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Melanoma constitutes the most aggressive form of skin cancer, which further metastasizes into a deadly
form of cancer. The p16™¥43-Cyclin D-CDK4/6-pRb pathway is dysregulated in 90% of melanomas. CDK4/
Cyclin D kinase hyperactivation, associated with mutation of CDK4, amplification of Cyclin D or loss of
p16™K4a Jeads to increased risk of developing melanoma. This kinase therefore constitutes a key bio-
marker in melanoma and an emerging pharmacological target, however there are no tools enabling
direct detection or quantification of its activity.

Here we report on the design and application of a fluorescent peptide biosensor to quantify CDK4
activity in melanoma cell extracts, skin biopsies and melanoma xenografts. This biosensor provides
sensitive means of comparing CDK4 activity between different melanoma cell lines and further responds
to CDK4 downregulation by siRNA or small-molecule inhibitors. By affording means of monitoring CDK4
hyperactivity consequent to cancer-associated molecular alterations in upstream signaling pathways that
converge upon this kinase, this biosensor offers an alternative to immunological identification of mel-
anoma-specific biomarkers, thereby constituting an attractive tool for diagnostic purposes, providing
complementary functional information to histological analysis, of particular utility for detection of
melanoma onset in precancerous lesions. This is indeed the first fluorescent peptide biosensor which has
been successfully implemented to monitor kinase activity in skin samples and melanoma tumour xe-
nografts. Moreover by enabling to monitor response to CDK4 inhibitors, this biosensor constitutes an
attractive companion assay to identify compounds of therapeutic relevance for melanoma.

© 2016 Published by Elsevier B.V.

1. Introduction

and 9, cytokines and cytokine receptors IL-6, IL-10 and sIL-2R, HLA
molecules and other more general cancer biomarkers including

Skin cancers constitute an important cause of death worldwide,
with an estimated 80,000 deaths a year as of 2010, 49,000 of
which are due to melanoma. This aggressive and invasive form of
skin cancer arises from deregulated proliferation of melanocytes,
and can metastasize into a deadly form of cancer (Lozano et al.,
2012). Several morphological, histological and serological bio-
markers currently serve to diagnose malignant melanoma and
establish a prognostic profile, including melanocyte lineage and
differentiation antigens such as S100-beta, melanoma inhibitory
activity (MIA) and tyrosinase, proangiogenic factors such as VEGF
(Vascular Endothelial Growth Factor), molecules involved in cell
adhesion and motility such as matrix metalloproteinases MMP-1
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C-reactive protein, albumin and lactate dehydrogenase (Bosserhoff
et al, 1997; Guo et al., 1995; Utikal et al., 2007). Histological
analysis of skin biopsies constitutes the standard procedure for
melanoma diagnostics, but remains poorly standardized, and is
not implemented to monitor the onset and early-stage progression
of this disease (Taylor, 2000). Moreover, immunohistochemistry
and ELISA convey information concerning the presence and re-
lative abundance of biomarkers, but do not translate mutations in
pathways that alter enzymatic activities associated with deregu-
lated cell growth and proliferation. Hence, new tools are required
to provide complementary information concerning enzymatic
biomarkers of interest for diagnostic and prognostic purposes.
More recent genetic, transcriptomic and proteomic profiling
studies have led to characterization of the landscape of genomic
mutations in cutaneous melanoma, to identification of driver
mutations and establishment of a framework for genomic
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classification of melanoma into four subtypes based on the most
prevalent significantly mutated genes (Cancer Genome Atlas Net-
work, 2015; Hodis et al., 2012). These studies highlight molecular
pathways and targets which offer new perspectives for the de-
velopment of complementary diagnostic and therapeutic tools. In
particular, the cyclin-dependent kinase CDK4 has been identified
as an emerging pharmacological target in human melanoma
(Mahgoub et al., 2015; Miller and Flaherty, 2014; Sheppard and
McArthur, 2013). This serine/threonine kinase associates with
D-type cyclins and integrates stimuli that promote exit from
quiescence, entry into and progression through G1, through
phosphorylation of its substrate, the Retinoblastoma tumour
suppressor protein (pRb) (Malumbres and Barbacid, 2009). The
p16™K43_Cyclin D-CDK4/6-pRb pathway is dysregulated in 90% of
melanomas and CDK4 hyperactivation may occur through various
fashions, including mutation of CDK4 (R24C) which prevents
binding of the endogenous inhibitor p16™%43 amplification of
Cyclin D (18% melanomas), genetic deletion or loss-of-function of
its endogenous inhibitor p16™%4? (deletion of CDK2NA in 50-60%
metastatic tumours) (Tsao et al., 2012; Young et al., 2014). More-
over in both human and mouse models of melanoma, activation of
the CDK4 pathway potently cooperates with mutant BRAF or NRAS
in transformation of melanocytes (Chawla et al., 2010) inferring
that combination strategies utilizing inhibition of complementary
oncogenic pathways may offer a very promising approach (Miller
and Flaherty, 2014). Furthermore, recent data suggest that cell
cycle inhibition by CDK4 inhibitors sensitizes melanoma cells to
compounds that induce apoptosis (Quast et al.,, 2015). Taken to-
gether, these studies identify CDK4/Cyclin D activity as a relevant
biomarker of melanoma, and suggest that tools reporting on CDK4
kinase activity and assays enabling quantification of its hyper-
activity directly from skin biopsies would offer promising means
of identifying the onset of melanoma and monitoring progression
of this disease.

