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Abstract

The cell-cycle regulatory gene INK4A-ARF (CDKNZ2A) 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 /NK4A-ARF has long led to speculation of a
need for coordinated regulation of p14**" and p16. We now show that p14**" (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

knockdown of REGy or by pharmacologic blockade of its nuclear export. Thus, our findings have uncovered a novel

crosstalk of 2 key tumor suppressors mediated by a REGY-dependent mechanism. The ability of ARF to control p16

stability may influence cell-cycle function.

Implications: The ability of ARF to control p16 stability may influence cell cycle function.
Visual Overview: http://mcr.aacrjournals.org/content/11/8/828/F1.large.jpg. Mol Cancer Res; 11(8); 828-33.

©2013 AACR.

Introduction

Of four INK4 genes that encode inhibitors of cyclin D-
dependent protein kinases, INK4A-ARF (CDKN2A in
humans) is most frequenty deregulated in human cancer
(1, 2). INK4A-ARF expresses 2 overlagg%ng transcripts that
encode 2 distinct proteins, namely p14™" (hereafter referred
as ARF) and p16, which share no sequence homology (3, 4),
but nonetheless have complementary functions as regulators
of 2 major cell-cycle control pathways, namely p53 and RB,
respectively (4-6). Notably, p16, as well as p53 and RB, have a
greater degree of evolutionary conservation in vertebrates than
ARF, which evolved much later during amniote development
(7). The organization of the INK4A-ARF locus with its 2
highly similar transcripts yielding unrelated proteins has led to
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the speculation that the organization of the locus reflects a
need for the coordinated regulation of ARF and p16 (7).

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 pl6
govern complementary regulatory pathways and both func-
tion as regulators of aging, cellular senescence, and tumor-
igenesis (6, 8), their functions are complex as they are
sometimes overlapping [e.g., (9)] and in other contexts they
are opposing [e.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 unex-
pected inverse relationship of ARF and p16 protein levels,
which reflects the regulation of p16 protein stability by ARF.

Materials and Methods

The bladder cancer and prostate cancer tissue microarrays
(TMA) used in this study are described in Supplementary
Table SI1. Human cancer cell lines were obtained from
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American Type Culture Collection and their authenticity
was verified by ATCC; mouse embryonic fibroblasts (MEFs)
were made from 13.5 dpc-mutant mouse embryos from the
indicated genotypes. Exogenous gene expression or siRNA
was 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
Image] software and half-lives were estimated by drawing
approximate reduction curves. Full details of Materials and
Methods are provided in Supplementary Information.

