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Abstract

The cell cycle regulatory gene INK4A-ARF (CDKNZA) has two alternative transcripts that
produce entirely different proteins, namely p14ARF and p16, which have complementary functions
as regulators of p53 and pRB tumor suppressor pathways, respectively. The unusual organization
of INK4A-ARF has long led to speculation of a need for coordinated regulation of p14ARF and
p16. We now show that p14ARF (ARF) regulates the stability of p16 protein in human cancer cell
lines, as well as in mouse embryonic fibroblasts (MEFs). In particular, ARF promotes rapid
degradation of p16 protein, which is mediated by the proteasome and, more specifically, by
interaction of ARF with one of its subunits, REGy. Furthermore, this ARF-dependent
destabilization of p16 can be abrogated by knock-down of REGy or by pharmacological blockade
of its nuclear export. Thus our findings have uncovered a novel crosstalk of two key tumor
suppressors mediated by a REG+y-dependent mechanism.
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Introduction

Of four /NK4 genes that encode inhibitors of Cyclin D-dependent protein kinases, /INK4A-
ARF (CDKNZA in humans) is most frequently deregulated in human cancer (1, 2). INK4A-
ARF expresses two overlapping transcripts that encode two distinct proteins, namely
p14ARF (hereafter referred as ARF) and p16, which share no sequence homology (3, 4), but
nonetheless have complementary functions as regulators of two major cell cycle control
pathways, namely p53 and RB, respectively (4-6). Notably, p16, as well as p53and RB,
have a greater degree of evolutionary conservation in vertebrates than ARF, which evolved
much later during amniote development (7). The organization of the /NK4A-ARF locus with
its two highly similar transcripts yielding unrelated proteins has led to the speculation that
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the organization of the locus reflects a need for the coordinated regulation of ARF and p16

().

Although ARF and p16 have no sequence similarity they share the unusual feature of having
no (or, in the case of mouse Arf, only one) lysine residues (3, 4), which impacts their overall
structure as well as their ability to undergo cellular degradation. Furthermore, while ARF
and p16 govern complementary regulatory pathways and both function as regulators of
aging, cellular senescence and tumorigenesis (6, 8), their functions are complex as they are
sometimes overlapping (e.g., (9)) and in other contexts they are opposing (é.g., (10)).
Moreover, the functions of ARF are inherently complex; although its primary role is to
regulate p53 by interfering with its negative regulator MDM2, ARF also has activities that
are not dependent on p53, particularly its ability to promote protein SUMOylation of its
various binding partners (11-14).

Thus, the INK4A-ARF locus is characterized by the unusual organization of its transcripts,
the unusual sequences of its encoded proteins, and the complex functions of its protein
products. In the present study, we sought to further understand their relationship by
investigating the status of ARF and p16 proteins in human cancer. We find an unexpected
inverse relationship of ARF and p16 protein levels, which reflects the regulation of p16
protein stability by ARF.

Methods summary

The bladder cancer and prostate cancer tissue microarrays (TMAS) used in this study are
described in Supplementary Table S1. Human cancer cell lines were obtained from
American Type Culture Collection (ATCC) and their authenticity was verified by ATTC;
mouse embryonic fibroblasts (MEFs) were made from 13.5 gpc mutant mouse embryos
from the indicated genotypes. Exogenous gene expression or introduction of sSiRNA were
introduced via retroviral gene transfer or transient transfection, respectively; sequences of
SiRNA are provided in Supplementary Table S2. A summary of antibodies used in this study
is provided in Supplementary Table S3. Quantitative analyses of protein levels were done
using ImageJ software and half-lives were estimated by drawing approximate reduction
curves. Full details of material and methods are provided in Supplementary Information.

