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CDK4 has the ability to regulate Aurora B and
Cenpp expression in mouse keratinocytes
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Abstract. Cyclin-dependent kinase 4 (CDK4) is a critical
molecule that regulates key aspects of cell proliferation
through phosphorylation of the retinoblastoma (Rb) family
of proteins. In the last few years, it has been suggested that
CDK4 plays alternative roles in cell proliferation and tumori-
genesis. The main aim of the present study was to define a
novel CDK4 function as a transcriptional regulator of genes
involved in chromosome segregation, contributing to the G,/M
phase transition. Herein, chromatin-immunoprecipitation
reverse transcription-quantitative PCR assays were performed
to demonstrate that CDK4 could occupy the promoter region
of genes associated with chromosomal segregation, such
as Aurora-B (Aurkb) and Centromere Protein P (CENP-P).
Moreover, gain- and loss-of-function experiments showed that
CDK4 participated in the transcriptional regulation of Aurkb
and CENP-P. The finding that Aurkb may have a crucial
role in chromosome bi-orientation and the spindle assembly
checkpoint, and that CENP-P could be required for proper
kinetochore function suggests that dysregulation of CDK4
expression induces chromosomal instability and, in some
cases, cancer development.

Introduction

Progress from G, to G, and through the G, phase of the
mammalian cell cycle is mediated by the cyclin-dependent
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kinases 4 and 6 (CDK4, CDK®6), which are activated through
binding with their regulatory subunits D-type cyclins (D1,
D2, and D3) (1-4). It is widely accepted that CDK4 regu-
lates critical aspects of the cell cycle via phosphorylation of
the retinoblastoma (Rb) family of proteins (5,6). Thus, the
so-called CDK4/6-Rb axis is considered essential to cell-cycle
entry and progression. Although this canonical role of CDK4
as a driver of cell proliferation has been firmly established,
research carried out over the last few years has suggested cell
cycle-independent functions of CDKs and D-type cyclins (7,8).
For example, a novel role for CDK6 in hematopoietic cells that
exceeds its function as a cell-cycle regulator has been recog-
nized (9). Increasing evidence suggests that cyclin D1 carries
out essential functions in other processes such as transcription
and DNA damage (7,10,11).

Interestingly, a systematic screen has defined other poten-
tial substrates for CDK4, including the transcription factor
forkhead box protein M1 (FOXM1) (12). Our skin carcino-
genesis studies also suggested that CDK4 plays additional
roles unrelated to its canonical function in the CDK-Rb axis.
We reported that transgenic expression of CDK4 in mouse
epidermis favors the malignant progression of skin tumors (13).
However, forced expression of the other G,-CDKs, such as
CDK6 and CDK2, in mouse keratinocytes resulted in elevated
Rb phosphorylation but did not induce malignant progression
such as observed in CDK4 transgenic mice (14,15). Moreover,
a putative role of CDK4 in chromosome instability, and conse-
quently in malignant progression, was reported by Adon et al,
in which the absence of CDK4 or CDK?2 prevents centrosome
amplification (16).

Herein we report a novel function of CDK4 regulating the
transcriptional expression of genes involved in chromosome
segregation. Chromatin-immunoprecipitation (ChIP) analysis
shows that CDK4 occupies the promoter of genes associated
with chromosomal segregation, such as Aurkb (Aurora-B) and
CENP-P (Centromere Protein P). Gain- and loss-of-function
experiments showed that CDK4 participates in the transcrip-
tional regulation of AurkB and CENP-P promoters. Importantly,
Aurora-B is a subunit of the chromosome passenger complex
controlling several aspects of chromosome segregation (17).
Thus, deregulation of Aurora-B through CDK4 expression
would result in a malfunction of the chromosome segregation
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events and potentially tumorigenesis (18). Our results suggest
that CDK4 may contribute to G,/M regulation in addition to
the prominent role in G,/G,- and G,/S-transitions. Aurora-B
expression peaks during mitosis have a crucial role in
chromosome bi-orientation and the spindle-assembly check-
point, whereas CENP-P is required for proper kinetochore
function (19,20), suggests that CDK4 plays a pivotal role in
maintaining chromosomal stability.

