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CDC25A targeting by miR-483-3p decreases
CCND-CDK4/6 assembly and contributes to
cell cycle arrest

T Bertero'?, C Gastaldi'?, | Bourget-Ponzio®®, B Mari?, G Meneguzzi®3, P Barbry*'2, G Ponzio™? and R Rezzonico*'?

Disruption of contact inhibition and serum afflux that occur after a tissue injury activate cell cycle, which then stops when
confluence is reached again. Although the events involved in cell cycle entry have been widely documented, those managing cell
cycle exit have remained so far ill defined. We have identified that the final stage of wound closure is preceded in keratinocytes
by a strong accumulation of miR-483-3p, which acts as a mandatory signal triggering cell cycle arrest when confluence is
reached. Blocking miR-483-3p accumulation strongly delays cell cycle exit, maintains cells into a proliferative state and retards
their differentiation program. Using two models of cell cycle synchronization (i.e. mechanical injury and serum addition), we
show that an ectopic upregulation of miR-483-3p blocks cell cycle progression in early G1 phase. This arrest results from a direct
targeting of the CDC25A phosphatase by miR-483-3p, which can be impeded using an anti-miRNA against miR-483-3p or a
protector that blocks the complex formation between miR-483-3p and the 3'-untranslated region (UTR) of CDC25A transcript. We
show that the miRNA-induced silencing of CDC25A increases the tyrosine phosphorylation status of CDK4/6 cyclin-dependent
kinases which, in turn, abolishes CDK4/6 capacity to associate with D-type cyclins. This prevents CDK4/6 kinases’ activation,
impairs downstream events such as cyclin E stimulation and sequesters cells in early G1. We propose this new regulatory
process of cyclin-CDK association as a general mechanism coupling miRNA-mediated CDC25A invalidation to CDK post-

transcriptional modifications and cell cycle control.
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Tissue homeostasis requires precise control of cell prolifera-
tion in response to environmental cues. Progression through
the G1 phase represents a rate-limiting step of any
mammalian cell proliferation. Before the passage of the
restriction point, activation of CCND- and CCNE-dependent
CDKs initiates a sequence of events that eventually leads to
the initiation of a full cell cycle. Any defective coordination of
the undergoing molecular processes can lead to aberrant
tissue reparation, and even tumorigenesis." Early induction of
CCND1 by mitogens represents a critical step for initiating cell
cycle progression from quiescence. Under favorable growth
conditions, CDK4/6 associate with CCNDs, phosphorylate
and inactivate pRB, allowing the release of E2F and the
transcription of its target genes, such as cyclins E and A. The
activity of CDKs can be blocked by natural inhibitors, CKI,
belonging either to the INK4 (p16'NK4a p15!NK 51gINKac
p19'"™NK4d) or the CIP (p21°'71, p27KP1 | p57X'"2) families.?
MiRNAs are small non-coding RNAs that post-transcription-
ally repress gene expression, mainly through binding to the 3'-
(untranslated regions) UTRs of their target mRNAs. It has now
been well documented that regulation by miRNAs contributes
significantly to the fine-tuning of cell cycle.® Anti-proliferative
miRNAs directly target CDKs (miR-16 family, miR-24, miR-33,

miR-449a/b/c, miR-125b and so on), cyclins (miR-15, miR-26a,
miR-34a, miR-19a, let-7 and so on) or E2F family members
(miR-1, MiR-17~92, miR-21, miR-24, miR-125a, miR-210,
miR-330/331), whereas pro-proliferative miRNAs have effects
on the pocket protein pRB (miR-17 ~92, miR-106a, miR-290,
miR-335) or on inhibitors of the INK4 and CIP families (miR-
17 ~92, miR-24, miR-31, miR-106b, miR-181, miR-221/222).3

CDC25A, a dual-specificity phosphatase that activates CDK
complexes through dephosphorylation of tyrosine/threonine
residues on CDKs, is an important actor of cell cycle.
Interestingly, it is targeted by several miRNAs (miR-15a, miR-
16, miR-21, miR-125b, miR-424, miR-449a/b, miR-503, let-7),
probably in line with their own anti-proliferative effects.*'? The
molecular pathways associating an invalidation of CDC25A to
cell-growth arrest have remained so farincompletely understood.

Using in vitro and in vivo models, we recently demonstrated
the accumulation of miR-483-3p during wound closure of
keratinocytes and found that kinase MK2, cell proliferation
marker MKI67 and transcription factor YAP1 were direct
targets of miR-483-3p that could contribute to the control of
keratinocyte proliferation at the final steps of re-epithelializa-
tion."® Additional miR-483-3p target genes including BBC3/
PUMA, SMAD4, CTNNB1 and GDF3 have been identified in
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other tissues (Wilm’s tumors, adrenocortical carcinomas,
HCT116 colon and HepG2 hepatocellular carcinoma cell
lines, and adipose tissue).'*'8

We demonstrate now that CDC25A has a key role in the
mediation of the anti-proliferative effects of miR-483-3p in
keratinocytes by controlling the binding between CDK6/4 and
CCNDs. Our results obtained on CDK6 shed new light on the
mechanisms that control CCND—-CDK6/4 assembly in early
G1, showing that this association greatly depends on the
phosphorylation status of the Y residues located in the ‘Glycin
rich domain’ of these kinases.