Results and Discussion

ARF regulates p16 protein levels in human cancer

In many human cancers, CDKNZ2A is either deleted or methylated; however, in cases when
CDKNZA is intact the corresponding protein products are often expressed at elevated levels
(12). We examined a panel of representative human cancer cell lines, in which CDKNZA
was alternatively homozygously deleted (RT4 and UMUCS3), epigenetically silenced (T24
and PC3) or intact (J82, DU145, HeLa, TCCSUP) (Fig. 1A). We found that cells lines
having intact CDKNZA (i.e., neither deleted nor silenced) had either high levels of ARF
protein expression (J82 and DU145) or high levels of p16 protein expression (HeLa and
TCCSUP), but not both (Fig. 1A).

To assess the potential clinical relevance of these observations, we evaluated the expression
of ARF and p16 on human cancer tissue microarrays. We used two representative tissue
microarrays, one comprised of invasive bladder tumors (n = 89) and another of prostate
tumors (n = 128) (Supplementary Table S1). Considering the prevalence of COKNZ2A loss
in human cancer (1, 2), many of these primary tumors express neither ARF nor p16 (bladder
= 22/89 and prostate = 53/128) (Fig. 1B), while some express both ARF and p16 (bladder =
27/89 and prostate = 18/128) (Fig. 1B), and are therefore presumably unaffected at this
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locus. Notably, however, a subset of tumors express ARF but not p16 (bladder = 11/89 and
prostate = 23/128) and, conversely, p16 but not ARF (bladder = 29/89 and prostate =
21/128) (Fig. 1B). Furthermore, as evident by Kaplan Meier analyses the ARF(+)/p16(-)
sub-group had a significantly worse outcome compared with the population as a whole in
both the bladder and prostate cancer cohorts (log rank p-value = 0.0187 and 0.0208,
respectively) (Fig. 1B). These findings suggest that tumors with elevated ARF expression
but low p16 expression may be associated with poorer outcome.

We next asked whether the inverse correlation of p16 and ARF protein expression in human
cancer cells might reflect their reciprocal regulation. In the cell lines tested, we found that
the expression levels of ARF affected those of p16 protein expression, but not the reverse.
Specifically, knock-down of ARF in cells that normally expressed ARF (/.e., J82 and
DU145) resulted in increased levels of p16 protein (Fig. 1C) and, conversely, forced
expression of ARF in cells that normally have low levels of ARF (/.e., HeLa and TCCSUP)
resulted in reduced levels of p16 protein (Fig. 1D); however, in neither case did
manipulating ARF expression affect pZ6 mRNA levels (Supplementary Fig. S1). On the
other hand, reciprocal experiments in which p16 expression levels were manipulated either
by its knock-down in cells that normally express p16 (/.e., HeLa and TCCSUP) or by its
forced expression in cells that normally do not express p16 (/.¢e., J82 and DU145) had
virtually no effect on the expression of ARF protein or mRNA (Supplementary Fig. S2, and
data not shown). Taken together, these findings suggest that ARF is a posttranscriptional
regulator of p16.

Arf regulates the stability of p16 protein via REGy-dependent proteasome degradation

To further evaluate the consequences of Arf expression for p16 protein levels, as well as to
study the underlying mechanism(s), we used mouse embryonic fibroblasts (MEFs), which
have been widely used to evaluate Arf expression and function (5, 11). Consistent with
previous reports, Arf protein levels are relatively low in early passage wild-type MEFs
(Arf*”*: p53**; Pten*/*); nonetheless, deletion of Arf in otherwise wild-type MEFs (Arf7’:
p53*"*; Pten**) resulted in increased levels of p16 protein (Supplementary Fig. S3A, Lanes
1, 2). Furthermore, MEFs lacking p53and Pten (Arf**; p537": Pten”) express robust levels
of Arf protein but very low levels of p16 (Supplementary Fig. S3A, Lane 7). Deletion of Arf
in this context (Arff: p537F: pten” resulted in high levels of p16 protein (Supplementary
Fig. S3A, Lane 8). Importantly, cell cycle analyses revealed that the Arf-null (Arf”: p5371:
Pten™) MEFs, which have elevated p16 protein levels, were increased in G1 phase
compared to the Arf-positive (Arf**; p537- Pten”) MEFs (56.2% versus 36.9%), indicating
that p16 is functionally active in these Arf-null MEFs (Supplementary Fig. S3B). Therefore
these Arf-positive and Arf-null MEFs provide a model for studying the consequences of Arf
for expression of p16.