Materials and methods

Cell lines and primary mouse keratinocytes. The 308-cell line
was acquired through a previous research collaboration with
Dr. Claudio Conti (MD Anderson Cancer Center, Texas). This
immortalized cell line was derived from calcium-resistant
foci of keratinocytes from adult Balb/c mouse initiated by
7,12-dimethylbenz[a]anthracene and has been extensively
used as a model of cell proliferative (21-23). NIH3T3 murine
embryo fibroblasts cell line was obtained from the American
Type Culture Collection (Catalog number CRL-1658;
ATCC). Primary keratinocytes were isolated from newborn
mice and cultured in a low Ca2* medium (EMEM, 06-174
G; Cambrex-bioz) as described previously (24). Briefly, four
newborns of 48 h of age were washed with ethanol and iodine
solution and put in the refrigerator (4°C) for 30 min to induce
hypothermic anesthesia. After anesthesia by refrigeration,
the newborns were euthanized by decapitation, and skin
was removed with forceps, rinsed, and continue with the cell
culture process (24,25). The generation of mouse primary
keratinocytes and protocols for animal use were approved for
the North Carolina State University Institutional Animal Care
and Use Committee (IACUC) protocol number 18-102-B, as
required by federal regulations.

Cell extraction and immunofluorescence analysis. To
visualize chromatin-bound proteins, unbound nuclear and
cytosolic proteins from keratinocyte cell line 308 and
primary culture of mouse keratinocytes were removed with
cytoskeletal extraction buffer (CSK buffer). 70-80% confluent
308 cells were grown on coverslips coated with poly-L-lysine
(Sigma-Aldrich; Merck KGaA). For CSK extraction, cells were
washed with DPBS (Mediatech Inc.) twice and incubated with
CSK buffer [100 mM NacCl, 300 mM sucrose, 3 mM MgCl,,
10 mM PIPES (pH.8), and 0.5% Triton X-100] containing 1 x
protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA) for
2 min on ice. After extraction, cells were fixed in 10% formalin
for 20 min at RT. For DNase extraction, cells permeabilized
with CSK buffer were washed with DPBS twice and incubated
with 10 units of Optizyme Recombinant DNase I (Thermo
Fisher Scientific Inc.) 30 min at 37°C followed by fixation with
10% formalin.

Immunofluorescence staining cells were blocked with 10%
goat serum diluted in 0.01% Triton X-100/PBS solution for
30 min at RT, incubated with primary antibodies against CDK4
(C-22), and HDAC1 (10E2) (Santa Cruz Biotechnology, Inc.)
at 4°C overnight. Cells were washed with PBS four times and
incubated with goat anti-rabbit-FITC conjugated antibody
for CDK4 staining (Thermo Fisher Scientific Inc.; Pierce
Biotechnology Inc.), and goat anti-mouse-Alexa Fluor 488
(Thermo Fisher Scientific Inc.; Molecular Probes) for HDACI1

staining. DAPI staining was utilized for counterstained
(Vector Laboratories Inc.). Cells were examined under a Nikon
Eclipse E400 fluorescence microscope (Nikon Corporation),
and images were collected with Qcapture software (QImaging).

Retroviral infection and generation of stable cell lines. Murine
CDK4 cDNA was subcloned into the pLPCX retroviral vector
(Clontech Laboratories, Inc.) using primers containing Notl
restriction sites. pLPCX-Cdk4 and pLPCX (empty plasmid)
vectors were amplified in DH5a competent E. coli cells
(Invitrogen; Thermo Fisher Scientific Inc.). The retroviral
vector was transfected into the Platinum Retroviral Packaging
Cell line (Plat-E cell) with psPAX2 packing vector (Addgene)
using FuGENE® 6 Transfection Reagent (Promega Corp.).
After 48 h of transfection, the virus-containing medium was
filtered through a 0.45 ym of syringe filter (Corning Inc.).
Harvested CDK4-retroviruses and control-retrovirus were
utilized to infected NIH3T3 and 308 cells with 4 pg/ml of
hexadimethrine bromide (polybrene; Sigma-Aldrich;) and
incubated overnight. The pLPCX-Cdk4 and pLPCX-empty
retrovirus infected cells (NIH3T3-CDK4 and 308-CDK4)
were selected with 2 ug/ml of puromycin (Sigma-Aldrich Co.
LLC, MO).