Results and Discussion

AREF regulates p16 protein levels in human cancer

In many human cancers, CDKN2A is either deleted or
methylated; however, in cases when CDKN2A is intact, the
corresponding protein products are often expressed at ele-
vated levels (12). We examined a panel of representative
human cancer cell lines, in which CDKN2A was alternatively
homozygously deleted (RT4 and UMUCS3), epigenetically
silenced (T24 and PC3), or intact (J82, DU145, Hela, and
TCCSUP; Fig. 1A). We found that cell lines having intact
CDKNZ2A (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 observa-
tions, we evaluated the expression of ARF and p16 on human
cancer tissue microarrays. We used two representative tissue
microarrays, one composed of invasive bladder tumors (7 =
89) and another of prostate tumors (7 = 128; Supplemen-
tary Table S1). Considering the prevalence of CDKN2A 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), whereas some express both ARF and
p16 (bladder =27/89 and prostate = 18/128; Fig. 1B), and
are therefore presumably unaffected at this locus. Notably,
however, a subset of tumors express ARF but not pl6
(bladder = 11/89 and prostate = 23/128) and, conversely,
pl6 but not ARF (bladder = 29/89 and prostate = 21/
128; Fig. 1B). Furthermore, as evident by Kaplan—Meier
analyses, the ARF(+)/p16(—) subgroup had a significantly
worse outcome compared with the population as a whole in
both the bladder and prostate cancer cohorts (log-rank P =
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 pl6
protein expression, but not the reverse. Specifically, knock-
down of ARF in cells that normally expressed ARF (i.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 (i.e., HeLa and TCCSUP)
resulted in reduced levels of p16 protein (Fig. 1D); however,
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Figure 1. 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 CDNK2A 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
patients with bladder cancer, and biochemical relapse (BCR)-free survival
of patients with prostate cancer. C, consequences of ARF knockdown for
expression of p16 protein in J82 and DU145 cells using two independent
ARF siRNA (or a scrambled siRNA as a control). D, consequences of
expressing exogenous ARF in HeLa and TCCSUP cells following
transfection with an ARF cDNA (or the empty vector as a control). Cand D,
the relative expression levels of p16 are indicated as determined using
Imaged software.
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in neither case did manipulating ARF expression affect p/6
mRNA levels (Supplementary Fig. S1). On the other hand,
reciprocal experiments in which p16 expression levels were
manipulated either by its knockdown in cells that normally
express pl6 (i.e., HelLa and TCCSUP) or by its forced
expression in cells that normally do not express p16 (i.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
pl6 protein levels, as well as to study the underlying
mechanism(s), we used 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
carly-passage wild-type MEFs (Arf*'"; p53™"; Pten™);
nonetheless, deletion of Arf in otherwise wild-type MEFs
(Aijﬂ 7. p53+/+; Pten™’") resulted in increased levels of pl6
protein (Supplementary Fig. S3A, lanes 1, 2). Furthermore,
MEFs lacking p53 and Pren (Ar, a 2 53", Pten! f) express
robust levels of Arf protein but very low levels of pl16
(Supplementary Fig. S3A, lane 7). Deletion of Arf in this
context (A;y‘f] 7, 25. 7. Pten /S resulted in high levels of p16
protein (Supplementary Fig. S3A, lane 8). Importantly, cell-
cycle analyses revealed that the Arf-null (Arf”; p53"; Pren)
MEFs, which have eclevated pl6 protein levels, were
increased in G; phase compared with the Arf-positive
(Arf™*; p53"; Pren) MEFs (56.2% vs. 36.9%), indicating
that pl6 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 conse-
quences of Arf for expression of p16.

Indeed, as we had observed in the human cancer cells
(see Fig. 1C and D), knockdown of Arf in the Arf-positive
MEFs resulted in increased levels of pl6 protein whereas,
conversely, forced expression of Arf in the Arf-null MEFs
resulted in reduced levels of pl6 protein (Supplementary
Fig. S3C); in neither case did manipulation of Arf expression
affect p16 mRNA levels (Supplementary Fig. S3D). Con-
sistent with the apparent posttranscriptional 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 with the Arf-null MEFs (7,
= 2.4 vs. 8.6 hours, respectively; Fig. 2A). Furthermore,
reduced stability of p16 in Arf-positive MEFs could be
overcome by inclusion of bortezomib, a proteasome inhib-
itor, while bortezomib had no effect on p16 in the Arf-null
MEFs (Fig. 2B). These findings suggest that Arf regulates
pl6 protein stability in a proteasome-dependent manner.

As p16 does not have lysine residues, it is not subjected to
ubiquitin-mediated degradation; instead, it may be targeted
for degradation by ubiquitin-independent components of
the proteasome and particularly by REGY (also known as

PSME3 or PA28Y), which is an ubiquitin-independent
proteasome activator (15). We therefore asked whether
REGY contributes to the Arf-dependent destabilization of
pl6 protein. Indeed, we found that Arf interacts with
endogenous as well as exogenous REGY as evident by
coimmunoprecipitation analyses (Fig. 2C). Furthermore,
knockdown of REGY resulted in increased pl6 protein
levels in the Arf-positive MEFs but did not further increase
p16 protein levels in the Arf-null MEFs (Supplementary Fig.
S4A). In addition, knockdown of REGY abrogated the Arf-
dependent destabilization of pl6 protein in Arf-positive
MEFs (t;,, = 9.2 hours with siREGY vs. 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). As
REGy is itself known to be SUMOylated (16), we asked
whether SUMOylation contributes to the Arf-dependent
REGy-mediated regulation of pl6 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 follow-
ing knockdown of REGY (1, = 9.0 vs. 2.6 hours; Fig. 3A).