Results

MiR-483-3p blocks injured-keratinocytes in early G1. To
characterize the molecular mechanism whereby miR-483-3p
exerts its anti-proliferative effect, we analyzed the impact of
its overexpression on cell cycle commitment stimulated by

miR-483-3p prevents CCND-CDK4/6 assembly
T Bertero et a/

scratch wounding. When confluent NHK were submitted to
injury, they entered synchronously in the cell cycle, com-
pleted a round of mitosis and were arrested in the next G1
because of renewed confluence.'2°

NHK were transiently transfected with pre-miR-483-3p or
control pre-miR-NC grown to confluence and scratch
wounded. Twenty-four hours after injury, about 30% of the
miR-NC-treated NHK had entered in S/G2/M phases
(Figure 1a), CCND1 and CCNA were stimulated, and pRB
was phosphorylated on S780 residue (Figure 1b). In
contrast, miR-483-3p-treated NHK were blocked in G1, with
CCND1 induction but without stimulation of CCNA expres-
sion and pRB phosphorylation, indicating that cells entered in
the cell cycle but did not reach the S phase. In addition,
p27K'P1 expression was significantly higher in miR-483-3p-
transfected than in control keratinocytes. Similar results
were observed in HaCaT-immortalized keratinocytes
(Supplementary Figure S1).
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Figure 1 miR-483-3p blocks injured keratinocytes in early G1. (a) Cell cycle analysis of NHK transfected with pre-miR-483-3p or control pre-miR-NC, synchronized in
G0/G1 by confluence (NW) and launched into the cell cycle for 24 h by scratch wounding. (b) Western blot analysis of NHK treated as in (a). (¢) NHK transfected with LNA anti-
miR-483-3p or control LNA-159s were grown to confluence (NW) then submitted to injury and harvested after 24 and 48 h. Expression of cell cycle and differentiation markers
were analyzed by western blot. HSP60 was used as a loading control. Data are from a typical experiment chosen among five
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Interestingly, when the endogeneous stimulation of
miR-483-3p by injury’® was prevented using an antagonist
(LNA-483-3p), the levels of CCNA, CCND1, as well as pRB
phosphorylation remained elevated 48 h after injury, whereas
strongly decreased in control cells (LNA-159s) (Figure 1c).
This observation indicates that the inactivation of miR-483-3p
prevented the cell cycle exit at the end of the healing process
and allowed NHK to progress into the next G1/S phase.
Blocking of miR-483-3p action also precluded the activation of
Notch proteolytic processing (NICD), KRT1 and KRT10
differentiation markers, and maintained TP63 expression.

MiR-483-3p inhibits the cell cycle upstream of CCNE
induction. We then studied the effect of miR-483-3p on
serum-induced cell cycle commitment, an experimental
condition that launches more HaCaT cells into the cell cycle
than scratch wounding. Pre-miR-NC and pre-miR-483-3p-
transfected HaCaT cells were synchronized in GO/G1 by
serum starvation, and released from quiescence by fetal calf
serum (FCS) addition (Figure 2). HaCaT cells transfected
with miR-483-3p did not reach the S phase upon FCS
addition (15 versus 44% in control in S phase after 24 h)
(Figure 2a). CCNE and CCNA, as well as phosphorylation of
pRB, were not stimulated. Overexpression of miR-483-3p
did not prevent the stimulation of CCND1 and CCND3
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(Figure 2b). The analysis of the CKis revealed that miR-483-
3p did not alter the expression p15™<*B and p21°P! put
increased the level of p27X'"" (Figures 1b and 2b). However,
this upregulation was not involved in the anti-proliferative
effect of miR-483-3p (Supplementary Figure S2).

The ability of miR-483-3p to block CCNE induction strongly
suggests that cells were blocked in early G1 phase via a
CCNE transcriptional inhibition (Supplementary Figure S3).

MiR-483-3p prevents the activation of CCND-CDK4/6
complexes. The transcriptional stimulation of CCNE is a
direct consequence of the phosphorylation of pRB by the
CCND-dependent kinases, CDK4 and CDK6. The active
CCND-CDK4/6 complexes can phosphorylate pRB on
specific sites, including S780, which is not phosphorylated
by CCNA/E-CDK2 complexes.?"?? Consequently, the ana-
lysis of pRB (S780) phosphorylation represents a direct
measurement of CDK4/6 activities. Consistent with an
inhibition of the activity of CCND-CDK4/6 complexes, miR-
483-3p markedly decreased the phosphorylation of pRB on
S780 in FCS-stimulated HaCaT cells (Figure 2b) and in
wounded NHK (Figure 1b). As this inhibition cannot be
explained by any alteration in CCND1 or CCND3 expression,
these observations suggest the existence of other(s)
inhibitory mechanism(s).
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Figure 2 miR-483-3p blocks CCNE induction in synchronized HaCaT keratinocytes. (a) Cell cycle analysis of HaCaT cells transfected with pre-miR-483-3p or control pre-
miR-NC synchronized in GO/G1 by FCS starvation and launched into the cell cycle for 12 or 24 h by FCS addition. (b) Western blot analysis of HaCaT cells treated as in (a).

