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Abstract

In spite of its central roles in cell cycle progression, senescence, and aging, knowledge about the
posttranslational regulation of P16 (also known as INK4A and MTS1) remains limited. While it
has been reported that P16 could be phosphorylated at Ser7, Ser8, Ser140, and Ser152, the
corresponding kinases have not been identified yet. Here we report that IKKp, a primary kinase
for IxBa phosphorylation, is involved in P16 phosphorylation. Immunoprecipitation and kinase
assays showed that IKKp specifically binds to P16 and phosphorylates P16 at Ser8 in WI38 cells.
Biochemical characterization of phosphomimetic Ser—Glu P16 mutants demonstrated that
phosphorylation at Ser8 of P16 brings about a significant loss of its cyclin-dependent kinase
(CDK) 4-inhibitory activity while P16 retains structurally and functionally intact upon
phosphorylation at Ser7, Ser140, and Ser152. Our results reveal the novel role of IKKp in P16
phosphorylation and broaden our understanding of the regulation of P16.
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Introduction

P16, also designated INK4A and MTSL, is one of the most extensively studied proteins in
the past decades due to its critical roles in cell cycle progression, cellular senescence, and
the development of human cancers. At the G;-to-S transition, P16 specifically inhibits
cyclin-dependent kinases (CDK) 4 and 6-mediated phosphorylation of pRb, the
retinoblastoma susceptible gene product, thus sequestering the transcription factors of E2Fs
in incompetent pRb/E2F complexes and consequently blocking cell cycle progression [1]. It
has also been demonstrated that elevated expression of P16 caused by certain oncogenes,
DNA damage response, or aging triggers and accelerates cell senescence [2,3]. Moreover,
while genetic inactivation of the p16 gene (CDKN2A) by deletion, methylation, and point
mutations has been found in a significant fraction (close to 50%) of all human cancers [4],
over-expression of P16 at both mRNA and protein levels is associated with poor prognosis
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for cancers including neuroblastoma, cervical, ovarian, breast, prostate tumors, and oral
cancers [5], indicating that the cellular level of P16 protein is critical for its functioning. In
comparison with genetic and transcriptional regulation of the p16 gene, posttranslational
regulation of P16 has been understudied. It has been reported that P16 could be
phosphorylated in human fibroblast cells at Ser7, Ser8, Ser140, and Ser152 [6], all of which
are located at the flexible N- and C-termini and do not directly contact CDK4 [7]. Such
phosphorylation is potentially important since mutations involving these four residues have
been found in familial and sporadic melanomas [6]. Nonetheless, the kinases responsible for
P16 phosphorylation as well as the functional and structural effect upon P16
phosphorylation remain unknown.

Recently, it has been reported that there are striking functional and structural similarities
between P16 and IkxBa, a well-known inhibitor of NF-xB [8-10]. On one hand, P16 and
IxBa compete with each other for binding to CDK4 and NF-«B, and such binding
specifically inhibits the activities of both CDK4 and NF-xB [8,10]. On the other hand, while
P16 and IxBa are composed of 4 and 6 ankyrin repeats (ARSs), respectively, the CDK4-
binding domain of IxBa is located at the four N-terminal ARs, and the structures of these
four ARs in P16 and IkxBo are almost superimposable, especially in the helical regions
where most of contacts with their target proteins are located [9]. More interestingly, both
P16 and IxBa have flexible N-termini harboring two phosphorylation sites, Ser7/Ser8 in P16
[6] and Ser32/Ser36 in IkBa [11]. These findings arguably lead to a postulation that P16 and
IxBa, especially their N-termini, may be similar in phosphorylation, i.e. kinases involved in
IxBa phosphorylation may function in the regulation of P16.

In the present study, we demonstrated that IKKp, an IkBa-specific kinase [11], physically
associates with P16 in vivo, and the resultant phosphorylation at Ser8 of P16 significantly
impairs the CDK4-inhibitory activity of P16.

Materials and methods

Protein Expression and Purification

The cloning, expression, and purification of human P16, IkBal-214, and Yar 1 have been
described previously [8]. Briefly, all P16, IkBal1-276 and Yar 1 proteins including WT and
different mutants were expressed in E. coli BL21 Codon Plus (Novagen) as Glutathione-S-
transferase (GST)-fusion proteins and purified using reduced Glutathione resin (Sigma).
After removal of the GST tag by Thrombin (for P16; Sigma) or Prescission protease (for
IkBa1-276 and Yar 1; Amersham), proteins were further purified on a gel filtration column.
All P16 mutants were generated using PCR-based site-directed mutagenesis (Stratagene),
and were expressed and purified as P16 wild type (WT).