In this study we describe a fluorescent peptide biosensor that
reports on CDK4/Cyclin D kinase activity through sensitive chan-
ges in fluorescence intensity. We show that this biosensor re-
sponds to recombinant CDK4/Cyclin D1 and can report on CDK4
activity in melanoma cell extracts, thereby enabling quantification
of differences in kinase activity which cannot be identified by
simple analysis of protein kinase expression levels, associated with
molecular alterations in individual components of the
p16™X4a_Cyclin D-CDK4/6-pRb pathway. This biosensor further
reports on CDK4 kinase inhibition following treatment with small
molecule inhibitors or siRNA, thereby allowing to assess their
overall efficacy in a physiologically-relevant environment. Finally
we show that this technology can be readily implemented to
probe CDK4 activity in skin biopsies and in melanoma xenograft
lysates, thereby constituting an attractive tool for diagnostics,
prediction of pathological progression and response to ther-
apeutics targeting the CDK4 biomarker.

2. Materials and methods
2.1. Design and engineering of CDKACTRb protein biosensor

CDKACTRb was engineered by replacing the substrate sequence
of CDKACT derived from histone H1 (Van et al., 2014) by a sub-
strate sequence derived from Rb in which the proline at position
—2 relative to the SP phosphorylation site 795 was replaced by a
cysteine residue.

The complete sequence of CDKACTRD is as follows:

GEVVDSHLSDMLQQLHSVNASKPSERGLVRQEEAEDPASI-
PIFWVSKWVDYSDKYGLGYQLSDNSVGVLFNDSTRLI-

LYNDGDSLQYIERDGTESYLTVSSHPNSLMKKITLLKYFRNYMSEHLLK-
AGANITPREGDE-
LARLPYLRTWFRTRSAIILHLSNGSVQINFFQDHTKLILSPLMAAVTYI-
DEKRDFRTYRLSLLEEYGSSKELASRLRYARTMVDKLLSSRSASNRLK-
ASEFPGAGGTGLPGGYKFCSSPLRIPG.

GST-CDKACTRb was expressed in Escherichia coli BL21pLyS
following induction with 0.5 mM IPTG, at 20 °C overnight, then
purified on High Performance Glutathione Sepharose (GE Health-
care) in 50 mM TrisHCI, pH 7.4, 150 mM NaCl, and eluted with
50 mM glutathione in the same buffer, followed by gel filtration
chromatography on Superdex75 (GE Healthcare) in the same
buffer. Following purification, CDKACTRb was labelled with a 10-
fold molar excess of Cy3-maleimide, then further purified on NAP5
columns in 50 mM TrisHCI, pH 7.4, 150 mM Nac(l, to remove excess
label.

2.2. Design and synthesis of CDKACT4 peptide biosensors and de-
rived peptides

Peptides were synthesized by GLS Biochem and purified to 95%.

The long WW peptide was derived from the native WW do-
main of Pin1 previously described by Anai et al. (2007) to generate
a phosphopeptide hybrid biosensor (residues 6-39). The shorter
version was derived from the residues that line the interface with
the phosphopeptide in the crystal structure of WW Pin1 com-
plexed to a phosphopeptide substrate (PDB 1F8A).

The Rb substrate peptide was derived from the sequence
around S795.

WW long GWEKRMSRSSGRVYYFNHITNASQWERPSG
WW short GFARVYMSRSSGWERPSGG
Rb substrate GGYKFCSSPLRIPG
Phospho Rb GGYKFCSpSPLRIPG
substrate
WWRb GWEKRMSRSSGRVYYFNHITNASQWERPSG GG

YKFCSSPLRIPG
CDKACT4 GFARVYMSRSSGWERPSGG YKFCSSPLRIPG

2.3. Protein expression and purification of Cyclin-dependent kinases

Recombinant GST-CDK4, GST-Cyclin D1 and GST-CIV, the CDK-
activating kinase of Saccharomyces cerevisiae, were expressed in E.
coli by IPTG induction and purified by chromatography as de-
scribed previously (Gondeau et al.,, 2005). GST-CDK4/Cyclin D1
complex was formed following individual purification of each
subunit and stoichiometric incubation, then further incubated
with GST-CIV to ensure its complete activation.

2.4. Fluorescence titration assays

Fluorescence titration assays were performed in 96-well plates
in a thermostated chamber (Polarstar, BMG) at 30 °C in 200 pL
phosphate buffer saline with 200 nM concentration of FITC-la-
belled species (Rb peptide or Rb phosphopeptide). Changes in
fluorescence emission were recorded at 520 nm following excita-
tion at 495 nm. Data analysis was performed using the GraFit
Software (Erathicus Ltd) and curve fitting was performed using a
quadratic equation, as described in (Gondeau et al., 2005).