Data are from a typical experiment chosen among four
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CDK4 and CDC25A are direct targets of miR-483-3p. We
looked for miR-483-3p putative targets that could interfere
with CDK4/6 activity (Supplementary Table S1). We focused
our attention on CDC25A, CDK4 and CDKG®, as they contain
one—three miR-483-3p putative binding sites in their 3'-UTR.

In a luciferase gene reporter assay, miR-483-3p markedly
decreased luciferase activity of the CDK4 and CDC25A
constructs in a range of 30-55% (Figure 3b). Surprisingly, we
were unable to validate CDK6 as a direct target of miR-483-
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3p, despite the presence of three putative miR-483-3p sites in
the 3'-UTR of CDK®6 (Figure 3b).

The inhibitory effect of miR-483-3p was abolished after
directed mutagenesis of the CDC25A and CDK4 ‘seed’
binding sequences (Figure 3b). Both genes are thus direct
targets of miR-483-3p.

Protein expression of CDC25A and CDK4 was strongly
reduced in NHK and HaCaT cells transfected with miR-483-3p
(Figure 3c). Downregulation of CDK4 and CDC25A, observed
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Figure 3 Identification and validation of miR-483-3p target genes. (a) Sequence of putative miR-483-3p binding sites in the 3'-UTR of human CDC25A and CDK4.
(b) Luciferase reporter assays of wild type (WT) and mutated (MUT) 3'-UTR sequences of CDC25A, CDK4 and CDKB in the presence of pre-miR-NC or pre-miR-483-3p. Data
are means = S.D. of normalized luciferase activity from three independent experiments. Statistically significant differences are indicated (**P<0.001). (c) Western blot
analysis of CDK4, CDK6 and CDC25A expression in NHK and HaCaT cells transfected with pre-miR-483-3p or control pre-miR-NC, synchronized in GO/G1 by confluence or
FCS starvation and launched into the cell cycle for 12 or 24 h by scratch wounding or FCS addition, respectively. (d) NHK transfected with LNA anti-miR-483-3p or control LNA-
159s were grown to confluence (NW), then submitted to injury and harvested after 24 and 48 h. Expression of CDK4, CDK6 and CDC25A was analyzed by western blot.
HSP60 was used as a loading control
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between 24 and 48h in scratch-wounded NHK, was totally
prevented in cells when miR-483-3p de novo synthesis was
inhibited by LNA-483-3p (Figure 3d). /n vivo wound-healing
experiments performed on mouse tail showed that the
expression of CDC25A decreased in epidermis when miR-
483-3p was strongly induced (Supplementary Figure S4).
These data establish CDC25A and CDK4 as bona fide
target genes of miR-483-3p, which could have a critical role in
the mediation of the anti-proliferative effect of miR-483-3p.

Impact of CDK4 and CDC25A invalidation on cell cycle
progression. SiRNA invalidation of CDK4 (or CDK®6) did
not alter the serum-stimulated cell cycle progression
(Figures 4a and b). In contrast, the simultaneous invalidation
of CDK4 and CDKG6 blocked the cell cycle in early G1
(Supplementary Figure S5). These observations indicate that
only downregulation of CDK4 by miR-483-3p is not sufficient
by itself to inhibit pRB(S780) phosphorylation.

The invalidation of CDC25A led to different results. When
CDC25A was downregulated using siRNA, HaCaT cells
remained blocked in G1 after serum addition (61 versus
37% in GO/G1 phase) (Figure 4a). Interestingly, the silencing
of CDC25A did not impair the stimulation of CCND1 but
markedly blocked the induction of CCNE and CCNA, as well
as the pRB(S780) phosphorylation (Figure 4b), demonstrating
that, like miR-483-3p, the suppression of CDC25A led to the
inhibition of the CCND-associated kinases activity.

CDC25A ectopic expression rescues keratinocytes from
miR-483-3p anti-proliferative effect. We selected HaCaT
cell lines that stably express WT or catalytically inactive
(C431S) forms of CDC25A.2% These two CDC25A variants
lack the 3'-UTR, and are thus insensitive to miR-483-3p.
Upon FCS, miR-483-3p did not inhibit the cell cycle
progression of HaCaT transfected with WT-CDC25A,
whereas it blocked control cells or catalytically inactive
CDC25A-transfected cells in G1 (Figures 4c and d), strongly
suggesting that CDC25A indeed participated to the anti-
proliferative effect of miR-483-3p.

The functional impact of CDC25A repression with regard to
the anti-proliferative action of miR-483-3p was finally demon-
strated using a target protection approach.?* Two modified
oligonucleotides (TSBcpcasa-1 and TSBgpcesae) comple-
mentary to the miR-483-3p-binding sites of CDC25A, thus
preventing the invalidation of CDC25A by miR-483-3p, were
transfected in HaCaT cells and NHK (Figures 4e—g).

Upon FCS, CDC25A protection by TSBcpcasa-1 12 led to a
significant reduction in the number of cells blocked in G1 by
miR-483-3p treatment (Figure 4e). TSBcpcesa1:2 also

abrogated the inhibitory effect of miR-483-3p on CCNE and
CCNA expression, and pRB(S780) phosphorylation (Figure 4f).

