers contained
culture supernatant from human fibroblasts as
chemo-attractant. Upper chambers contained
serum-free DMEM. Cells suspended in serum-
free DMEM were added to the upper chambers
(2 x 10%/well). Thereafter, impedance can be
measured continuously over 72 h or longer.

Tube formation (vasculogenic mimicry)

Growth factor reduced Matrigel (BD Biosci-
ences, Heidelberg, Germany) was added to
eight-chamber polystyrene vessel tissue cul-
ture-treated glass slides (BD Bioscience, Hei-
delberg, Germany) and allowed to gelatinize for
20 min at 37°C. To assay vasculogenic mimic-
ry, 7 x 10* melanoma cells were seeded onto
Matrigel-coated culture slides. Tube formation
was assessed by phase contrast microscopy
after 16 h and recorded with a digital camera.

Angiogenesis array

The Human Angiogenesis Array Kit (R&D Sy-
stems, Proteome Profiler-Antibody Arrays, Wi-
esbaden-Nordenstadt, Germany) was perfor-
med as recommended by the manufactures
protocol. The pixel density was calculated with
ImagelJ software.

Clonogenic assay

The in vitro cell survival assay was performed
as described by Franken et al. [19].

RNA isolation, reverse transcription and quan-
titative RT-PCR

Total RNA was isolated using the E.Z.N.A.
MicroElute Total RNA Kit (Omega Bio-Tek, VWR
Darmstadt, Germany) according to the manu-
facturer’s instructions. RNA concentration was
measured with a NanoDrop spectrophotomet-
er (Peqlab Biotechnology GmbH, Erlangen, Ger-
many) and cDNA was generated by reverse
transcription using the Super Script Il Reverse
Transcriptase Kit (Life Technologies, Carlsbad,
USA), with each reaction containing 500 ng of
total RNA. Analysis of mRNA expression was
performed using quantitative Real-Time PCR on
the LightCycler 480 system (Roche, Mannheim,
Germany).
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Protein isolation and western blot analysis

Cells and tissues were lysed in 150 ul RIPA buf-
fer (Roche, Mannheim, Germany) for 15 min at
4°C and cell debris was separated via centrifu-
gation at 13,000 rpm and 4°C for 10 min.
Protein concentration was determined using
the Pierce BCA Protein Assay Kit (Thermo Fi-
sher Scientific, Rockford, USA). For each sam-
ple, 40 ug of total lysate were separated on
10% SDS-PAGE gels and subsequently trans-
ferred onto a PVDF membrane. After blocking
for 1 h with 5% BSA/PBS the membrane was
incubated overnight (4°C) with one of the fol-
lowing antibodies: anti-beta-ACTIN (Sigma-Al-
drich, Missouri, USA; 1:5000), anti-c-PARP (1 in
1000 dilution; Cell Signaling Technology, Frank-
furt a.M., Germany), anti-cytochrom ¢ (1 in
5000 dilution, Abcam, Cambridge, UK), anti-
AKT (1 in 2000 dilution, Cell Signaling Te-
chnology), anti-p-AKT (1 in 3000 dilution, Cell
Signaling Technology), anti-LaminB2 (1 in 2000
dilution, Cell Signaling Technology), anti-ERK (1
in 1000 dilution, Cell Signaling Technology),
anti-p-ERK (1 in 1000 dilution, Cell Signaling
Technology), anti-PIN1 (Santa Cruz Biotechno-
logy), anti-PIN1 (1 in 1000 dilution, R&D
Systems).

Nuclear and cytoplasmic separation of protein

The cells were lysed by incubating (4°C, 15 min)
with Buffer | (10 mM Hepes, pH 7.9, 10 mM
KCl, 0.1 mM EDTA, 0.1 mM EGTA, and 1 mM
DTT). After the addition of NP-40 (at a final con-
centration of 0.1%), the lysates were centri-
fuged at 10,000 rpm for 1 min at 4°C. The
supernatant with cytoplasmic proteins were
collected and frozen, the nuclear pellets were
agitated (4°C, 15 min) with Buffer Il (20 mM
Hepes, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM
EGTA, and 1 mM DTT) and were centrifuged for
10 min at 13,000 rpm at 4°C. The superna-
tants with the nuclear extracts were shock-fro-
zen in liquid nitrogen.