Western blot assays. NIH3T3 and 308 cell lines were
lysed in RIPA buffer [150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCI (pH 8.0)]
containing 1x protease inhibitor cocktail (Sigma-Aldrich;
Merck KGaA). Protein concentration was determined with the
DC™ Protein Assay system (Bio-Rad Laboratories), 50 ug
of protein were loaded on 10% SDS-PAGE gel and electro-
phoretically transferred onto nitrocellulose membranes. After
being blocked with 5% nonfat powdered milk in Dulbecco
phosphate-buffered saline, the membranes were incubated
with 1 pg/ml of specific antibodies. The following antibodies
were used: Polyclonal antibodies against CDK4 (C-22), 3-actin
(I-19) (Santa Cruz Biotechnology, Inc.), CENP-P (PA5-31186),
and Aurora-B (MA5-17226) (Thermo Fisher Scientific Inc.;
Pierce Biotechnology Inc.). Membranes were washed and
incubated with goat anti-rabbit-HRP (sc-2004), donkey
anti-goat-HRP, or goat anti-mouse-HRP secondary antibodies
followed by enhanced chemiluminescence (ECL detection
kit; GE Healthcare). Western blot bands were quantified using
UN-SCAN-IT gel version 6.1 software. The experimental data
are representative of three independent repetitions.

Chromatin immunoprecipitation (ChIP) assay. We utilized
the SimpleChIP® Enzymatic chromatin IP kit (Cell Signaling
Technology, Inc., MA) following the manufacturer's instruc-
tions. Briefly, 4x10” NITH3T3 semi-confluent cells were used
for ChIP assay. Cell culture media was replaced with 10 ml
of fresh media containing 1% formaldehyde to crosslink
proteins/DNA and incubated for 10 min at RT. The reaction
was stopped by the addition of glycine,a 0.125 M concentration
in cell culture media. Cells were washed with PBS, scraped,
collected into conical tubes, and centrifuged at 1,500 rpm.
Chromatin was released by adding lysis buffer containing
DTT, protease inhibitors, and PMSF and further fragmented
by partial digestion with micrococcal nuclease to obtain chro-
matin fragments of 1 to 5 nucleosomes in size. Nuclei were
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pelleted by centrifugation at 13,000 rpm and resuspended
in 1X ChIP buffer containing SDS, protease inhibitor, and
PMSEF. Pellets were sonicated (3 sets of 20-second pulses at
setting 2 on a Branson sonifer 450) and clarified by centrifu-
gation at 10,000 rpm for 10 min. The supernatant was kept
at -80°C. 50 ul of chromatin sample were digested with 2 pl
RNase A at 37°C for 30 min and 2 ul Proteinase K at 65°C
for 2 h. DNAs were purified using spin columns, and 10 ul
was used to electrophoresis on 1% agarose gel to check DNA
fragment sizes. DNA concentration was determined with
a NanoDrop 1000 (Thermo Fisher Scientific, Inc.). 10 ug
chromatin was diluted in 500 pl of 1X ChIP buffer containing
protease inhibitor cocktail and used for each immunopre-
cipitation. 2 pg of rabbit antibodies against CDK4 (C-22)
(Santa Cruz Biotechnology, Inc.), normal IgG (New England
Biolabs) or Histone H3 (D2B12) (New England Biolabs) were
added to DNA samples and incubated overnight at 4°C. Thirty
microliters of ChIP-grade protein G agarose beads (Cell
Signaling Technology, Inc.) were added to each sample and
incubated for 2 h at 4°C, followed by centrifugation 6,000 rpm
for 1 min. The supernatant was transferred to a new tube and
processed for immunoprecipitation 3 times. The agarose pellet
was washed with ChIP buffer three times and ChIP buffer
with high salt (350 mM NacCl). Chromatin was eluted from
antibody/protein G bead through incubations at 65°C, 30 min
with gentle vortex, separated by centrifugation at 6,000 rpm,
and transferred to a new tube. RNA and proteins in Eluted
DNA were removed through RNase A and proteinase K treat-
ment, and DNA was purified through the spin column, as
mentioned above.