In injured NHK, CDC25A protection significantly prevented
post-mitotic cell cycle exit and maintained G1/S phase
progression in the next cycles, as demonstrated by the
sustained CCNE and CCNA expression, and pRB(S780)
phosphorylation 72 h after injury (Figure 4g). TSBcpcosa-1 + 2
also decreased the stimulation of early differentiation markers
such as NICD, KRT1 and KRT10, and maintained TP63
expression, arguing for a delayed program of keratinocyte
differentiation.

MiR-483-3p potentiates tyrosine phosphorylation on
CDK6 and CDK4. The activity of the CCND-CDK6/4
complexes can be inhibited by agents that increase the
phosphorylation of their tyrosine residues, notably when the
CDK-specific tyrosine phosphatase CDC25A is inhibited.?>2
We analyzed the impact of miR-483-3p overexpression
and CDC25A invalidation on the tyrosine phosphorylation
status of CDK6 and CDK4 in HaCaT cells (Figure 5a, and
Supplementary Figure S6). CDK6 immunoprecipitations
coupled to anti-phosphotyrosine immunoblotting demon-
strated that CDK6 was tyrosine-phosphorylated in FCS-
starved HaCaT cells and strongly dephosphorylated upon
FCS stimulation (Figure 5a). MiR-483-3p transfection mark-
edly increased the basal tyrosine phosphorylation of CDK6
and strongly inhibited its dephosphorylation after FCS
addition. Similarly, CDK6 remained tyrosine-phosphorylated
upon serum stimulation in HaCaT cells invalidated for
CDC25A, whereas it was dephosphorylated by 75% in cells
treated with a control siRNA. SiRNA invalidation of CDC25A
also potentiated the tyrosine phosphorylation of CDK4 and
prevented its dephosphorylation when cells were stimulated
with FCS (Supplementary Figure S6A).

CDC25A has a major role in the assembly of
CCND-CDK4/6 complexes. The tyrosine phosphorylation
of CDK6 and CDK4 inhibits their kinase activity,?>?® but
the mechanisms underlying this inhibition have been
incompletely elucidated.

Interestingly, we observed that the amount of CDK6 bound to
CCND1 and CCND3 was markedly decreased in quiescent and
FCS-stimulated HaCaT cells transfected with miR-483-3p or
siCDC25A (Figure 5b). Incidentally, we noticed that CCND3
does not constitutively associate with CDK6 in quiescent cells,
despite its high level of expression (Figure 5b).

It is worth noting that miR-483-3p overexpression did not
preclude the formation of CCND1-CDK6 complexes in
HaCaT cells that expressed an enzymatically active form of

>

Figure 4 CDC25A invalidation is essential for miR-483-3p cell cycle inhibition. (a and b) Effect of CDK4, CDK6, CDC25A or control (Ctl) siRNAs on HaCaT cell cycle
distribution by FACS (a), and western blot (b) analyses. Cells were synchronized in GO/G1 by FCS starvation and released into the cell cycle for 12 or 24 h by FCS addition.
(c and d) Effect of miR-483-3p on the cell cycle of HaCaT cells stably expressing an empty pcDNA3 vector (Mock), WT-CDC25A or a phosphatase ‘dead’ C431S-CDC25A
variant. Cells were synchronized, stimulated and analyzed as described in (a and b). (d) MK2 was used as a positive control of miR-483-3p effect. (e and f) Effect of CDC25A
target site blockers on miR-483-3p-induced cell cycle blockade. HaCaT cells were cotransfected with 50 nM of CDC25A TSB (TSBcpcasa-1; TSBepezsa-2) or TSBcy in the
presence of 5nM of pre-miR-NC or pre-miR-483-3p and then synchronized, stimulated and analyzed as described in (a-b). (g) Effect of CDC25A TSB on scratch-wound-
induced miR-483-3p. NHK were transfected with 10 nM of TSBcpcasa-1+ 2 or TSBey, grown to confluence, scratch wounded and harvested at the indicated time points
to analyze cell cycle regulators and differentiation markers by western blot. (a, ¢, €) Data point out the percentage of HaCaT cells in GO/G1, S and G2/M phases after
FCS-deprivation or 24 h after FCS-addition, and are representative of four independent experiments
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CDC25A (Figure 5c), demonstrating that the enzymatic
activity of CDC25A was required for proper association
between CDK6 and CCND1.
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Loss of CDC25A also increased the tyrosine phosphoryla-
tion level of CDK4 and blocked its capacity to assemble with
CCNDs (Supplementary Figures S6A and B).
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Thus, miR-483-3p-dependent inhibition of CDK6 and CDK4
activities results, at least in part, from a defective association
with  CCNDs. CDK6 and CDK4 dephosphorylation by
CDC25A controls these associations.

Interestingly, we noticed in cells treated with miR-483-3p,
siCDC25A or a pharmacological inhibitor of CDC25A, that
upon FCS stimulation, the neosynthesized cyclin D1 translo-
cated into the nucleus, whereas CDK4/CDK®6 were retained in
the cytosol (Supplementary Figures S6C, S7A-B and S8). In
addition, this miR-483-3p-mediated inhibition of CDK6
nuclear import was efficiently reverted by the expression of
WT-CDC25A or CDC25A-target-site blockers (Supplementary
Figures S7C and D).