2.5. Fluorescence kinase assays

Fluorescence kinase assays were performed in 96-well plates in
a thermostated chamber (Polarstar, BMG) at 30°C in 200 pL
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phosphate buffer saline supplemented with 5 mM MgCl,, 0.5 mM
ATP, except when stated otherwise. Changes in TAMRA and Cy3
fluorescence emission were recorded at 570 nm following excita-
tion at 544 nm. In all experiments, relative fluorescence was cal-
culated following subtraction of CDKACTRb-Cy3 or CDKACT4-
TAMRA fluorescence from fluorescence values obtained in the
presence of protein kinases, inhibitors or cell extracts. Data ana-
lysis was performed using the GraFit Software (Erathicus Ltd).
Experiments were performed in triplicate, and error bars indicate
standard deviation from average. Histograms represent relative
fluorescence intensity values after 5000s, unless specified
otherwise.

2.6. Inhibitors

Roscovitine, PD-0332991, LY2835219, AT7519, H89 and U0126
were purchased from Euromedex. RO3306 was purchased from
CalbioChem. PP2 was purchased from Sigma. All stock solutions
were made in DMSO and diluted in PBS to the desired con-
centration freshly prior to use. For animal experiments PD-
0332991 was diluted in sodium lactate buffer 50 mM.

2.7. Cell culture and extract preparation

Cell culture media, serum and antibiotics were purchased from
Invitrogen. All cell lines were cultured in DMEM/RPMI+ Glutamax
supplemented with 10% FCS, 100 units/mL penicillin (G sodium
salt) and 100 pg/mL streptomycin at 37 °C in an atmosphere con-
taining 5% CO,.

Melanoma cell lines used in this study:

CDKN2A CDK4 Rb BRAF NRAS
A375 mutated (E61Stop, WT WT V600E WT
Loss of function)
Mewo mutated (R80Stop, WT WT WT WT
Loss of function)
SK- WT WT WT WT mutated
MEL2 (Q61R)
SK- WT R24C V600E WT
MEL28

siRNA targeting CDK4 were purchased from Santa Cruz (sc-
29261). Internalization of siRNA in cells was performed using
CADY peptide (Crombez et al., 2009). Unsynchronized A375 cells
were cultured to 60% confluence. A375 cells were treated with
complexes of siRNA (100 nM)/CADY (4 uM) (1/40 ratio) for 48 h.

Cell extracts were prepared in PBS lysis buffer containing PBS
(Sigma), pH 7.4, 150 mM NaCl, 0.2% NP40, 1 mM EDTA, 2 mM
PMSF, CompleteTM protease inhibitors (Roche), and normalized
following spectrophotometric dosage at 280 nm.

Fractionation of A375 cell extracts prepared from 5 million cells
in 500 pL PBS lysis buffer was performed by gel filtration chro-
matography on a Superose 6 10/300 GL column (GE Healthcare).
500 pL fractions were collected and 50 uL were used for kinase
activity assays.

2.8. Western blotting

Polyclonal rabbit anti-CDK4 antibody was purchased from
Santa Cruz (sc-260). Monoclonal mouse «a-tubulin antibody was
purchased from Amersham (N356). Polyclonal rabbit anti-actin
antibody was purchased from Cell Signaling (4967).

2.9. Preparation of extracts from skin biopsies

Epidermis and dermis were separated by addition of thermo-
lysine (0.5 mg/mL diluted in PBS (Sigma)) for 3 h at 37 °C. Total
proteins were extracted from frozen skin biopsies in 50 mM Triz-
ma Base, 0.5 M NaCl, 5 mM EDTA, 0.6% NP40 and grinding with an
Ultra TurraxTM, then normalized following spectrophotometric
dosage at 280 nm.

2.10. A375 xenografts in mice

All animal experiments were conducted in agreement with the
Principles of Laboratory Animal Care (National Institutes of Health
publication no. 86-23, revised 1985) and approved by the regional
ethics committee. Female 6 weeks old NMRI nude mice (Janvier, Le
Genest- Isle, France) were anesthetized (isoflurane/oxygen 3.5% for
induction and 1.5% thereafter) and 3.10° A375 (luciferase-trans-
fected) cells in 200 pL phosphate-buffered saline were implanted
subcutaneously into the flank of mice and after 24 days of tumour
growth, when tumours had reached 257 + 64 mm?>, mice were
treated daily orally with CDK4 inhibitor 150 mg/kg PD-0332991
for 3 or 7 days, or through intraperitoneal injection with the
CDK2,5,7,9 inhibitor Roscovitine at 50 mg/kg for 5 or 11 days. Mice
were then sacrificed and tumours were collected and frozen. Total
proteins were extracted from tumour samples by addition of a
luciferase cell culture lysis reagent (25 mM Tris-phosphate pH 7.8,
2 mM DTT, 2 mM EDTA, 10% glycerol, 1% Triton X-114) and grinding
with an Ultra TurraxTM, then normalized to the proportion of
cancer cells (A375 luciferase) (Victor?> V luminescence microplate
reader, Perkin Elmer).