Standard PCR was performed using 50 ng DNAs with
specific primers for CENP-P, Aurkb, Ckap2, Zw10, Top2a,
and MlIflip genes as previously reported (7) with KAPA2G
Fast PCR kit (KAPA Biosystems). PCR was executed using
34 cycles of amplification: Denaturation at 95°C for 30 sec,
annealing at 50°C (CENP-P, Aurkb), 56.8°C (Mlflip) and 62°C
(Zw10, Top2a) for 30 sec, extension at 72°C for 30 sec, and a
final extension at 72°C for 5 min. PCR primers: CENP-P (CAT
GGAGATCCGCAGTACC; CATCCCTTCCTCATCGATTT)
Aurkb (CCCAGAGAGTCCTACGGAAG; TGTTCTCAGCCA
ACTTCTGG) Ckap2 (ATTAAGCGATGGCAGAGTCC; TTT
CTTTGTTCTCGGAAGGC) Zw10 (GAAGTGCCAGGATGT
GATTG; AGCTTGTGATCAGCATCAGG) Top2A (ATCACC
GACTCGCTCTCATT; GCACATGGACCTTCCTCATT).

Quantitative PCR (qRT-PCR). Synthesis of cDNA with total
RNA was performed using an iScript cDNA synthesis kit
(Bio-Rad Laboratories). Two micrograms of total RNA and
reverse transcriptase H was incubated in reaction buffer
5 min at 25°C, 30 min at 42°C, and 5 min at 85°C. The iQTM
SYBR®-Green Supermix (Bio-Rad Laboratories) was used for
quantitative real-time PCR. The same primers used for ChIP
assays were utilized for this analysis, and mouse GAPDH as
the reference gene. PCR amplification was performed with a
20 pl reaction mixture containing 2 ul of cDNA, 300 nM of
each primer, and 1x iQTM SYBR®-Green supermix (Bio-Rad
Laboratories). PCR condition as followed: Initial denaturation
at 95°C for 3 min, followed by 40 cycles of denaturation
at 95°C for 15 sec, annealing, and extension at 60°C for 30 sec.
The transcriptional level of target genes was normalized by

the transcriptional level of GAPDH (CATCACTGCCAC
CCAGAAGACTG; ATGCCAGTGAGCTTCCCGTTCAG).
For downregulation assays, the transcriptional levels were
compared with control siRNA-treated 308 cells or cell lines,
not overexpressing CDK4 (NIH3T3 or 308) according to the
algorithms 2-(AACt), respectively.

SiRNA assay. Cell lines were transfected with CDK4 or control
siRNAs with Lipofectamine® RNAIMA X Reagent (Invitrogen,
Life Technologies) according to the manufacturer's instruc-
tions. 308 or 308-CDK4 cells were cultured in 60 mm Petri
dishes at 70-80% of confluence. We utilized commercially
available CDK4 specific siRNA (sc-29262) and control siRNA
(sc-37007) (Santa Cruz Biotech). Briefly, 60 pmol of siRNA was
diluted in 300 pul Opti-MEM® (Invitrogen; Life Technologies),
mixed with 18 ul lipofectamine in 300 ul Opti-MEM®, and
incubated 5 min at RT. The mixture was added to the cells
in 4 ml of culture media without antibiotics. The media was
replaced with fresh media after 24 h, and cells were harvested
96 h after the transfection. RNA was isolated using TRIzol®
Reagent (Ambion, Life Technologies).

Statistical analysis. An unpaired Student's t-test was performed
using GraphPad Prism 4 Software (GraphPad Software).

Results

CDK4 loaded onto the chromatin fraction of mouse
keratinocytes. Various studies accomplished in the last decade
have shown that cyclin D1 and CDKG6 have additional functions
non-related to their role in the cyclin-cdk-Rb axis (9-11). Based
on these observations, we asked whether CDK4 has similar
activities in transcriptional regulation (26). Thus, we first
examined the CDK4 interaction with the chromatin fraction
of mouse keratinocytes. We performed in situ cell extraction
with the cytoskeleton extraction buffer (CSK), which removes
the soluble proteins from the cytoplasm and nucleoplasm
while leaving the chromatin-bound fraction intact (27-29). We
utilized asynchronous cell cultures of primary mouse kerati-
nocytes and the keratinocyte cell line 308, a cell line derived
from BALB/c mouse skin treated with 7,12-dimethylbenz[a]
anthracene (21-23,30). Immunofluorescence analysis of the
extracted cells revealed the presence of CDK4 in the chro-
matin-bound fraction of both mouse primary keratinocytes
and 308 keratinocyte cell lines (Fig. 1A-L). The CSK extrac-
tion buffer removes the soluble cell fractions, but the DNA
and other insoluble material such as intermediate filament
cytoskeleton remain in the so-called cell ghosts. Therefore,
to verifies that CDK4 binds to DNA, we disrupt the cellular
DNA and examine the presence of CDK4 and the positive
control chromatin-bound histone deacetylase 1 (HDACI).
DNase treatment released the DNA-bound HDACI1 and CDK4
from the chromatin fraction (Fig. IM-R), confirming that
CDK4 is strongly associated with the DNA fraction of mouse
keratinocytes.