The CDK6(Y24) phosphorylation prevents the formation
of CCND-CDK6 complexes. We then investigated the role
of CDK6(Y24) phosphorylation in formation of CCND—CDK6
complexes because CDKG® is not a direct target of miR-483-3p
and, in contrast to CDK4, its expression is not affected by the
presence of miR-483-3p.

Y24 is the only CDK®6 tyrosine residue reported so far for
being phosphorylated, thus inhibiting the kinase activity of
CCND-CDK6 complexes.2®26 A non-phosphorylatable Y24F
mutant of CDK6, ectopically expressed in HEK293 cells,
associated much better with CCNDs than the WT-CDK®6 form
(Figure 6a). Moreover, CCND—-CDK®6 association was not
hampered by miR-483-3p in Y24F-CDK6-transfected
HEK293 cells, although it was totally inhibited in cells
transfected with WT-CDK®6 (Figure 6a). Similarly, in quiescent
and FCS-stimulated HaCaT cells transfected with Y24F-
CDK®6 or WT-CDK®, the amount of CCNDs associated with
Y24F-CDK®6 was higher than that with WT-CDK6 (Figure 6b).
Overexpression of miR-483-3p strongly impaired the associa-
tion of CCNDs with WT-CDK®6, whereas it did not affect the
formation of CCND-Y24F-CDK6 complexes, indicating that:
(1) phosphorylation of CDK6 Y24 residue indeed antagonizes
the binding with CCND, and (2) the inhibitory effect of miR-
483-3p on CCND-CDK®6 assembly routed through the depho-
sphorylation of the CDK6 Y24 residue.

BrdU incorporation performed in exponentially growing HEK293
cells (Figure 6¢) and in FCS-stimulated HaCaT keratinocytes
(Figure 6d) indicated that cells transfected with Y24F-CDK6 were
able to enter in S phase in the presence of miR-483-3p, whereas
cells expressing the WT form were strongly inhibited.

Discussion

This manuscript reports a novel cell cycle regulatory mechan-
ism involved in the proliferation arrest that follows contact
inhibition. This mechanism is controlled by miR-483-3p,
which is specifically upregulated when keratinocytes sheets,

disrupted by injury, recover confluence. We demonstrate
here the downregulation of CDC25A phosphatase by
miR-483-3p, and how this invalidation interferes with the cell
cycle progression.

Our results show that the ectopic expression of miR-483-3p
blocks the cell cycle progression of keratinocytes stimulated by
serum or injury in early G1 phase. Elsewhere, all approaches
that antagonize the neo-synthesis of miR-483-3p following injury
compromised the exit of cell cycle driven by confluence and
facilitated the G1/S phase progression into the next cycles.
These observations emphasize the important role of miR-483-3p
in the control of quiescence. We also observed that preventing
miR-483-3p action delayed the appearance of early differentia-
tion markers, indicating that miR-483-3p is mandatory for the
cell-growth arrest that precedes commitment of keratinocytes to
terminal differentiation.

Our molecular analyses established that miR-483-3p
interrupts the cell cycle progression in G1 by inhibiting
the activity of the CCND-dependent kinases CDK4 and
CDK®6. This inhibition mostly results from an enhanced
tyrosine phosphorylation of CDK4 and CDK6, due to
the direct invalidation of CDC25A by miR-483-3p. The Y17
and Y24 residues of CDK4 and CDK6 are equivalent
to the Y15's of CDK1/CDK2 that have a key role in the
regulation of these kinases. When phosphorylated, Y17 and
Y24 inhibit the kinase activity of CDK4 and CDK6.2°2° Both
residues are located within the conserved ‘glycine-rich’ motif
(GXGXYG) of CDK6/4 required for ATP binding. Their
phosphorylation is controlled by a balance between kinases,
such as Src family members, and CDC25 phosphatases.?”28
From the three CDC25 isoforms (CDC25A, CDC25B and
CDC25C) present in human cells, which activate CDKs at
different phases of the cell cycle through dephosphorylation of
their ‘glycin-rich motifs’,?82° CDC25A is the only member
required for the control of G1/S CDK’s activities. Its dominant
role in cell cycle control appears consistent with a high
incidence of upregulation in cancer.2®° So far, the impact of
CDC25A in the control of G1 progression was mostly
attributed to its effect on CCNE-CDK2 or CCNA-CDK2
complexes.®' Here, we demonstrate that the cell cycle
blockade consecutive to CDC25A inhibition by miR-483-3p,
siRNAs or pharmacological drugs, precedes CCNE induction
and results from the inhibition of the kinase activity of
CCND-CDK4/6 complexes. Similar observations have also
been reported in TGFfS- or DNA damage-induced G1
arrest,?>2® as well as in cells lacking plk3.3? However, the
molecular connection between the absence of CDC25A and
the cell cycle blockade in very early G1 has never been
elucidated so far.