Indeed, as we had observed in the human cancer cells (see Fig. 1C, D), knockdown of Arf in
the Arf-positive MEFs resulted in increased levels of p16 protein while, conversely, forced
expression of Arf in the Arf-null MEFs resulted in reduced levels of p16 protein
(Supplementary Fig. S3C); in neither case, did manipulation of Arf expression affect p16
mRNA levels (Supplementary Fig. S3D). Consistent with the apparent post-transcriptional
consequences of Arf for p16 protein expression, we found that Arf status was well-
correlated with p16 protein stability. Specifically, following treatment with the protein
synthesis inhibitor, cycloheximide, p16 protein was significantly less stable in the Arf-
positive MEFs as compared to the Arf-null MEFs (T, = 2.4 versus 8.6 hours, respectively)
(Fig. 2A). Furthermore, reduced stability of p16 in Arf-positive MEFs could be overcome by
inclusion of bortezomib, a proteasome inhibitor, while bortezomib had no effect on p16 in
the Arf-null MEFs (Fig. 2B). These findings suggest that Arf regulates p16 protein stability
in a proteasome-dependent manner.
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Since p16 does not have lysine residues, it is not subject to ubiquitin-mediated degradation;
instead, it may be targeted for degradation by ubiquitin-independent components of the
proteasome and particularly by REG+y (also known as PSME3 or PA287), which is an
ubiquitin-independent proteasome activator (15). We, therefore, asked whether REG~y
contributes to the Arf-dependent destabilization of p16 protein. Indeed, we found that Arf
interacts with endogenous as well as exogenous REGYy as evident by co-
immunoprecipitation analyses (Fig. 2C). Furthermore, knock-down of REGy resulted in
increased p16 protein levels in the Arf-positive MEFs but did not further increase p16
protein levels in the Arf-null MEFs (Supplementary Fig. S4A). Additionally, knock-down of
REGy abrogated the Arf-dependent destabilization of p16 protein in Arf-positive MEFs
(T1/2 = 9.2 hours with siREGy versus 2.3 hours with siControl) (Fig. 2D). Taken together,
these findings indicate that the Arf-dependent destabilization of p16 protein is mediated, at
least in part, by the interaction of Arf with the proteasome subunit, REGy.

Arf-mediated destablization of p16 protein is associated with nuclear export of REGy

One of the main functions of Arf, and particularly one of its major p53-independent
functions, is to promote SUMOylation of targets to which it is bound (12-14). Since REGy
is itself known to be SUMOylated (16), we asked whether SUMOylation contributes to the
Arf-dependent REG-y-mediated regulation of p16 protein stability. We found that treatment
of cells with a small molecular inhibitor of SUMOylation, namely ginkgolic acid (17),
abrogated the rapid degradation of p16 in Arf-positive cells in a dose-dependent manner
(Supplementary Fig. S4B) and resulted in a prolonged half-life of p16, similar to that
observed following knock-down of REGy (T1/2 = 9.0 versus 2.6 hours) (Fig. 3A).

Although REGYy is preferentially localized to the nucleus, the SUMOylated form is located
in the cytoplasm (16) and p16 is also located primarily in the cytoplasm. Therefore, we
examined the localization of REG+y in Arf-positive versus Arf-null MEFs. We found that
REG~y was located in the cytoplasm in a significant percentage (20%) of Arf-positive MEFs,
but only 5% of the Arf-null MEFs (p= 0.004, Fig. 3B). However, treatment of Arf-positive
MEFs with ginkgolic acid reduced the cytoplasmic REGy to ~5%, similar to that seen in the
Arf-null MEFs (o= 0.0007; Fig. 3B). Furthermore, we looked more directly at whether
nuclear export of REG+y might contribute to the Arf-dependent REG-y-mediated regulation
of p16 protein stability using a small molecular inhibitor of nuclear export, namely
leptomycin B which inhibits CRML1, a protein required for nuclear export of proteins
containing a nuclear export sequence (18, 19). We found that leptomycin B resulted in a
prolonged half-life of p16 in Arf-expressing cells (T2 = 9.0 versus 2.8 hours) but not in
Arf-null cells (Fig. 3C and data not shown).