3. Results

3.1. Design and Characterization of a CDK4-specific protein
biosensor

Although CDK4/Cyclin D kinase constitutes an established
biomarker and pharmacological target in melanoma, there are no
means of probing its hyperactivity in a sensitive and quantitative
fashion. Indeed, the larger part of technologies to probe this kinase
activity currently rely on radioactivity or antibody-based ap-
proaches. Therefore, in order to probe CDK4/Cyclin D activity, we
engineered a CDK4-specific protein biosensor derived from a
previously-developed biosensor that responds to overall CDK/Cy-
clin activity through sensitive changes in fluorescence intensity
(Van et al., 2014). CDKACTRb was designed by incorporating a
substrate sequence derived from the phosphorylation site of Re-
tinoblastoma protein (Rb) which is specifically phosphorylated by
CDK4/Cyclin D (S795) (Grafstrom et al., 1999) with the phos-
phoamino acid binding domain (PAABD) derived from Polo-box
domain of Plk1, devoid of cysteine residues (Van et al., 2014)
(Fig. 1A). When CDKACTRb was labelled with a Cy3 dye on the
unique cysteine proximal to the phosphorylation site of the Rb
substrate sequence, this protein biosensor responded to re-
combinant CDK4/Cyclin D1 through enhancement of fluorescence
emission (20-25%), inferring an intramolecular interaction be-
tween the PAABD and the phosphorylated substrate moiety that
alters the local environment of the probe, as reported for the
generic CDKACT biosensor. Moreover this fluorescence enhance-
ment was significantly reduced upon addition of the CDK4-specific
inhibitor PD-0332991 (Fig. 1B). CDKACTRb further reported on
endogenous CDK4 activity from A375 melanoma cell extracts in a
dose-dependent fashion, since addition of increasing concentra-
tions of PD-0332991 reduced the fluorescent signal of CDKACTRb
accordingly (Fig. 1C and D). These results further allowed to
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Fig. 1. The CDKACTRD protein biosensor responds specifically to recombinant CDK4/Cyclin D1 and CDK4 activity from melanoma cell extracts. (A) CDKACTRb biosensor
consists of a CDK4-specific substrate sequence derived from pRb in which a cysteine residue was introduced at position —2 relative to the SP phosphorylation site (795), and
a phospho amino acid-binding domain derived from the PBD of PlIk1 (Van et al., 2014) which recognizes the substrate sequence phosphorylated by CDK4/Cyclin D kinase.
(B) Fluorescence of 50 nM CDKACTRb-Cy3 was monitored over time upon incubation with 75 nM active recombinant CDK4/Cyclin D1 alone (open circles) and with 20 uM
PD-0332991 (black circles). (C) Fluorescence of 25 nM CDKACTRb-Cy3 was monitored over time upon incubation with 10 ug A375 cell extracts + PD-0332991 alone (open
circles) and with 20 uM PD-0332991 (black circles). (D) Fluorescence of 25 nM CDKACTRb-Cy3 was monitored upon incubation with 10 ug A375 cell extracts + different
concentrations of PD-0332991 (CDK4/6 inhibitor), or (E) Roscovitine (CDK1/2/5/7/9 inhibitor), RO3306 (CDK1 inhibitor), AT7519 (CDK2/4/5/9 inhibitor), (F) PP2 (Src in-

hibitor), U0126 (MAPK inhibitor) or H89 (PKA inhibitor).

determine an ICsq value of 5.9 uM for PD-0332991 using A375
melanoma cell extracts (Fig. 1D and Fig. S1), a value which reflects
the inhibitory efficiency of this compound in a more physiological
context than with the purified recombinant kinase alone. In con-
trast, other CDK kinase inhibitors (Roscovitine, RO3306, AT7519)
and other protein kinase inhibitors (PP2, H89, U0126) had no
significant effect on CDKACTRD fluorescence, inferring it responds
specifically to CDK4 activity (Fig. 1E and F).

3.2. Development of a CDK4-specific Peptide Biosensor

Preparation of the CDKACTRb protein biosensor requires ex-
pression and purification of a recombinant protein scaffold with
limited yield and long-term storage, since it suffers from de-
gradation over time. To circumvent this issue, we designed a bi-
partite modular peptide derivative of CDKACTRb, which can be
readily synthesized at a large-scale and stored in a lyophilized
form. This peptide derivative (WWRDb) bears the same Rb substrate
and a short PAABD derived from the WW domain of the prolyl-
isomerase Pin1, which was previously used as a phosphorecogni-
tion domain in a hybrid biosensor (Anai et al., 2007) (Fig. 2A).
However, following labelling of this peptide biosensor on the un-
ique cysteine at position —2 relative to the serine group phos-
phorylated by CDK4/Cyclin D, we found that it failed to respond in
a robust and reproducible fashion (Fig. S2). We hypothesized that
this might be due to a lack of proper conformation of the WW
domain, and therefore designed a shorter artificial PAABD derived
from the interface of the WWdomain of Pinl with a