Structural studies and enzymatic analyses demonstrated
that Y15 phosphorylation participates in the enzymatic

>

Figure5 miR-483-3p prevents CDKB6 tyrosine dephosphorylation and assembly with CCND. (a) Effect of miR-483-3p and CDC25A siRNA on the tyrosine phosphorylation
status of CDK6. HaCaT cells transfected with pre-miR-483-3p or si-CDC25A were synchronized by serum starvation and then stimulated with FCS for 12 h. miR-NC and siCt|
refer to control miRNA and siRNA. Tyrosine phosphorylation (P-Tyr) was detected by western blot after immunoprecipitation with anti-CDK6 antibodies. Histograms represent
the quantification of the P-Tyr signal normalized for CDKB. Lower panels represent the efficiency of miR-483-3p- and siRNA-mediated CDC25A invalidation. (b) Effect of miR-
483-3p and CDC25A siRNA on the formation of CCND-CDK6 complexes. Lysates from HaCaT cells treated as described in (a) were immunoprecipitated with anti-CCND1,
anti-CCND3 or anti-CDK6 antibodies and then blotted with Phospho-pRB(S780), CCND1, CCND3 and CDK6 antibodies. (¢) HaCaT cells constitutively expressing an
empty vector (Mock), WT-CDC25A or the C431S-CDC25A variant were transfected with pre-miR-NC or pre-miR-483-3p and treated as described in (a). CCND1 was
immunoprecipitated, and CCND1-bound CDK6 measured by immunoblotting. Lower panel shows the analysis of CDC25A levels in total cell lysates
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Figure 6 CDKG6(Y24) phosphorylation inhibits CCND-CDK6 assembly and prevents cell cycle progression. (a and b) HEK293 and HaCaT cells were transfected with
expression vectors for HA-tagged WT-CDKG6 or Y24F-CDKG in the presence of pre-miR-NC or pre-miR-483-3p. Lower panels show the efficiency of miR-483-3p-mediated
CDC25A invalidation. (a) In HEK293, CDK6 was immunoprecipitated 48 h after transfection using an anti-HA antibody, and the associated CCNDs were measured by
immunoblot using a pan-CCND antibody. (b) Transfected HaCaT cells were synchronized in GO/G1 by FCS starvation and then released for 12 h by FCS addition. CCND
expression in anti-HA immunoprecipitates was analyzed as in (a). Histograms show the quantification of CCND normalized to the level of HA-CDK6. (c and d) Effect of
CDK®6 Y24F mutation on cell cycle progression. BrdU incorporation was measured in exponentially growing HEK293 (c),and in synchronized HaCaT (d) cells transfected like in
(a and b). Nuclei were stained with DAPI. Data are means * S.D. from eight independent microscope fields. Statistically significant differences are indicated (**P<0.001)

inhibition of CDK1 and CDK2 by reducing ATP binding
and/or affinity for their substrate.3*® However, to date, the
mechanisms underlying the inhibition of CCND-dependent
kinases by tyrosine phosphorylation have not been eluci-
dated. Here we bring direct new evidences that phosphoryla-
tion of Y24 inhibits CDK6 activites by preventing its
association with CCNDs.

The mechanisms involved in the regulation of CCND-CDK4/6
association have been the matter of intense speculations.®®
In quiescent fibroblasts, ectopically expressed CDK4 and
CCND3 do not spontaneously associate. Their assembly
depends on a serum-stimulated event.>” Here we demonstrate
that the Y24 phosphorylation of CDKB6 is likely the inhibitory
signal preventing this association, as the Y24F—-CDK®6 better
associates with CCNDs than WT-CDK®, even in resting cells.
While additional post-traductional modifications such as the
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CAK-mediated CDK6 T178 phosphorylation represents other
mechanisms for the holoenzyme activation,®® our data empha-
size the importance of the assembly step of complexes in the
activity of the holoenzyme.

The GXGXYG domain of CDK4 containing the Y17 residue
is a highly flexible region that is also involved in the binding of
CDC37/HSP90. These chaperones have been shown to
regulate CDK4—-CCND1 association. Indeed, mutations of the
G15 or G18 residues precluded CDC37-CDK4 complex
formation and greatly reduced the binding of CDK4 to
CCND1,* indicating that slight structural modifications within
the ‘glycine-rich’ motif are detrimental for the assembly of
CCND-CDK4 complexes. It is highly conceivable that the
negative charges brought by the phosphorylation of Y24 in the
CDK6 GXGXYG domain impose conformational changes or
generate steric hindrance that could interfere with the binding
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Figure 7 Hypothetical model summarizing the molecular bases of miR-483-3p anti-proliferative effect. At the end of wound healing, the miR-483-3p-mediated invalidation
of CDC25A prevents the dephosphorylation of the CDK4/6 Y17/24 residues, which impairs the formation of CCND1/3-CDK4/6 complexes, hampering their activation and
blocking cells in early G1, which could favor keratinocyte commitment to terminal differentiation

of CCNDs. Future X-ray crystallographic studies should clarify
this question.

CDC25A is exquisitely regulated during the cell cycle. It is
upregulated from G1 to G2 phase then downregulated when
cells enter mitosis, and stimulated again in the next G1 phase.
The mechanisms whereby CDC25A is repressed are com-
plex.>° For a long time, the degradation of CDC25A by an
ubiquitin-mediated proteolysis was considered as the unique
mechanism of CDC25A turnover.?® However, the recent
identification of several miRNAs targeting CDC25A (miR-
15a, miR-16, miR-21, miR-125b, miR-424, miR-449a/b, miR-
503, let-7)°"'2 clearly establishes that the miRNA-dependent
repression of CDC25A also corresponds to a significant
component of cell cycle control.