These findings indicate that blocking nuclear export of REG+y inhibits Arf-dependent p16
turnover. Interestingly, REGy is rapidly degraded in the Arf-positive MEFs while it is
highly stable in Arf-null MEFs (T, = 8.7 versus 95 hour, respectively), which was
completely abrogated by treatment with ginkgolic acid (T1/, = 9.4 hours with ginkgolic acid
versus 77 hours without ginkgolic acid) (Supplementary Fig. S5), indicating that REGy is
itself degraded in an Arf- and SUMOylation-dependent manner. Taken together, these
findings suggest that both SUMOQylation and the nuclear export of REGy are required for
the Arf-dependent destabilization of p16.

ARF regulates stability of p16 protein via REGy-dependent proteasome degradation in
human cancer cells

Finally, we asked whether these observations regarding the regulation of p16 protein
stability by Arf from analyses of MEFs were also relevant for human cancer cells. Indeed,
we found that in J82 human cancer cells, which normally express ARF (see Fig. 1A), the
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increased expression of p16 protein observed following knock-down of ARF was
independent of bortezomib (Supplementary Fig. S6A) and reflective of increased p16
stability (T1/» = 6.2 hours with SiARF versus 2.5 hours with siControl) (Supplementary Fig.
S6B). Conversely, in HeLa cancer cells, which normally do not express ARF (see Fig. 1A),
we found that the reduced p16 protein levels observed following ARF gain of expression
was partially abrogated by bortezomib (Supplementary Fig. S6E), and reflective of reduced
p16 stability (T = 3.5 hours in ARF-expressing cells versus 8.0 hours in vector-expressing
cells) (Supplementary Fig. S6F). Furthermore, the ARF-dependent destabilization of p16
observed in these human cancer cells was abrogated either by knock-down of REG+y
(Supplementary Fig. S6C, G) or by pharmacological inhibition of SUMOQylation
(Supplementary Fig. S6D, H). Thus, these findings demonstrate that in human cancer cells
ARF regulates p16 protein stability via a REGy mediated mechanism.

Conclusions

Our findings address a long-standing issue regarding the potential coordinate regulation of
the two distinct proteins encoded by the /NK4A-ARF gene, namely ARF and p16. Thus, we
find that expression of ARF and p16 are often inversely correlated in cancer, wherein tumors
having high levels of ARF and low levels of p16 tend to have poorer outcomes.
Furthermore, their inverse expression reflects the ability of ARF to regulate p16 protein
stability, which is mediated by REGy, an ubiquitin-independent activator of the proteasome.
Notably, REGy is dysregulated in a variety of cancers, and its targets for degradation
include various tumor regulators, such as p53 and p21 (15, 20). Thus, the involvement of
REGy as an ARF-dependent regulator of p16 stability further highlights its significance, as
well as that of the proteasome, as a key regulator of growth control. We propose a model
(Fig. 3D) in which ARF interacts with REG+y to promote its SUMOylation as well as its
nuclear export, which in turn promotes degradation of p16 as well as itself. In the absence of
ARF, REGy is stabilized, either by limiting its SUMOylation or inhibiting its de-
SUMOylation (13), and as a consequence p16 is also stabilized.