CDK4 as a transcriptional regulator on the Aurkb and
CENP-P promoters. In addition to their well-established role
in the cell cycle, cyclin D1 and CDK6 have transcriptional
functions (7,9,10). Whereas cyclin D1 plays a direct role in
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Figure 1. CDK4 interacts with the chromatin fraction of mouse keratinocytes.
Immunofluorescence analysis of CDK4 (green) in (A-C) primary mouse
keratinocytes and the (G-I) mouse keratinocyte cell line 308 treated with cyto-
skeletal extraction buffer (+CSK) and cytoskeletal extraction buffer followed
by DNase I (+CSK +DNase). DAPI was used as a nuclear counterstain (blue)
for (D-F) primary mouse keratinocytes and (J-L) mouse keratinocyte cell
line 308. (M-O) HDACI was used as a positive control of chromatin-bound
proteins in the keratinocyte cell line 308, with (P-R) DAPI as a nuclear
counterstain (blue). CDK4, cyclin-dependent kinase 4; CSK, cytoskeletal
extraction buffer; HDACI, histone deacetylase 1.

transcriptional regulation of genes governing chromosomal
integrity (7), CDK®6 is part of a complex that controls the tran-
scription of pl16™ and the angiogenic factor VEGF-A (9). In
view of the presence of the DNA-bound CDKA4, its structural
and functional similitudes with CDK6, and because cyclin
D1 is one of the regulatory subunits of CDK4, we analyzed
whether CDK4 may also act as a transcriptional regulator.
We first examined a set of genes transcriptionally controlled
by cyclin DI, which were previously reported that regulate
chromosome segregation (7). Chromatin immunoprecipitation
(ChIP) experiments revealed that CDK4 binds specifically to
the Aurkb, CENP-P, and Zw10 promoters, while no binding
to Ckap2, Top2a, and MlIflip was detected (Fig. 2A). These
findings suggest that CDK4 may behave as a transcriptional
regulator or form part of a transcriptional complex that controls
genes associated with chromosomal segregation.
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Figure 2. CDK4 binds to regulatory regions of genes associated with chro-
mosomal segregation. (A) ChIP analysis of NIH3T3 cells performed with
an anti-CDK4 antibody (CDK4). Chromatin input and ChIP with anti-H3
antibody were used as positive controls, and normal IgG was used as a nega-
tive control. ‘Cont’ indicated the blank of the PCR reaction. The binding of
CDKA4 to specific promoters was analyzed by standard PCR with primers that
amplified the regulatory sequences CENP-P, Aurkb, Ckap2,Zwl10, Top2a and
MiIflip genes. (B) Increased binding to the regulatory regions of CENP-P and
Aurkb genes upon overexpression of CDK4in NIH3T3 cells (NIH3T3-CDK4).
ChIP analysis of NIH3T3 and NIH3T3-CDK4 cells was performed in three
sequential immunoprecipitations with an anti-CDK4 antibody. H3, Histone 3;
CDK4, cyclin-dependent kinase 4; ChIP, chromatin immunoprecipitation;
CENP-P, Centromere Protein P; Aurkb, Aurora-B; Ckap2, cytoskeleton-asso-
ciated protein 2; Zwl0, centromere/kinetochore protein zwl0 homolog;
Top2a, DNA topoisomerase 2-a; MIflip, MLF1-interacting protein.

To delineate whether variation in the CDK4 protein level
affects the interaction to the regulatory sites of these genes,
we performed ChIP analysis of NIH3T3 cells overexpressing
murine CDK4 (NIH3T3-CDK4). We carry out ChIP assay
in three sequential immunoprecipitations and quantify the
association of CDK4 with Aurkb and CENP-P promoters
in NIH3T3-CDK4 cells and the parental cell line NTH3T3.
CDK4 overexpressing cells showed a 3-, 5- and 9-fold increase
binding to the CENP-P promoter in the three sequential
immunoprecipitations, respectively, compared to NIH3T3
cells (Fig. 2B). Similarly, NIH3T3-CDK4 cells showed 2-
and 7-fold increase binding to Aurkb promoter in the first
and second immunoprecipitation, respectively, compared to
NIH3TS3 cells (Fig. 2B). ChIP analysis of the Zw10 promoter
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showed no differences between CDK4 overexpressing and
parental cell lines. These results support the specificity of
CDK4 binding to Aurkb and CENP-P promoters and suggest
that variation in the CDK4 level might affect the transcription
of Aurkb and CENP-P genes.