Quantification of apoptosis

For quantification of apoptosis, FACS analysis
was carried out after Pl (propidium iodide,
Promokine, PK-CA707-40017, 1 mg/mL) sta-
ining versus annexin-V staining (V-FITC, Pro-
mokine, PK-CA577-1001-200, 0.15 mg/mL).
Flow cytometry was performed as previously
described [20].
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Figure 1. PIN1 expression in melanoma cell lines. A. Quantitative real time
PCR analysis of PIN1 expression in melanoma cell lines in comparison
to four different donors of normal human epidermal melanocytes isolated
from human foreskin (NHEM). B. Representative western blot analysis of
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We next analyzed the PIN1
expression levels in tissue
samples derived from mela-
noma patients. Based on the
mRNA isolated from patient
samples, strongest PIN1 ex-
pression was detected in
melanoma metastases com-
pared to primary tumors
(Figure 2A). Using NCBI geo
profile data set GDS3966/
202927_at, highest expres-
sion of PIN1 was detectable

different melanoma cell lines which show the PIN1 expression in compari-

son to NHEM. The densitometry was calculated using the ImageJ software.
C. Comparison on PIN1 distribution in the cytoplasmic and nuclear com-
partments of melanoma cells. B-actin was used as loading control for cyto-
plasmic proteins and LaminB2 was used as loading control for nuclear pro-

teins.

Statistical analysis

The values for the experiments were presented
as the means = s.e.m. (standard error of the
mean) or percent. Significant differences were
determined with a 1-way ANOVA, except for
Figure 3 which was analyzed using the paired
t-test. GraphPad Prism 7 (GraphPad Software,
Inc., San Diego, USA) was used as graphical
and statistical tool. A p-value < 0.05 was con-
sidered as statistically significant (ns: not sig-
nificant, *: P < 0.05, **: P < 0.01, ***: P <
0.001).

Results

PIN1 expression in melanoma

We examined PIN1 expression in melanoma
cell lines available in our laboratory, on both
mRNA (Figure 1A) and protein levels (Figure

1B). Approximately 76% of the melanoma ce-
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in melanoma cases compar-
ed to normal skin and nevi
(Figure 2B). The mRNA data-
bank of Talantov et al. [21]
confirmed the induced PIN1
expression in melanoma (n=
70 samples) (Figure 2C). Elevated PIN1 protein
levels were also confirmed by using human
protein atlas results (http://www.proteinatlas.
org/) (Figure 2D) and melanoma patient tis-
sues provided by the local Pathology laboratory
(Figure 2E). Immunohistochemistry showed an
induction of PIN1 protein in all eleven melano-
ma tissues with a cytoplasmic, membranous
and nuclear localization (Figure 2D). Based on
the nuclear localization of PIN1, we detect-
ed that ~96% of visceral melanoma metasta-
sis were positive for PIN1 (Figure 2F). In sum-
mary, PIN1 expression can be observed in all
parts of the cell, membranous, cytoplasmic and
nuclear.

PIN1 knockdown suppresses cell proliferation
and tube formation

To assess the role of PIN1 in melanoma, we

transfected two metastatic cell lines (Mel Im,
SK-Mel-28) with a siRNA pool against PIN1.

Am J Transl Res 2019;11(7):4425-4437
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Figure 2. In vivo expression of PIN1. A. Quantitative real time PCR of micro-dissected melanoma tissues from differ-
ent patients. Melanocytes and normal skin are in comparison to primary melanoma tissues (PT) and melanoma me-
tastases (MM). B. Results of the GEOprofile data set (GDS1375/202927_at) comparing normal skin, nevi and mela-
nomas from patients. C. Results of the the Talantov dataset including 70 tissues of melanoma patients which was
published [21]. D. Immunohistochemistry results of The Human Protein Atlas dataset for eleven different patient
tissues. E. Immunohistochemistry of a tissue microarray (TMA) with staining against PIN1 in melanoma samples (10
primary and 10 metastases) versus normal (10) tissues. F. The graph gives an overview of nuclear staining of PIN1.

After 24 to 72 h, successful knockdown of
PIN1 was confirmed on both mRNA and protein
levels (Figure S1A and S1B). In fact, the PIN1
levels in the melanoma cell lines were reduced
to the endogenous protein level of normal
human epidermal melanocytes (Figure S1C).
We next performed functional assays with the
transiently transfected cell lines. The diamet-
er of spheroids formed as 3-D culture and colo-
ny formation of the melanoma cell lines were
not affected by PIN1 knockdown (Figure S1D
and S1E). We also assessed the migratory
activity of the transfected cells by using the
“cell migration boyden chamber” (data not
shown) and the “wound-scratch” assay (Figure
3A). PIN1 knockdown did not significantly af-
fect the migration of melanoma cells (see the
scratch closure after 24 hours in Figure 3A).
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The scratch assay of Figure 3A hints to a prolif-
erative effect of PIN1 knockdown when we con-
sider the significant PIN1 knockdown effects
after 48 hours. Reduced cell proliferation (by
~40%) after PIN1 silencing was confirmed via
an XCelligence real time proliferation assay
(Figure 3B).