In this context, our results can explain how CDC25A
invalidation has an impact on cell cycle, by showing that
CD25A silencing precludes the association between CDK4/6
and their partner cyclins. They provide an adequate frame-
work to explain the anti-proliferative effects reported for all
others CDC25A-targeting miRNAs.

Our data are summarized in Figure 7. The upregulation of
miR-483-3p, either by ectopic expression or after keratinocyte
injury, directly targets CDK4 and CDC25A. Invalidation of
CDK4 has no impact by itself on the cell proliferation, but
invalidation of CDC25A prevents the dephosphorylation of
CDK6 (Y24) and CDK4 (Y17) residues, and impedes their
association with CCNDs. This inhibition impairs the activation
of CCND-dependent kinases, prevents the phosphorylation of
pRB and blocks cells in early G1 upstream the transcriptional
induction of CCNE.

The anti-proliferative effect of miR-483-3p in wound healing
is in accordance with its decreased expression in the
hyperproliferative epidermis of patients suffering from atopic
dermatitis and psoriasis,*>*' and in gastric, nasopharyngeal
and hepatocellular carcinomas.**™*® However, there is cur-
rently no functional evidence of any physiopathological

implication of miR-483-3p downregulation in these processes.
Conversely, miR-483-3p is overexpressed in cancers asso-
ciated with biallelic expression of its host gene /IGF2 due to
LOI of the IGF2/H19 locus."® 746748 |n these tumors, miR-
483-3p was proposed to have an anti-apoptotic oncogenic
role by targeting the BBC3/PUMA gene, thus favoring cell
survival.'®'” In keratinocytes, we previously observed that
PUMA expression was not modulated by miR-483-3p,'®
indicating that such a gene targeting could be cell-type
specific or could depend on a defined biological process. In the
same way, one can hypothesize that the apparent discrepancy
between the overexpression of miR-483-3p in these cancers
and our data on its anti-proliferative properties could result from
the dysregulation of several oncogenic or tumor-suppressive
pathways controlling the cell cycle in these tumors.

In conclusion, this study shed some light on an important
mechanism of regulation of CCND-dependent kinases’
activity. We demonstrate that the induction of CCNDs is not
sufficient per se to launch cells into the cell cycle, but also
requires that CDK4/6 are prone to interact with them. The
formation of the holoenzyme, which precedes the activation of
the kinases, requires at least an additional step, that is, the
dephosphorylation by CDC25A at key tyrosine residues
located in the ‘glycine-rich’ domain of CDK4/6. Besides its
well documented effect on CCNE-CDK2 at the G1/S
boundary, CDC25A thus appears also as a key regulator of
the very early steps of the cell cycle by targeting CDK4/6,
heavily controlled by many miRNAs, including miR-483-3p.

Materials and Methods

Cell culture and wounding protocol. NHK isolated from healthy
neonatal foreskins were cultured on a feeder layer of lethally irradiated 3T3-J2
fibroblasts and wounded using a homemade ‘helicoidal scarificator’ as previously
described.™ In transfection experiments, NHK were seeded and transfected in
defined KGM2 medium (Lonza, Basel, Switzerland). Feeder cells and fresh
medium were added 24 h after transfection. The COS-7 monkey kidney cell line
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(ATCC; Rockville, MD, USA) and the human HaCaT-immortalized keratinocytes
(gift from Dr. P Boukamp, Heidelberg, Germany) were grown in DMEM containing
10% FCS (Perbio Science AB, Helsingborg, Sweden). In some experiments,
HaCaT cells were cultured in the presence of CDC25A inhibitor Il (Calbiochem,
Merck, Darmstadt, Germany).

Keratinocyte transfection. Pre-miRNAs (pre-miR-483-3p and negative
control pre-miR-NC1), anti-miRNAs oligonucleotides (LNA-159s and LNA-483-3p),
custom designed target site blockers LNA oligonucleotides (TSBgpcasa.i:
5-CCACTCCCTTCTCCTAAT-3', TSBcpcasae: 5-TCATCACTCCCTGTCTCT-3,
TSBgy) and ON-Targetplus siRNAs (for CDK4, CDK6, CDC25A, p27KP" and
irrelevant control (Ctl)) were purchased from Ambion (Austin, TX, USA), Exigon
(Vedbaek, Denmark) and Dharmacon (Thermo Fisher Scientific, Courtaboeuf,
France), respectively. NHK and HaCaT cells were plated and transfected 24 h
later at 30-50% confluency, with pre-miRNAs (10nM), anti-miRNAs (20 nM),
siRNAs (25nM) or TSB (10-50nM) using Lipofectamin RNAIMAX reagent
(Life Technologies, Carlsbad, CA, USA). Transfection efficiency, evaluated by
FACS analysis using a FAM-labeled pre-miR-NC, ranged between 60 and 90%
depending on cell type and cell density. HaCaT cells stably expressing
WT-CDC25A or C431S-CDC25A ‘phosphatase dead’ variant were generated
by transfection of pcDNA3.1 construct (gift from Dr. S Manenti, Toulouse,
France)? using Fugene reagent (Promega, Madison, WI) and selected in medium
containing 1 mg/ml of G418 (Life Technologies). Reverse transfection of HaCaT
cells with pWT-CDK6 and pY24F-CDK6 was done using the Fugene reagent.