phosphopeptide substrate. Analysis of the crystal structure of this
domain complexed to a phosphopeptide substrate (PDB 1F8A) led
us to identify Arg14, Argl7, Tyr23 and Phe25, as well as Trp34 as
critical residues for the interaction with the phosphosubstrate
(GWEKRMSRSSGRVYYFNHITNASQWERPSG) (Fig. 2B). We there-
fore synthesized a short peptide derivative of this WW domain
(WWshort) which comprises these key residues in the linear order
of appearance that mimicks the interface (Phe25, Argl4, Tyr23,
Arg17) interspaced by small uncharged amino acids, and which
ends with Trp34 followed by the same five amino acids as in the
native WW domain of Pin1 (GFARVYMSRSSGWERPSG). We further
synthesized a peptide comprising the WWSshort peptide followed
by the Rb substrate sequence (WWRb peptide). Titration experi-
ments performed with an FITC-labelled Rb substrate peptide re-
vealed that the WWRD peptide indeed interacted with the phos-
phorylated form of Rb substrate peptide with a dissociation con-
stant value of 80+ 37 nM, similar to the long WW peptide
(118 + 37 nM) (Fig. 2C). In comparison these peptides bound the
unphosphorylated substrate peptide with significantly lower dis-
sociation values 628 + 109 nM and 675 + 260 nM for the WWRb
and the WWIlong peptides respectively, indicating that they pre-
ferentially bind the phosphorylated substrate, as expected from a
PAABD (Fig. S3). Moreover, in both cases, the WWRb peptide
promoted greater fluorescence enhancement of the fluorescently-
labelled Rb substrate than WWIong peptide, suggesting the
WWshort sequence was better suited as a PAABD for a biosensing
application. We further asked whether the Rb substrate peptide
could bind the recombinant form of CDK4. Indeed the FITC-
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Fig. 2. Design and characterization of the CDKACT4 peptide biosensor. (A) CDKACT4 peptide biosensor consists of a substrate sequence derived from pRb (as in CDKACTRD),
and a phospho amino acid-binding peptide derived from the interface of Pin1 WW domain with a phosphorylated substrate peptide. (B) The Arg, Tyr, Phe and Trp residues at
interface between Pin1 WW domain (green) that recognize a phosphorylated peptide (yellow) are highlighted in pink (Arg) and orange (Tyr, Phe and Trp) (PDB 1F8A).
(C) Fluorescence titration of 200 nM FITC-labelled phospho-Rb peptide with full-length WW peptide (triangles) and WWRb peptide (circles). (D) Fluorescence titration of
200 nM FITC-labelled Rb substrate peptide with monomeric GST-CDK4 (triangles) and GST-CDK4/Cyclin D1 complex (circles). (E) Fluorescence profile of 150 nM TAMRA-
labelled CDKACT4 peptide biosensor incubated with 75 nM recombinant GST-CDK4 (black triangles), GST-CDK4/Cyclin D1 (black circles) or GST-CDK4/Cyclin D1 pre-
incubated with the CDK-activating Kinase CIV to phosphorylate Thr172 (open circles) and with 10 uM PD-0332991 (open triangles).

labelled Rb substrate peptide bound monomeric GST-CDK4 with a
dissociation constant value of 30 + 5 nM and its affinity increased
to a Kd value of 74+ 3 nM when the kinase was complexed to
Cyclin D1 (Fig. 2D), as expected from studies showing that the
substrate preferentially binds the catalytic cleft of heterodimeric
CDK2/Cyclin A, which is conformationally more favourable than
that of monomeric CDK2 (Brown et al., 1999). The WWRb or
CDKACT4 peptide biosensor was further implemented to monitor
response to recombinant CDK4 kinase in vitro in the presence of
ATP and MgCl,, following labelling of the unique cysteine within
the substrate sequence with TAMRA. Analysis of changes in
fluorescence intensity over time revealed that monomeric CDK4
bound the biosensor, inducing fluorescence enhancement of 40%,
but that the biosensor responded to CDK4/Cyclin D1 complex
further, with a net increase in relative fluorescence intensity (60%).
The relative increase in fluorescence reached 75% when CDK4/
Cyclin D1 was preincubated with the CDK-activating kinase (to
phosphorylate the activation loop), inferring that the kinase is
catalytically more active in these conditions; in contrast, activity
was partially reduced (55%) upon incubation with the CDK4 in-
hibitor PD-0332991 (Fig. 2E).