Cell Culturing, Immunoprecipitation (IP) and Western Blot (WB)

U20S (p16~~) and WI-38 (p16™/*) cells were purchased from the American Type Culture
Collection and cultured in a 5% CO, humidified atmosphere in Advanced McCoy's 5A and
Advanced MEM containing 7% fetal bovine serum (FBS, Invitrogen), respectively. WI-38
cells were used at passage 3-5. Cells were lysed in the non-denaturing lysis buffer (20 mM
Tris-HCI, pH 7.4, 0.1% NP-40, 250 mM NaCl, 5 mM EDTA, 20 mM NaF, 2 mM NazVOy,
1 mM DTT, and 200 png/ml Sigma P8340 protease inhibitor cocktail). After incubation on
ice for 10 minutes, the cells were clarified by centrifugation at 4°C, 20,000g for 15 minutes.
The supernatant was then transferred to a clean tube and the protein concentration was
determined using a BCA protein assay (Pierce). For protein expression analyses, 50 pg of
cell lysates were subjected to SDS-PAGE and western blot to evaluate protein expression
using indicated antibodies: IKKp, sc-56918 (Santa Cruz Biotechnologies); P16, Cat.
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#554070 (PharMingen); B-actin, sc-56459 (Santa Cruz Biotechnologies). Blots were
visualized using the Pico Western Chemiluminescent system (Pierce). For
immunoprecipitation (IP) analyses, 400 ug of cell lysates were immunoprecipitated with the
afore-mentioned antibodies or a combination of normal mouse serum and rabbit serum
(Jackson Immunoresearch Laboratories) [6]. Antibody complexes were captured with
70-100 pl lysis buffer-pretreated protein G-Sepharose (Amersham). Immunoprecipitates
were washed three times using the lysis buffer and subjected to further analyses; cell lysates
with the removal of immunoprecipitates were used in the in vitro P16 phosphorylation assay
as described below. Since there is no endogenous P16 in U20S, 2 pg of recombinant P16
protein was added into 400 pug of U20S cell lysate, and after incubation at 4°C for 4 hours,
the mixture was subjected to immunoprecipitation using anti-IKKf antibody as described
above.

In vitro Phosphorylation of P16

Reaction mixtures containing 0.1 pg of recombinant IKKp (Invitrogen), 2.0 ug of P16
proteins, and 5 uCi [y-32P] ATP in a total volume of 15 pl of the kinase buffer (50 mM
HEPES, 10 mM MgCl,, 2.5 mM EGTA, 0.1 mM Na3VOy, 1 mM NaF, 10 mM p-
glycerolphosphate, 1 mM DTT, 0.2 mM AEBSF, 2.5 mg/ml leupeptin, and 2.5 mg/ml
aprotinin) were incubated at 30°C for 20 minutes. Subsequently, the mixtures were
subjected to SDS-PAGE and radio autography. Cell lysate-mediated P16 phosphorylation
was evaluated similarly except that each reaction contained 10 ug of U20S or WI38 cell
lysate, or 10 ug of IKKB-depleted cell lysate, and the incubation at 30°C lasted for 45
minutes. lkBal-214, truncated IkBa containing Ser32 and Ser36 for IKKB phosphorylation
[8,11], was used as positive control, while Yar 1, a yeast AR protein of 200 amino acid
residues was used as negative control [8].

In vitro Inhibition of P16 on CDK4

The in vitro CDK4 activity assay was performed as previously described [7,8]. Briefly, each
reaction mixture contains about 0.2 pg of recombinant CDK4/cyclin D2 holoenzyme and
varying concentrations of P16 in 15 pl of the afore-mentioned kinase buffer. After
incubation at 30°C for 30 minutes, 50 ng of GST-Rb791-928 and 5 uCi [y-32P] ATP were
added in the reaction mixture and after incubation at 30°C for another 15 minutes, proteins
in the reaction mixture were separated by SDS-PAGE, and the incorporation of 32P into
GST-Rb791-928 was quantitatively evaluated using a Phosphorimager (Molecular
Dynamics). The I1Csq value was defined as the concentration of a kinase inhibitor required to
achieve 50% of the maximal inhibition of CDK4 [7], and measurements were performed in
triplicate.