Cell cycle analysis. Exponentially growing HaCaT cells were transfected at
30% confluency. The next day cells were synchronized by serum starvation for
35h and then released to enter cell cycle by the addition of 10% FCS. Cells were
collected at different time and analyzed by western blotting or flow cytometry.
Briefly, cells were fixed with 70% ethanol and stained with propidium iodide
solution (Sigma St. Louis, MO, USA) containing RNAse A. Data were acquired on
a FACScalibur flow cytometer and analyzed using CellQuest Pro software
(Becton-Dickinson, Franklin Lakes, NJ, USA).

Antibodies. Rabbit polyclonal antibodies (pAb) to CCND, CCNA, p21°™',
p27KP" CDK4, CDK6 and anti-HSP60 goat pAb, and mouse monoclonal
antibodies (mAb) to CCND1, CCND3, CCNE and CDC25A were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit pAb to p15,
MK2 and Phospho-pRB (S780) were from Cell signaling Technology (Danvers,
MA, USA). Anti-phosphoTyrosine (4G10) and anti-pRB mouse mAbs were
from Millipore (Billerica, MA, USA). Anti-HA mouse mAb was from Sigma
Aldrich. The secondary peroxidase-conjugated pAb were from Dakopats
(Hamburg, Germany).

Immunofluorescence. HaCaT cells were grown on glass coverslip, fixed
with methanol for 10min and labeled with anti-CDK6 or anti-CDK4 pAbs and
anti-CCND1 mAb. Secondary antibodies coupled with Alexa-488 or Alexa-594
(Life Technologies) were used at 1:500. Cells were stained with DAPI (Sigma)
and coverslips mounted on glass slides with mounting medium.

Immunoprecipitation and immunoblot detection. Preparation of cell
lysates, conditions for immunoprecipitation and immunoblotting have been
described previously.*® For immunoprecipitations, 250-500 g of proteins were
incubated with antibodies against CCND1, CCND3, CDK4 or CDK6 for 2 h at 4 °C.
Immunocomplexes bound to PureProteome Protein G Magnetic Beads (Millipore)
were washed four times with PBS 0.1% Tween20 and twice with lysis buffer before
resolving by SDS-PAGE.

miRNA and gene expression analyses by real-time gPCR. Total
RNA was isolated with TRIzol reagent (Life Technologies) according to the
manufacturer's instructions. Expression of mature hsa-miR-483-3p was evaluated
using TagMan MicroRNA Assays (Applied Biosystems, Foster City, CA, USA) and
normalized to RNU44. For gene expression, RNAs were retro-transcribed with the
Superscript Il RT kit (Life Technologies) and PCR performed using SYBR Green
Master mix Il (Applied Biosystems). Gene expression levels were normalized to
RPLPO level. All reactions were done in triplicate using ABI PRISM 7900HT
Sequence detection system (Applied Biosystems) and expression levels calculated
using the comparative CT method (2 ~24¢T),
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Plasmid constructs, site-directed mutagenesis and luciferase
assays. NHK cDNA fragments corresponding to human CDK4, CDK®6, and
CDC25A 3-UTR mRNAs were cloned into the Xhol and Notl restriction sites
downstream from the Renilla luciferase gene of psiCHECK-2 vector (Promega)
using the following primers: CDC25A-F 5-GGAGGAGCATGTCCACTGAGT
ATC-3, CDC25A-R 5-GCCCCAGCTCCTTGGATGAGG-3, CDK4-F 5-GTGC
AGTCGGTGGTACCTGAG-3, CDK4-R 5-GTGTCCAGAAGGGAAATGGCAGC-3,
CDK6-F 5-GCTGCTGACCAATTGTGCTGCC-3' and CDK6-R 5-CCAACAAGG
CAGTGTGTGGCAG-3'. Luciferase assays were performed in COS-7 cells as
previously described.'® Mutagenesis of the putative miR-483-3p binding sites was
performed using the QuickChange multisite-directed mutagenesis kit from
Stratagene (Agilent, La Jolla, CA, USA) according to the manufacturer’s protocol.
Mutagenesis of 3'-UTRs was performed using the following primers, in which
‘seed’ interacting sequences are in boldface, and mutated bases are under-
scored:CDC25A-MUT1  5-CCTGGGCATTAGGAGAAGGGTGAGCGTGCTGGC
ATGGAC-3, CDC25A-MUT2 5-TTTTAGAGACAGGGAGAGAAGTATCATCAC
CGGTTG-3 and CDK4-MUT 5-CCGGAGTGAGCAATGGTGAGCCTGCCA
TGG-3. CDK6-coding sequence (NM_001259.6) was amplified by PCR and
cloned into EcoRV/Xhol sites of pPCDNA3.1 containing an additional HA tag at its
C-terminus. A single nucleotide mutation changing amino acid 24 from tyrosine to
phenylalanine was introduced using QuickChange singlesite-directed mutagenesis
kit from Stratagene.

Statistical analysis. Statistical evaluations were performed by Student’s ttest
for paired data, and data were considered significant at a P-value inferior to 0.05.
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