We further implemented the TAMRA-labelled CDKACT4 pep-
tide biosensor to probe CDK4/Cyclin D kinase activity in A375
melanoma cell extracts, which resulted in a robust increase in
fluorescence (similar to the enhancement profile observed with
recombinant CDK4/Cyclin D1), whereas TAMRA-labelled Rb sub-
strate peptide did not exhibit any change in fluorescence (Fig. 3A).
In contrast, a Cy3 or Dylight-650-labelled CDKACT4 peptide barely
responded to CDK4 activity in cell extracts, indicating that the
response is associated with the sensitivity of the dye conjugated to

the peptide (Fig. S4). We therefore asked whether the TAMRA-
labelled CDKACT4 peptide would enable us to identify fractions
bearing CDK4 activity following fractionation of A375 cell extracts
by gel filtration chromatography. As shown in Fig. 3B, fractions in
which Western blotting revealed the presence of CDK4 (16-18 mL)
induced a significantly higher response of the peptide biosensor.

Moreover, the fluorescence of the TAMRA-CDKACT4 peptide
biosensor was decreased in a dose-dependent fashion upon
treatment of cells from which extracts were prepared with the
CDK4 inhibitors PD-0332991 and LY2835219, but not upon addi-
tion of Roscovitine, which preferentially inhibits CDK2, CDK1,
CDK5, CDK7 and CDK9 (Fig. 4A). In the absence of cell extracts
neither PD-0332991, Roscovitine, LY2835219 nor DMSO had any
significant effect on the fluorescence of TAMRA-CDKACT4 peptide
biosensor (Fig. S5). Likewise, the biosensor reported on a reduced
CDK4 activity in A375 cells treated with siRNA targeting CDK4 in
which CDK4 protein levels were partially reduced (Fig. 4B). These
results reveal that the CDKACT4 peptide biosensor, comprising a
short artificial phosphorecognition domain derived from the WW
domain of Pin1 and a substrate sequence derived from Rb, con-
stitutes a specific and sensitive tool to quantify CDK4 activity in
melanoma cell extracts following treatment with selective in-
hibitors or downregulation of kinase levels by RNA silencing.

We next addressed whether CDKACT4 peptide biosensor was
suited to quantify differences in CDK4 hyperactivity in different cell
lines. First, comparison of the biosensor response to cell extracts
from healthy fibroblasts and the A375 melanoma cell line revealed
a significantly greater activity in A375 cells, consistent with the lack
of control of CDK4 in this cell line due to p16™%42 Joss of function
(Fig. 5A and B). We next asked whether CDKACT4 could serve to
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Fig. 3. Monitoring CDK4/Cyclin D activity in melanoma cell extracts. Fluorescence of 150 nM TAMRA-labelled CDKACT4 peptide biosensor was monitored over time upon
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measure sensitive differences in CDK4 activity between melanoma
cell lines harbouring different molecular alterations that ultimately
converge on CDK4/Cyclin D activity. Specifically, CDKACT4 was in-
cubated with normalized extracts derived from cell lines harbour-
ing different combinations of wild-type or loss-of function p16™<4a
(the endogenous inhibitor of CDK4), wild-type or mutated CDK4
(R24C mutation which prevents the binding of p16™4?), BRaf and
NRas. Fluorescent profiles of the CDKACT4 peptide biosensor re-
vealed the highest CDK4 activity in A375 (CDKN2A loss of function,
BRaf V60OE), Mewo (CDKN2A loss of function, Wt CDK4) and SK-
MEL28 (R24C CDK4, BRaf V600E) cell lines, followed by SK-MEL2
(NRas mutation (Q61R)) (Fig. 5C and D). Quantification of the re-
lative fluorescence intensity values at the plateau of response in a
histogram clearly reveals significant differences in CDK4 activity
between these cell lines (Fig. 5D). These response profiles are
consistent with the genotypes of these strains in which loss of
function of CDKN2A or mutation of the R24C CDK4 mutant both
lead to unrestricted, constitutive activity of CDK4 in A375, SK-
MEL28 and Mewo cell lines, in comparison with SK-MEL2 cell line
which bears wild-type CDK4, p16™¢4 and pRb. Importantly, the
information provided by the biosensor differs from the protein
expression profiles revealed by Western blotting, which do not
predict any major differences in CDK4 activity between the different
melanoma cell lines (Fig. 5E and F).

Taken together these experiments show that the CDKACT4
peptide biosensor is a useful tool to compare and quantify

differences in CDK4/Cyclin D kinase activity between different
melanoma cell lines, which cannot be identified by quantification
of protein kinase expression levels alone, as they reflect mutations
or molecular alterations in components of the p16™¢43_Cyclin
D-CDK4/6-pRb pathway which ultimately converge on CDK4 Kki-
nase activity.

3.3. Quantifying CDK4/Cyclin D activity in skin biopsies and mela-
noma xenograft lysates

Since the CDKACT4 peptide biosensor responded to CDK4 ac-
tivity in melanoma cell extracts and reported differences between
cell lines with different p16™%4? and CDK4 genotypes, we asked
whether it could be applied to quantify CDK4 activity in skin
biopsies. First, we assessed and calibrated its response to different
concentrations of total healthy skin samples, relative to A375 cell
extracts (Fig. 6A). As with melanoma cell extracts, CDKACT4
fluorescence was decreased by addition of PD-0332991 (Fig. 6B).
We further sought to determine whether CDK4 activity could be
detected in the dermis or epidermis, and found that it was es-
sentially present in the latter (Fig. 6C), consistent with the fact that
rapidly dividing cells are found in the epidermis.