To examine whether CDK4 regulates the transcription of
these genes, we quantified the transcription of Aurkb B and
CENP-P genes upon overexpression and downregulation of
CDK4. We performed quantitative PCR (QRT-PCR) of CENP-P,
Aurkb, Zw10, Ckap2, and Top2a on NIH3T3 cells and the kera-
tinocyte cell line 308 overexpressing CDK4 (NIH3T3-CDK4,
308-CDK4) and the parental cells lines NIH3T3 and 308. The
transcriptional levels were normalized to the Gapdh, and a tran-
scriptional ratio calculated between CDK4 overexpressing and
the parental cell lines. NIH3T3-CDK4 cells showed a 2-fold
increase in transcription of Aurkb (P<0.005, t-test) and 1.5-fold
elevate transcription of CENP-P (P<0.05, t-test) compared to
NIH3T3 cells. Similarly, we observed 3-(P<0.05, t-test) and
2-fold (P<0.005, t-test) elevated transcription of Aurkb and
CENP-P, respectively, in the keratinocyte cell line 308-CDK4
(Fig. 3A). The enhanced expression of CDK4 did not signifi-
cantly change the transcriptional levels of Ckap2 gene, although
a 2- and 1.3-fold reduction of Zw10 (P<0.05, t-test) and Top2a
(P<0.0005, t-test) genes. Recently reports showed that Top2a
and Zwl10 proteins are involved in chromosome segregation
and mitotic checkpoint proteins (31-35); therefore, their poten-
tial role downstream of CDK4 expression in cell proliferation
and tumor development warrants further investigation. We also
studied the protein levels of Aurora-B and CENP-P in both
NIH3T3-CDK4 and 308-CDK4 cell lines. Increased protein
levels of both CENP-P and Aurora-B were observed upon over-
expression of CDK4 in the 308-cell line (Fig. 3B). 308-CDK4
cells showed a 20-fold increase of CENP-P (P<0.05, t-test)
and a 4-fold increase of Aurora-B (P<0.05, t-test) compared to
308 cells. Expression of CENP-P protein was elevated 2-fold
(P<0.05, t-test) in NTH3T3-CDK4 cells, although the protein
level of Aurora-B showed a non-statistically significant change
compared to NIH3T3 cells (Fig. 3B). Altogether, these results
demonstrated that the CDK4 protein indeed regulates the tran-
scription of Aurkb and CENP-P.

To validate our conclusions, we determined the effect of
the reduction level of CDK4 on Aurkb and CENP-P transcrip-
tion. We evaluated the inhibitory effect of CDK4-specific
siRNA on the levels of Aurkb and CENP-P. The keratinocyte
cell line 308 overexpressing CDK4 and the parental cell line
308 were transfected with CDK4-specific siRNA and a control
scramble-siRNA. The transcription levels of Aurkb and
CENP-P, normalized to the transcriptional level of Gapdh, were
quantified by qRT-PCR and compared between CDK4-siRNA
and control-siRNA transfected cells. We observed a reduction
in Aurkb and CENP-P RNA levels in both 308-CDK4 and
308 cells 72 h after transfection with CDK4-siRNA (Fig. 4A).
CDK4-siRNA lead to a 24% (P=0.02) and 51% (P=0.01)
decrease of CENP-P RNA expression in 308 and 308-CDK4
cells respectively (Fig. 4A). Aurkb RNA levels were reduced
by 46% (P=0.01, t-test) and 78% (P=0.0005, t-test) in 308
and 308-CDK4 cells respectively (Fig. 4A). The effect of
CDK4-siRNA was monitored by Western blot analysis 72 h
after transfection showing a 50- and 10-times reduction of
CDKA4, correlating with the 10- and 2-fold decreased level of
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Figure 3. Transcription and protein expression levels of CENP-P and Aurkb
are increased following overexpression of CDK4. (A) Transcriptional levels
of CENP-P, Aurkb, Zw10, Ckap2 and Top2a were determined by reverse
transcription-quantitative PCR analysis. Shown are normalized expression
ratios of cells overexpressing CDK4 (NIH3T3-CDK4 and 308-CDK4)
compared with parental cells (NIH3T3 and 308). Values >1 denote increased
transcriptional expression in CDK4 overexpressing cells, whereas values <1
denote reduced or equal transcription levels compared with parental cell
lines. All the results were normalized with Gapdh expression. n=3 indepen-
dent experiments, data are presented as the mean + SEM. Student's t-test was
performed. "P<0.05, “"P<0.005 vs. appropriate parental cell line. (B) Western
blot analysis of CENP-P, Aurkb and CDK4 in cells overexpressing CDK4
(NIH-CDK4, 308-CDK4) and the control cell lines infected with control
retrovirus (NTH3T3, 308). -Actin was used as a loading control. CDK4,
cyclin-dependent kinase 4; CENP-P, Centromere Protein P; Aurkb, Aurora-B;
Ckap2, cytoskeleton-associated protein 2; Zwl0, centromere/kinetochore
protein zw10 homolog; Top2a, DNA topoisomerase 2; MW, molecular weight.