Circular Dichroism (CD) Analyses

Samples containing 7.5-10.0 uM proteins in 20 mM sodium borate-40 uM DTT buffer (pH
7.4) were incubated with different amounts of guanidinium chloride (GdnHCI, in a stock
solution of 8.5 M) on ice overnight and then equilibrated at 25°C just prior to CD analysis
[9]. The rotation at 222 nm was measured on an AVIV far-UV spectropolarimeter using a
quartz microcell (Helma) of 0.1 cm light pass length, and the exact concentrations of
GdnHCI were determined using the refractive index. For each sample, three scans were
averaged, and the free energy of protein denaturation in aqueous condition was obtained on
the basis of two-state approximation [9]. Heat-induced unfolding experiments were
performed using 5.0 uM proteins with a 1-nm bandwidth and a 10-second response time.
Thermal melting spectra were recorded at 222 nm by heating from 5°C to 65°C at the rate of
1°C per minute and a 1°C interval followed by cooling down to 5°C at the same rate. Ty,
was defined as the temperature at the midpoint of transition [9].
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NMR Analyses
NMR samples contained 0.4 mM protein, 5 mM HEPES, 1 mM DTT, 5 uM EDTA in 90%
H,0/10% D,0 at pH 7.4 [7]. The 1D *H NMR and 2D H-homonulcear NOESY
experiments (200 ms mixing time) were performed at 20 °C on a Bruker DMX_600
spectrometer, which was equipped with a 5 mm triple-resonance probe and three-axis
gradient coil. Data were processed with XWINNMR 3.5 (Bruker).

Results

IKKB specifically interacts with P16 and phosphorylates Ser8 of P16

IKKB is the primary kinase to phosphorylate Ser32 and Ser36 of IxBa thus triggering the
release of NF-xB from the inactive NF-xB/lkBa complex [11]. The activation of IKK, as a
result of inflammatory cytokine signaling, infectious agents, and DNA damage, has been
regarded as a predominant pathway in regulating the activity of NF-xB [11]. To explore the
potential interaction between IKKp and P16, we first investigated the potential P16/IKKf(
interaction through immunoprecipitations. WI138 (p16+/+) cells were chosen for this study
mainly due to the fact that these cells have endogenous P16 as well as P16-phosphorylating
activities as demonstrated in previous studies [6]. In contrast, U20S, a p16-null cell line was
used as a control. As shown in Fig. 1A, IKKp was expressed in both W138 and U20S cells
while P16 was only present in WI38. In the immunoprecipitation assay using anti-P16
antibody, IKKp was present only in the immunoprecipitates from WI38 cells (Fig. 1B).
Similarly, in immunocipitation using anti-IKKp antibody, P16 was detected in the
immunoprecipitates from WI38, not U20S (Fig. 1C). These results indicate that P16 and
IKKB interact with each other in WI38 cells. As control, such interaction was not observed
in U20S cells simply due to the absence of endogenous P16. Indeed, as shown in Figure 1C,
when exogenous P16 was added to the lysates of U20S cells, P16 was detected in the
immunoprecipitates (using anti-IKKf), implying that exogenous P16 is able to physically
associate with cellular IKKp.

We then examined the potential phosphorylation of IKKB on P16 using an in vitro assay. As
shown in Fig. 2A, in a reaction mixture containing recombinant IKKp and P16, P16 was
phosphorylated as the positive control, IkBal-214, a truncated form of 1xBo containing the
intact N-terminus and four ARs [8,11]. In contrast, no phosphorylation was observed on Yar
1, a yeast AR protein [8], indicating that IKKP is competent in phosphorylating P16 and
such phosphorylation is not universal for all AR proteins. Moreover, IKKp did not
phosphorylate P16 S7A/S8A/S140A/S152A mutant, implying that the IKKf
phosphorylation sites are among the previously-identified Ser7, Ser8, Ser140, and Ser152 of
P16. Since P16 S7TA/S8A/S140A/S152A remains well structured (to be described in the
following section), failure in phosphorylating this mutant further supports the notion that
IKKB phosphorylation is specific. We also constructed four P16 mutants, each of which
contains only one putative phosphorylation site while the other three serine residues are
substituted by alanine, to identify the serine residue(s) for IKKp phosphorylation.
Interestingly, only one mutant, P16 S7A/S140A/S152A was phosphorylated by IKK} in
vitro (Figure 2A). In addition, among P16 S7E, S8E, S140E, and S152E (a group of mutants
mimicking serine phosphophorylation as addressed in the following section), P16 S8E was
not phosphorylated by IKKJ in vitro (data not shown). Taken together, these results strongly
indicate that Ser8 of P16 is the primary target for IKKp and the removal of this site
abolishes IKKB-mediated phosphorylation of P16.