Finally we asked whether CDKACT4 could be implemented to
monitor subtle differences in CDK4 activity in tumour xenografts
following short- and long-term administration of kinase inhibitors.
To this aim, we implanted the melanoma cell line A375
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subcutaneously into the flank of nude mice and after 24 days of
tumour growth, mice were treated daily either with the CDK4
inhibitor PD-0332991 at 150 mg/kg for 3 or 7 days, or with the
CDK2/5/7/9 inhibitor Roscovitine at 50 mg/kg for 5 or 11 days.
Following treatment with PD-0332991, we did not observe any
growth inhibition of melanoma tumour xenografts compared to
mock treated mice (Fig. 7A and B), nor any specific decrease in
CDK4 protein levels (Fig. S6). Likewise treatment with Roscovitine
had no major effect after 5 days, but significantly affected tumour
growth after 11 days (Fig. 7C). Biopsies of the xenografted tumours
from three mice for each of these conditions were lysed and cell
extracts incubated with TAMRA-labelled CDKACT4 peptide bio-
sensor. We further normalized the response of CDKACT4 to that of
luciferase activity of the A375 xenograft lysates, to minimize any
differences that might be associated with tumoral heterogeneity,
and found that all samples responded in a consistent fashion
(Fig. 7D and E). Indeed, these experiments revealed that 150 mg/kg
PD-0332991 had no inhibitory effect on CDK4 activity after 3 days
of treatment, whereas after 7 days CDK4 activity was slightly de-
creased. In contrast, treatment of A375 xenografted tumours with
50 mg/kg Roscovitine, whether for 5 or 11 days, had no significant
effect on CDKACT4 fluorescence, although the latter treatment
clearly affected tumour growth, consistent with the inhibitory
action of this compound towards CDKs other than CDK4/6.

Taken together our results show that CDKACT4 peptide bio-
sensor can be implemented to quantify CDK4/Cyclin D kinase ac-
tivity in skin biopsies and melanoma xenografts, thereby reporting
on CDK4 inhibition in a sensitive and specific fashion. Moreover
our results demonstrate the utility of this technology to monitor
inhibition of CDK4 by small molecule drugs targeting this kinase,
at early stages when measurement of tumoral volumes does not
yet reflect any detectable effect of these drugs.

4. Discussion

The limited efficacy of current therapeutics for treatment of
melanoma and the lack of diagnostic assays to detect the onset of
this disease calls for new strategies to probe relevant melanoma-
specific biomarkers at an early stage and monitor their response to
targeted therapeutics. The development of novel technologies is
indeed essential since melanoma can be readily treated if detected
at an early stage, but is incurable once it metastasizes. In particular
enzymatic activities associated with dysregulated molecular sig-
naling pathways constitute attractive biomarkers that may reflect
the molecular alterations of one or several upstream regulatory
partners, thereby complementing existing immunological
approaches.

Fluorescent biosensors constitute potent tools for reporting on
enzymatic activities in complex biological samples such as the
cellular cytoplasm or the tumoral environment. Over the past
decade, a wide variety of fluorescent biosensors have been de-
veloped to monitor and image enzymatic activities in living cells
and have more recently proven to constitute attractive tools for
biomedical applications (Lemke and Schultz, 2011). Indeed, several
genetically-encoded FRET-based fluorescent biosensors have been
developed to monitor aberrant kinase activity associated with
cancer, such as the Bcr-Abl biosensor implemented to measure
hyperactivity in cells of CML patients (Mizutani et al., 2010) or the
Src biosensor applied to study spatial control of Src in pancreatic
cancer by intravital FLIM-FRET imaging (Nobis et al., 2013). How-
ever, these systems require transfection and time for ectopic ex-
pression in living cells and are therefore not adapted for diagnostic
assays using cell extracts or biopsies. In contrast, non-genetic
fluorescent reporters based on polymeric or polypeptide scaffolds
are well suited for such applications, since they can directly be
incubated with enzymes or lysates containing activities to be
probed, and can further be conjugated to a large choice of
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Fig. 6. Quantifying CDK4/Cyclin D activity in skin biopsies. Fluorescence of 150 nM TAMRA-labelled CDKACT4 peptide biosensor was monitored over time upon incubation
with skin biopsies. Results are presented as histograms corresponding to the average of fluorescent intensity measurements at 5000 s in duplicate experiments with
standard deviation bars. (A) Concentration-dependent response to healthy skin samples compared to 50 ug A375 cell extracts. (B) Inhibition of response to CDK4/Cyclin D
activity upon addition of 20 pM PD-0332991 to 100 pg skin samples. (C) Differential response to 50 pg total proteins extracted from dermis versus epidermis.