Aurora-B protein in 308 and 308-CDK4 cells, respectively
(Fig. 4B). Taken together, these analyses revealed that the
binding of CDK4 to the regulatory site of Aurkb and CENP-P
genes leads to positive transcriptional regulation.

Discussion

The canonical role of CDK4 and D-type cyclins as drivers of
cell proliferation and tumorigenesis via phosphorylation of the
retinoblastoma (Rb) family of proteins has been firmly estab-
lished. However, over the last few years, it has been suggested
that CDK4 plays alternative functions in proliferation and
tumorigenesis (8). For example, CDK4 can also phosphorylate
the transcription factor FOXM1, which in turn induces the
transcription of other genes involved in the G2/M phases (12).
Likewise, additional functions have been identified in different
cell cycle regulators. For instance, the CDK4-related kinase,
CDKG6, performs transcriptional functions regulating the
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Figure 4. Transcription and protein expression levels of CENP-P and Aurkb
are reduced following the knockdown of CDK4. (A) The transcriptional levels
of CENP-P and Aurkb were determined by reverse transcription-quantitative
PCR analysis in 308 cells overexpressing CDK4 (308-K4) and the parental
cell line (308) 72 h after transfection with CDK4-specific siRNA (K4-siRNA)
or control scramble-siRNA (Cont). Transcriptional levels were normalized
with Gapdh expression. Three independent experiments were performed.
The data are presented as the mean + SD. Student's t-test was performed.
“P<0.01, "P<0.002, “"P<0.0005. (B) Representative western blot analysis
of Aurkb and CDK4 expression 72 h post-transfection with CDK4-siRNA
specific (K4-siRNA) or control scramble-siRNA (siRNA) of 308 cells over-
expressing CDK4 (308-K4) and the parental cell line (308). $-actin was used
as a loading control. CDK4, cyclin-dependent kinase 4; CENP-P, Centromere
Protein P; Aurkb, Aurora-B; siRNA, small interfering RNA.

expression of VEGF-A and p16™%** (9). Cyclin D1, a regula-
tory subunit of CDK4 and CDKG®6, participates in activities
other than cell-cycle regulation, such as interaction with the
androgen and estrogen receptors and DNA repair (8,10,11).
Notably, it was recently reported a transcriptional role
of cyclin DI regulating chromosome segregation genes such
as Aurkb, CENP-P, Zw10, Ckap2, Top2a and Mlflip (7).
Our present findings indicate that CDK4 also regulates the
transcription of Aurkb and CENP-P, two genes involved
in chromosome segregation. Aurora B expression has a key
role in chromosome bi-orientation and spindle-assembly
checkpoint, whereas Cenpp is required for proper kinetochore
function (19,20,36). Our studies have also established a major
difference between the transcriptional activities of CDK4
and cyclin D1 (7). Both CDK4 and cyclin DI localizes on the
regulatory sites of Aurkb, CENP-P, and Zw10 genes, but only
cyclin DI bind to Ckap2, Top2a, and Mlflip promoters (7).
These results led us to hypothesize that CDK4 and cyclin D1
may act as a complex at the regulatory sites of Aurkb and
CENP-P genes, whereas cyclin D1 may act independently of
CDK4 in other contexts. Interestingly, the CDK4 binding to the
Zw10 promoter does not result in changes in the transcription
level of this gene. It is worth mentioning that the transcrip-
tional role of cyclin D1 was determined in Cecndl”” mouse
embryo fibroblasts (MEF) transfected with an epitope-tagged