Since vascular mimicry is a characteristic of
melanoma cells, we next performed a 3-D tu-
be formation assay. PIN1 knockdown drama-
tically inhibited tube formation and almost
completely prevented vascular mimicry pro-
cesses (Figure 3C). Consequently, a human
angiogenic array was conducted using super-
natants of control and siPIN1 transfected Mel
Im cells, respectively. Densitometric analysis
of the array displayed that pro-MMP-8 was sig-
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nificantly up-regulated and uPA was signific-
antly downregulated after siRNA against PIN1
expression. SERPINE1, THBS1, and IGF-BP2 we-
re not significantly regulated but showed ten-
dencies to be regulated in PIN1 dependency
(Figure 3D).

To evaluate regulation of several previously
published target molecules of PIN1, we per-
formed western blot analysis (Figure S2). Ne-
ither cell cycle proteins Cyclin D1, Cyclin D2,
transcription factors c-JUN, FRA-2 (AP-1 family)
nor the kinases ERK and p38 were regulated or
inactivated/dephosphorylated after successful
PIN1 knockdown. A slight reduction of FRA-1
protein amount was detected only in the cell
line SK-Mel-28.
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As the regulatory influence of PIN1 is difficult to
evaluate on the level of one specific target mol-
ecule, we conducted a broader approach to
proof the participation of PIN1 in generally rel-
evant signaling pathways of melanoma (Figure
3E and 3F). In reporter gene assays PIN1 pro-
tein targets were analyzed. Downregulation of
PIN1 by siRNA transfection inhibits NFkB, AP-1,
SRE, and p53 dependent p21 signaling and
has no impact on beta-catenin (TOP/FOP assay)
(Figure 3F). In summary, genetic inhibition of
PIN1 blocks multiple cancer-driving pathways
simultaneously in melanoma.

PIN1 inhibition promotes apoptosis in mela-
noma cell lines

The strong effects of PIN1 knockdown on mela-
noma cells suggest that pharmacologic inhibi-
tion of PIN1 provide an effective approach for
treating melanomas. We tested this by treating
melanoma cells with peptide 37, a bicyclic pep-
tidyl inhibitor which demonstrated remarkable
potency and selectivity for Pinl, as opposed to
other peptidyl-prolyl cis-trans isomerases [15].
Peptide 37 inhibits PIN1 via binding to its ac-
tive site. It is cell-permeable and metabolically
stable and inhibited the proliferation of Hela
cells with an IC,, value of 1.0 uM [15]. We test-
ed the effect of peptide 37 and the control
peptide 47 (which has greatly reduced PIN1
binding affinity) on the viability of Mel Im and
SK-Mel-28 melanoma cells (Figure 4A). Treat-
ment of the cells with 1000 nM peptide 37
resulted in floating cells within five hours (the
cells did not recover after seven days of incuba-
tion), whereas peptide 47 had no effects. At
500 nM, neither peptide had significant visible
impact on the cell lines. Flow cytometry analy-
sis of the cells revealed that both peptides
caused apoptosis at a concentration of 1000
nM but the effect was much greater for pepti-
de 37 (Figure 4B). Incubation of the cells with
peptide 37 also resulted in greater amounts
of cleaved PARP, an apoptotic substrate of Ca-
spase-3, as compared to peptide 47 (Figure
4C). Mel Im cells appear to be particularly sen-
sitive to peptide 37, since significant PARP
cleavage was observed already at 500 nM
peptide 37 compared to 1000 nM peptide 37
for SK-Mel-28 cells. Peptide 37 also caused
cytochrome ¢ release from mitochondria into
the cytosol and again the effect of peptide 47
was less strong. We additionally treated norm-
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al human epidermal melanocytes (NHEM), im-
mortalized fibroblasts (FV) and keratinocytes
(HaCaT) with peptides 37 and 47. After treat-
ment for 1 day at 500-1000 nM peptide, no sig-
nificant floating cell population was observed
for all three “normal” cell types (Figure 4D).
Only NHEM failed to reach confluency after
treatment with 1000 nM peptide 37. NHEMs
were also the only cell line that underwent sig-
nificant apoptosis after 1-day treatment with
1000 nM peptide 37 or 47 (Figure 4E). These
results demonstrate that melanoma cells are
more sensitive to the PIN1 inhibitor peptide 37
than healthy control cells.