synthetic probes, providing a controlled platform which can be to monitor extracellular proteolytic activities, such as metallo-
readily implemented to probe specific targets of interest (Pazos proteases secreted at the tumour site (Bogyo, 2006; Weissleder
et al., 2009). Several non-genetic biosensors have been engineered and Pittet, 2008). Moreover a wide variety of peptide biosensors
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have been developed to probe protein kinase activities (Gonzalez-
Vera, 2012; Nhu Ngoc Van and Morris, 2013). These include pep-
tide biosensors conjugated to solvatochromic probes, which re-
spond either directly to proximal phosphorylation within the
substrate sequence of the biosensor by kinases such as PKA, PKC,
ERK, Bcr-Abl, Lyn and Abl (Chen et al., 2002; Damayanti et al.,
2013; Lukovié et al., 2009; Shults et al., 2005; Wang et al., 2010), or
indirectly following interactions with phosphorecognition do-
mains that alter biosensor fluorescence, or through quenching/
unquenching strategies (Sharma et al., 2007; Wang et al., 2006;
Wang and Lawrence, 2005). The recent implementation of fluor-
escent peptide biosensors to monitor kinase activities in cell ex-
tracts offers promising perspectives. However, to date, none of
these chemical tools has been applied to quantify kinase activities
in skin or tumour biopsies.

CDK4/Cyclin D kinase constitutes an established biomarker and
pharmacological target in melanoma, hyperactivity of which is
associated with mutations in the p16™*4*_Cyclin D-CDK4/6-pRb
pathway. Here we report on a new fluorescent biosensor, which
constitutes a potent tool for probing CDK4 activity in cell extracts,
skin biopsies and melanoma xenograft lysates, thereby providing a
scaled and predictive readout of this enzymatic cancer biomarker.
Besides being the first CDK4-specific biosensor, this bipartite
peptide offers a novel and original design comprising a substrate
sequence derived from Rb and an artificial phosphorecognition
motif derived from the interface of a WW domain, designed
through careful analysis of the structural model of the WW do-
main of Pin1 complexed with a phosphopeptide substrate. Since
this biosensor responds to CDK4 activity through changes in
fluorescence intensity, it offers a straightforward and sensitive

means of monitoring kinase activity in a continuous fluorescence-
based assay over time. We show here that CDKACT4 is well suited
to quantify differences in CDK4 activity in lysates from different
cell lines, thereby reporting on hyperactivity that cannot be
identified by Western blot analysis of protein kinase expression
levels, associated with multiple molecular alterations that con-
verge on CDK4 kinase activity. It therefore constitutes a promising
tool for diagnostic and prognostic purposes by affording means of
monitoring cancer-associated alterations in kinase activity which
are complementary to immunological identification of melanoma-
specific biomarkers. Moreover this biosensor allows to quantify
response to CDK4 inhibitors in cell extracts, as well as in skin
biopsies and in melanoma xenograft lysates, providing a direct
readout of their efficacy in a fluorescence-based assay, and thereby
offering promising perspectives for developing a companion assay
to assess disease progression and response to therapeutics.

5. Conclusions

Uncontrolled proliferation of melanocytes results in melanoma,
the most aggressive form of skin cancer, which further metasta-
sizes into a deadly form of cancer. Although antibody-based ap-
proaches are currently implemented for detection of several his-
tological and serological melanoma-specific biomarkers, new tools
are required to monitor enzymatic biomarkers whose hyper-
activity is associated with the onset and progression of this dis-
ease. In this respect, CDK4 kinase constitutes an attractive bio-
marker, since the p16™¥43_Cyclin D-CDK4/6-pRb pathway is dys-
regulated in 90% of melanomas, resulting in CDK4 hyperactivity,
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which promotes and sustains uncontrolled cell proliferation.

Our work highlights the development of an original peptide-
based fluorescent biosensor to monitor cancer-associated altera-
tions in CDK4 kinase activity, which constitutes a versatile tool for
application in cell extracts, skin biopsies and melanoma xeno-
grafts. CDKACT4 biosensor is not only the first fluorescent peptide
biosensor to report on CDK4 kinase activity, it also constitutes an
innovative design that incorporates a novel and artificial phos-
phoaminoacid recognition sequence with a CDK4-specific sub-
strate sequence derived from Rb. Moreover this is the first fluor-
escent peptide biosensor which has been successfully applied to
monitor kinase activities in skin samples and tumour xenografts,
thereby providing functional information which will be useful to
complement morphological and histological analysis of clinical
samples.

CDKACT4 biosensor constitutes a first-of-a kind tool for de-
tection of a relevant enzymatic biomarker in melanoma, and we
anticipate it will enable development of a predictive diagnostic
assay for detection of melanoma onset in precancerous lesions.
Our study therefore emphasizes the potency of fluorescent bio-
sensors to report and quantify enzymatic activities as an alter-
native to antibody-based approaches for diagnostic purposes.
Furthermore we have shown that implementation of CDKACT4
constitutes a useful companion assay to identify CDK4 inhibitors
which present a relevant therapeutic indication in melanoma.
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