cyclin DI. In contrast, we studied the effect of CDK4 gain- and
lost-of-function in keratinocytes and embryo fibroblast cell
lines. Therefore, whether the differences observed in the tran-
scription of Ckap2, Top2a, Mlflip, and Zw10 genes represent
cell-specific regulation or technical discrepancies between
these experiments merit further analysis.

Notably, it has been suggested that CDK4 activity is neces-
sary for regulation of phase others than G, and G, (8,37).
Inhibition of CDK4 activity results in delayed progression
from G, to mitosis due to a failure of chromosomes to migrate
to the metaphase plate, implying that CDK4 is necessary for
entry into mitosis (38,39). Consistent with these findings, our
studies also showed that the transcriptional and protein levels
of Aurkb and CENP-P correlate well with CDK4 expression.
Notably, Aurora-B mRNA and protein levels are tightly regu-
lated and peak at the G,-M phases (40,41), correlating well with
the putative activity of CDK4 in the G,/M phase. Although the
mechanisms regulated by CDK4 in the G,-M phase have not
been clearly defined, it is known that CDK4 inhibition reduces
mitosis's fidelity, implying that CDK4 indeed takes part in the
G,/M phase by regulating Aurora B (38).

Given that CDK4 inhibitors are in active clinical develop-
ment (42-45), it is crucial to understand the role of CDK4
regulating Aurkb and CENP-P in tumor development. In this
regard, we demonstrated that transgenic expression of CDK4
induces keratinocyte proliferation and accelerates the malignant
progression of mouse skin tumors (13-15). In contrast, lack
of CDK4 expression inhibits skin and oral tumor develop-
ment (46,47). We have also determined that CDK4, but not the
related kinases CDK6 and CDK2, induce skin tumor malignant
progression (13-15). Thus, the effect of CDK4 inducing tumor
progression might be related to its role in the transcriptional
activity of Aurkb and CENP-P. Aurora-B is a subunit of the
chromosomal passenger complex (CPC) controlling chromo-
some segregation (41,48,49) and potentially contribute to the
Spindle-Assembly-Checkpoint (SAC), which malfunction
leads to aneuploidy and tumorigenesis (18). In fact, long-term
overexpression of Aurora-B in vivo results in defective chromo-
some segregation, aneuploidy, and the development of multiple
tumors in mice (50-54). Similarly, CENP-P is a subunit of the
centromeric complex required for proper kinetochore function
contributing to chromosome segregation (20). Thus, the potential
effect of CDK4 dysregulation in Aurkb and CENP-P expression
leading to CIN and tumorigenesis warrant further investigation.

Studies demonstrating that inactivation of CDK4 and
D-type cyclins can prevent tumor development in murine
models reinforced the view that CDK4 is suitable for
cancer-specific targets (46,47,55,56). Based on these results,
in the last decade, CDK inhibitors were designed, which are in
clinical development or have already been approved by the US
Food and Drug Administration (42-45,57-59). For example,
the observed preclinical and clinical effects of palbociclib
are consistent with the notion that inhibition of CDK4/6 is a
crucial mechanism underlying tumor growth activity (60-63).
However, some of these drugs have been met with variable
degrees of success in preclinical and clinical studies. Thus, the
CDK4 binding to the promoter regions should be confirmed
with assays in which specific CDK4-inhibitors, such as
Abemaciclib and Palbociclib, are administered to keratino-
cytes. Those experiments will be fundamentals to determine
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the effect of the CDK4 kinase activity in the transcriptional
role of CDK4. If the function of CDK4 regulating Aurkb and
CENP-P levels is not inhibited by the current drugs, then this
new activity might represent an important therapeutic target to
disrupt cell cycle progression in cancer cells. Such a scenario
could help to explain the reduced efficacy of the existing CDK4
drugs in some cancers and open new research avenues for
future studies directed to provide new CDK4-related targets
for combined therapeutic interventions.
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