PIN1 inhibition sensitizes melanoma cells to
chemotherapeutic agents

RAF, MEK, extracellular signal-regulated kina-
se (ERK) proteins are core components of
de-regulated signaling pathways in melano-
ma leading to abnormal cell proliferation [1].
Phosphorylation/de-phosphorylation recycling
processes of molecules of this signaling cas-
cade are dependent on protein phosphatase
2A (PP2A) and PIN1 [2, 22]. We analyzed the
RAF-MEK-ERK-dependent PIN1 regulation also
in melanoma after inhibition of this important
pathway. For BRAF inhibition, we used the clini-
cally approved drug PLX-4032 (Vemurafenib) to
treat BRAF inhibitor-sensitive and BRAF inhi-
bitor-resistant sub-populations of SK-Mel-28
cells [23]. The resistant cells reveal acquired
drug resistance to BRAF inhibition and are con-
stantly under Vemurafenib selection (5 uyM) in
cell culture medium. The cells do not have sec-
ondary BRAF mutation beyond VEOOE. For the
next experiment resistant SK-Mel-28 cells (VM-
R) were compared to non-resistant SK-Mel-28
(NR) cells which were treated with 0.5 uM
Vemurafenib for 48 hours. The PIN1 protein
level was elevated in VM-R cells compared to
NR cells (Figure 5A). Afterwards we repeated
the experiment comparing the PIN1 protein
level in VM-R cells (5 yM Vemurafenib) direct-
ly with that of untreated control cells (Figure
5B). VM-R SK-Mel-28 cells (ctrl.) have a high-
er PIN1 protein amount than NR SK-Mel-28 ce-
lIs (ctrl.). Then we used different concentra-
tions of Vemurafenib and compared the PIN1
protein level in VM-R cells with that of NR ce-
lIs. A decline of PIN1 protein was visible which
was slower in VM-R cells compared to NR ce-
lls in Vemurafenib-concentration dependency
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(Figure 5B). We speculated that PIN1 induction
could support resistance of VM-R and that a
combination treatment with PIN1 and BRAF in-
hibitors may overcome the resistance against
Vemurafenib. We analyzed the effects of pepti-
de 37 and Vemurafenib on resistant SK-Mel-28
and revealed that peptide 37 was more effec-
tive than Vemurafenib alone in inducing apop-
tosis (Figure 5C). PIN1 inhibition resulted in a
significant decline in cell viability when adding
20 uM Vemurafenib and peptide 37 in combi-
nation to resistant cells. Western blot analysis
of cleaved PARP and Caspase 3 confirmed the
induction of apoptosis in resistant melanoma
cell line SK-Mel-28 by Vemurafenib and peptide
37. Significant accumulation of cleaved PARP
and reduction in the amount of non-cleaved
Caspase 3 were observed (Figure 5D).

Discussion

There is substantial evidence that two of the
major pathways for melanoma development
are the Mitogen-activated protein kinase (MA-
PK) and Phosphatidylinositol-3-kinase (PI3K)
pathway. It is known that PIN1 isomerizes spe-
cific phosphorylated Ser/Thr-Pro bonds in key
kinases of these pathways and therefore is a
major player for controlling the fates of phos-
pho-proteins in these cancer-relevant signaling
pathways. Thus, the role of PIN1 in enhancing
the oncogenic potential of these proteins via
phosphorylation-dependent prolyl isomeriza-
tion is important during cancer development
and progression.

Our data showed that PIN1 is up-regulated in
melanoma cell lines and in melanoma tissue
of patients. Consistently, several studies have
confirmed that PIN1 mRNA and protein are
over-expressed in cancer, as compared with
non-cancer tissues [7, 24-26]. We evaluated
the importance of PIN1 in melanoma using
genetic PIN1 knockdown by a siRNA pool and
chemical inhibition of PIN1 activity. Function-
ally, we show that PIN1 regulates proliferation
and tube formation. PIN1 inhibition by the in-
hibitor 37 induces apoptosis of melanoma cell
line but not of healthy cells. Both, genetically
and chemically inhibition of PIN1 regulates
cancer relevant pathways.