Finally, our findings showing that ARF regulates p16, but not the reverse, are notable given
that ARF evolved significantly later than p16 (6, 7). Thus, we speculate that the unusual
organization of the INK4A-ARF genes reflects an additional level of regulatory control that
occurred during evolution. We envision ARF as having evolved to provide a fail-safe
mechanism to maintain the appropriate levels of expression of the cell cycle regulator, p16.
Notably, since this regulatory relationship occurs post-transcriptionally it might have been
overlooked if we had focused exclusively on expression profiling. This emphasizes the
importance of evaluating key regulators at multiple, independent levels in order to get a
complete picture of the mechanisms that control their functions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

ARF regulates p16 protein levels in human cancer cells. (A) Inverse expression of ARF and
p16 in human cancer cells. Western blot analyses of showing the expression levels of ARF
and p16 proteins in the indicated human cancer cell lines, in which the CDNKZ2A gene is
either deleted, methylated, or intact, as indicated. (B) Association of ARF and p16
expression with clinical outcome in bladder and prostate cancer. Representative images and
categorical results of ARF and p16 immunostaining of tissue microarrays of human bladder
and prostate cancer. Kaplan-Meier analyses show disease-specific survival of bladder cancer
patients, and biochemical relapse (BCR)-free survival of prostate cancer patients. (C)
Consequences of ARF knock-down for expression of p16 protein in J82 and DU145 cells
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using two independent ARF siRNA (or a scrambled siRNA as a control). (D) Consequences
of expressing exogenous ARF in HeL.a and TCCSUP cells following transfection with an
ARF cDNA (or the empty vector as a control). In Cand D the relative expression levels of
p16 are indicated as determined using ImageJ software.
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with cycloheximide (50 pg/ml) in the presence or absence of bortezomib (5 uM) and
analyzed by Western blot analyses. (C) Arf interacts with REG+y in MEFs. (Lef?) Co-
immunoprecipitation of endogenous Arf with endogenous REG+y using an anti-Arf antibody.
(Right Co-immunoprecipitation of exogenous HA-tagged REGy with endogenous Arf
using an anti-HA antibody. (D) REG is required for Arf-mediated destablization of p16
protein levels. Arf(+) MEFs were treated with treated two independent REGy siRNA (or a
scrambled siRNA as a control) followed by cycloheximide (50 pg/ml) for indicated time in
hours. (Left) Western blot analyses showing relative protein expression levels. (Right)
Relative change in p16 expression as a function of time showing the half-life (T1,) was
calculated from approximation curves. In A, B, and Dthe relative expression levels of p16
are indicated as determined using ImageJ software.
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Figure 3.

Arf-mediated destablization of p16 protein is mediated by nuclear export of REGy. (A)
Inhibition of SUMOQylation stabilizes p16 expression in Arf-positive MEFs. Arf(+) MEFs
were treated or untreated with ginkgolic acid (5 uM) for 4 hr followed by treatment with
cycloheximide (50 pg/ml) for the indicated time in hours. (Left) Western blot analyses
showing relative protein expression levels. (Right) Relative change in p16 expression as a
function of time showing the half-life (T1,,) calculated from approximation curves. (B)
Inhibition of SUMOylation reduces cytoplasmic localization of REGy. Arf(+) and Arf(-)
MEFs were transfected with an expression plasmid encoding HA-REGy and treated with
bortezomib (5 pM) and ginkgolic acid (5 pM) for 8 hr. (Lef}) Immunofluorescence images
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showing HA-REG localization in Arf(+) and Arf(-) MEFs detected using anti-HA
antibody or detection of the nuclear marker TOPRO3. (Right) Percentage of cells in each
condition having cytoplasmic expression of the REG+y. The chart summarize the results
from 3 independent assays, each counting a minimum of 100 cells per variable. (C) Block of
nuclear export of REGry stabilizes p16 expression in Arf-positive MEFs. Arf(+) MEFs were
treated or untreated with Leptomycin B (50 ng/ml) for 4 hr followed by treatment with
cycloheximide (50 pg/ml) for the indicated time in hours. (Left) Western blot analyses
showing relative protein expression levels. (Right) Relative change in p16 expression as a
function of time showing the half-life (T1,,) calculated from approximation curves. (D)
Working model. Discussed in the text. In A, and Cthe relative expression levels of p16 are
indicated as determined using ImageJ software.
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