To further confirm the above findings, we used cell lysates from WI138 and U20S to
phosphorylate the afore-mentioned P16 mutants and wild type (WT). As shown in Fig. 2B,
both cell lysates from WI138 and U20S exhibited P16-phosphorylating activities and such
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activities were not eliminated as long as at least one serine residue of Ser7, Ser8, Ser140,
and Ser152 was present in P16, which is consistent with results in previous studies [6].
However, the depletion of IKKp from these cell lysates through immunoprecipitation
significantly decreased the phosphorylation of P16 S7TA/S140A/S152A, indicating that
IKKB is the primary kinase for phosphorylation of P16 Ser8. In the meanwhile, no
significant changes were observed in the phosphorylation of P16 S8A/S140A/S152A, STA/
S8A/S152A, and S7TA/S8A/S140A upon the depletion of IKKp, indicating that Ser8 of P16
is the primary phosphorylation site for IKKp and kinases other than IKKp are involved in
the phosphorylation of Ser7, Ser140, and Ser152 of P16.

IKKB-mediated phosphorylation of Ser8 of P16 impairs its inhibition to CDK4

Subsequently, we endeavored to assess the structural and functional impacts of P16
phosphorylation by substituting Ser7, Ser8, Ser140, and Ser152 of P16 with glutamates,
which provides a rough phosphomimetic [12]. Potential changes in the conformational
stability, the core structure, and the CDK4-inhibitory activity of these four single S—E
mutants and P16 S7A/S8A/S140A/S152A (as control) were analyzed by Circular dichroism
(CD), NMR, and in vitro CDK4 kinase assays, respectively [7]. The results are summarized
in Table 1. Interestingly, these five mutants all followed a two-state-transition model in
GdnHCI- and heat-induced unfolding (data not shown), and their AGqWa" and Tm values
were comparable to those of P16 WT except that moderately decreased Tm values were
observed with S140E and S152E mutants. Furthermore, no significant perturbations to the
core structures of these five mutants were observed as evidenced by the fact that the 1D 1H
NMR (Fig. 3) and 2D NOESY spectra (data not shown) of these mutants are almost
identical to the corresponding NMR spectra of P16 WT [13]. These results strongly suggest
that P16 phosphorylation does not bring about significant changes to the conformational
stability and the core structure of P16. However, while the ICsq values of P16 S7E (140+17
nM), S140E (114+21 nM), S152E (45+12 nM), and S7TA/S8A/S140A/S152A (87+21 nM)
are comparable to or moderately different from that of P16 WT (72+15 nM), the ICgq value
of S8E (>750 nM) is more than 10-time higher than that of P116 WT, indicating that P16
S8E only retains remnant CDK4-inhibitory activity. Since an alanine substitution at Ser8 as
found in P16 S7TA/S8A/S140A/S152A does not cause any detectable change in the CDK4-
inhibitory activity of P16, the loss of CDK4-inhibitory ability observed in P16 S8E mainly
results from the introduction of a negatively-charged side chain in Ser8, implying that
phosphorylation of Ser8 largely inactivates P16. The molecular mechanisms underlying this
inactivation remain to be further explored. With regard to the dynamic nature of the P16/
CDKJ4 association, it is plausible that phosphorylation at Ser8 of P16 may cause some local
conformational changes undetectable by NMR but important in binding Kinetics.