Indeed, many specific PIN1l-interacting part-

ners, such as B-catenin, c-Jun, cyclin D1, Myc,
p65, to mention only a few, are known so far
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and are implicated in cancer development and
progression [9, 12, 27]. It was previously sh-
own by Kruiswijk et al. [26] that PIN1 contrib-
utes to FOXM1 signaling in melanoma. Our data
approved several PIN1 target molecules also in
melanoma, e.g. the transcription factor family
NFkB, AP1, the serum response element, and
p53 dependent regulation of p21. Our experi-
ments excluded the transcription factor family
TCF/LEF as molecular target of PIN1, although
TCF/LEF were described to be specific targets
of PIN1 in alternative cancer entities [27].

Obviously, several signaling pathways are regu-
lated by PIN1 in melanoma. However, it was
shown previously for the melanoma cell line
A375 that phosphorylation of AKT and the
protein amount of JNK-1, -2, -3 are PIN1-de-
pendently regulated [28]. Our data using differ-
ent cell lines (Mel Im and SK-Mel-28) did not
confirm this finding. Phosphorylation of AKT
and the protein amount of JNK-1 was not sig-
nificantly regulated by PIN1. Furthermore, we
analyzed the phosphorylation status of p38
and ERK in PIN1 dependency and could not
find any regulation of these MAP kinases. It is
possible that PIN1 is involved in relevant can-
cer pathways; still, specific PIN1 target mole-
cules remain to be determined.

PIN1 is also able to bind to the phospho-
Thr254-Pro motif of NFKB/p65 (p65), thereby
inhibiting its interaction with IkBa, contributing
to constitutive activation of NFkB in a variety
of human malignancies [10]. Knockdown of
PIN1 by siRNA significantly inhibited the expr-
ession of p-NFkB-p65 (Thr254) and p-NFkB-
p65 (Ser276), thereby reducing the activity
of NFKB in HepG2 cells [29]. We revealed that
the luciferase reporter activity of NFkB was
reduced using siRNA against PIN1, which hints
to an important role of PIN1 in regulation of
this relevant pathway also in melanoma cells.
Because PIN1 regulates NFkB, the PIN1 inhi-
bitor may sensitize further cancer cell types
also to conventional chemotherapeutic agents
such as etoposide and cisplatin.

To target metastatic melanoma, inhibitors of
the RAF/MEK pathway, like Vemurafenib have
shown partial clinical success, but their effec-
tiveness is hampered due to development of
resistance [30]. The development of resistance
to previously effective treatments has been a
challenge for health care providers and a fear
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for patients undergoing cancer therapy. This
is an unfortunately frequent occurrence for
patients undergoing targeted therapy for tu-
mors harboring the activating V6OOE muta-
tion of the BRAF gene. Combination of thera-
pies received much attention in clinical trials
and therefore we tested the combination of the
peptide 37, a PIN1 inhibitor and Vemurafenib, a
RAF kinase inhibitor, in melanoma cell lines
which were resistant against Vemurafenib [23].
The peptide 37 alone led to growth retardation
and apoptosis. Combination of both, peptide
37 and Vemurafenib overcame the resistance
of the SK-Mel-28 cells significantly and led to
re-induction of apoptosis.

All-trans retinoic acid (ATRA) was recently iden-
tified as potent PIN1 inhibitor in hepatocellular
carcinoma (HCC) [27] and breast cancer cells
[31]. ATRA was also already used as treatment
against melanoma [32]. At that time mainly the
induction of cell differentiation in the melano-
ma cells was seen as molecular mode of ac-
tion. Given the new knowledge about ATRA inhi-
bition of PIN1 and the effects of PIN1 inhibition
revealed in this study, potentially also inhibition
of PIN1 by ATRA was a component of treatment
success. The data underline our idea to con-
sider PIN1 inhibition in clinical trials and indi-
cate that PIN1 inhibition can also be a success-
ful approach for melanoma therapy, eventually
in combinatorial trials.
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Figure S1. A and B. g-PCR analysis for PIN1 mRNA expression and western blot analysis of PIN1 protein amount
after using siRNA against PIN1 (24 to 72 hours). C. PIN1 protein amount was compared after transfection of siRNA
against PIN1 in melanoma cell lines compared to the endogenous PIN1 status of NHEM. D. Spheroid assay after
knockdown of PIN1 compared to control siRNA transfected cells (sictrl). (Results were not significant). E. Clonogenic
assay after knockdown of PIN1 compared to sictrl. (Results were not significant).
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Figure S2. Western blot analysis of MAP kinases/phosphorylated MAP kinases and of proliferative relevant proteins
after knockdown of PIN1.
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