Discussion

Here, we have shown that IKKf can upregulate CDK4-mediated phopshorylation of pRb
through phosphorylating and inactivating P16, indicating that activation of IKKp also plays
important roles in modulating the pRb pathway. Such resemblance between P16 and 1kBa in
posttranslational regulation, together with the fact that P16 and IxBa are biochemically “bi-
functional” to inhibit both CDK4 and NF-«B [8], strongly supports the notion that there is a
crosstalk between the P16/CDK4/pRb pathway and the IkBoa/NF-xB pathway. While cancer-
related environmental and cellular factors, such as viral infection and genetically toxic
chemicals, can modulate both pathways through activating IKKp, alterations in one pathway
may affect the other pathway concomitantly. From this point of view, two prevalent
molecular events in human cancers, P16 inactivation and NF-«xB activation [4,11], should be
analyzed coordinately.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 March 12.
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Out of the four putative phosphorylation sites identified in previous studies [6], IKKp
seemingly only phosphorylates Ser8 of P16. Even for the phosphorylation of Ser8, our
results do not rule out the possibility that kinases other than IKK@ are involved. As shown in
Figure 2B, there is still a small amount of phosphorylated P16 S7A/S140A/S152A in the
reaction mixtures containing IKKp-depleted cell lysates, which could result from remnant
IKKp after immunoprecipitation or other kinases. Hence, phosphorylation of P16 involves
multiple kinases. Moreover, the effects upon phosphorylation at different Ser sites of P16
are different. On one hand, as revealed in our phosphomimetic studies (Table 1), the
phosphomimetic substitution at Ser8 of P16 eliminates the majority of its CDK4-inhibitory
activity but does not perturb the core structure and the conformational stability. Contrarily,
similar substitutions at Ser140 and Ser152 moderately destabilize P16 in heat-induced
unfolding while the CDK4-inhibitory activity remains intact. On the other hand, potential
changes in biochemical and biophysical properties other than the aforementioned
conformational stability, core structure, and CDK4-inhibitory activity of P16, such as its
subcellular localization, have not been investigated in our current study. While it has been
known that IKKB-mediated phosphorylation at Ser32 and Ser36 of IkxBa facilitates
ubiquitylation at Lys21 and Lys22, leading to proteasome-mediated degradation [14], there
is evidence implying that phosphorylation of IxBa also may alter its subcellular distribution
[15]. Similarly, phosphorylation of P16 may change its localization in the cell thus
influencing its association with CDK4/6 due to cellular compartmentalization. This could be
true since only phosphorylation at Ser152 has been found in CDK4-bound P16 [6]. In
addition, as described earlier, IKK( phosphorylates P16 S7TA/S140A/S152A substantially
but fails with P16 S8E, suggesting that phosphorylation at Ser8 is somehow independent of
phosphorylation at Ser7, Ser8, and Ser152. Nevertheless, it remains to be further verified
whether phosphorylation at Ser7, Ser140, and Ser152 is coordinated.
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Fig. 1. P16 physically interacts with IKKp

A, Expression of IKK and P16 in WI38 and U20S. 50 pg of cell lysates were subjected to
western blotting using corresponding antibodies. B-actin was used as internal control. B and
C, Immunoprecipiations to investigate the potential P16/IKKf interaction. 400 pg of cell
lysates from WI-38 and U20S were immunoprecipitated using indicated antibodies and
proteins present in each immunoprecipitate were analyzed by western blotting. In Lane 3 of
C, 2 pg of recombinant P16 was added into U20S cell lysates prior to immunoprecipitation.
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A, P16 phosphorylation by recombinant IKKf. B, P16 phosphorylation by cell lysates and
IKKB-depleted cell lysates. WI38--IKKp and U20S--IKKp represent IKKp-depleted W138
and U20S lysates, respectively. Each reaction mixture contained 0.1 ug of recombinant
IKKB (A) or 10 pg of cell lysates (B), 2 ug of indicated proteins, and 5 uCi [y-32P] ATP in a
volume of 15 pl. In A, IxBa1-214 and Yar 1 were used as positive and negative controls,

respectively. P16 SSSS, P16

WT; P16 AAAA, STA/SBAIS140A/S152A; P16 SAAA, S8A/

S140A/S152A; P16 ASAA, STAIS140A/S152A; P16 AASA, STAISBA/S152A; P16 AAAS,

S7A/S8A/S140A.
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Fig. 3. 1D IHNMR Spectra showing the amide region as well as upfield aliphatic region of
Phosphomimetic P16 Mutants in 2H20 at 600 MHz

(A), P16 AAAA (as described in Figure 2); (B), P16 ESSS (S7E); (C), P16 SESS (S8E); (D)
P16 SSES (S140E); (E), P16 SSSE (S152E). All samples were prepared in 4 mM HEPES-
1mM DTT-5uM EDTA (pH 7.4) in 2H,0, and the NMR experiments were performed at 20
°C.
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