Although REGY 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 REGY in Arf-positive versus
Arf-null MEFs. We found that REGY was located in the
cytoplasm in a significant percentage (20%) of Arf-positive
MEFs, but only 5% of the Arf-null MEFs (Fig. 3B, P =
0.004). However, treatment of Arf-positive MEFs with
ginkgolic acid reduced the cytoplasmic REGY to approxi-
mately 5%, similar to that seen in the Arf-null MEFs (Fig.
3B, P = 0.0007). Furthermore, we looked more directly at
whether nuclear export of REGY might contribute to the
Arf-dependent REGy-mediated regulation of p16 protein
stability using a small-molecular inhibitor of nuclear export,
namely leptomycin B, which inhibits CRM1, 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
(t1/2 = 9.0 vs. 2.8 hours) but not in Arf-null cells (Fig. 3C
and data not shown).

These findings indicate that blocking nuclear export of
REGY inhibits Arf-dependent p16 turnover. Interestingly,
REGY is rapidly degraded in the Arf-positive MEFs, whereas
it is highly stable in Arf-null MEFs (#,/, = 8.7 vs. 95 hours,
respectively), which was completely abrogated by treatment
with ginkgolic acid (#/, = 9.4 hours with ginkgolic acid vs.
77 hours without ginkgolic acid; Supplementary Fig. S5),
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Figure 2. Arfregulates the stability of p16 protein via REGy-dependent proteasome degradation in MEFs. A, Arf regulates p16 protein stability. Arf(+) and Arf(—)
MEFs were treated with cycloheximide (50 ug/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 (t1,2) was calculated from approximation curves. Note that in all approximation
curves shown, the change in p16 expression is presented relative to the normalized expression levels (so it takes into account the change in basal levels in the
cells). B, Arf-mediated destablilization of p16 protein is counteracted by proteasome inhibitor. Arf(+) and Arf(—) MEFs were untreated or treated with
cycloheximide (50 pg/mL) in the presence or absence of bortezomib (5 umol/L) and analyzed by Western blot analyses. C, Arf interacts with REGy in MEFs.
Left, coimmunoprecipitation of endogenous Arf with endogenous REGy using an anti-Arf antibody. Right, coimmunoprecipitation of exogenous HA-tagged
REGy with endogenous Arf using an anti-HA antibody. D, REGy is required for Arf-mediated destablization of p16 protein levels. Arf(+) MEFs were treated with
treated 2 independent REGy siRNA (or a scrambled siRNA as a control) followed by cycloheximide (50 ug/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 (t;,0) was calculated
from approximation curves. In A, B, and D, the relative expression levels of p16 are indicated as determined using ImageJ software.

indicating that REGY is itself degraded in an Arf- and
SUMOylation-dependent manner. Taken together, these
findings suggest that both SUMOylation and the nuclear
export of REGY are required for the Arf-dependent desta-
bilization of p16.

AREF 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 increased expression of
pl6 protein observed following knockdown of ARF was
independent of bortezomib (Supplementary Fig. S6A) and
reflective of increased p16 stability (#1/, = 6.2 hours with
siARF vs. 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
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cytoplasmic localization of REGy. Arf(+) and Arf(—) MEFs were transfected with an expression plasmid encoding HA-REGy and treated with
bortezomib (5 pmol/L) and ginkgolic acid (5 umol/L) for 8 hours. Left, immunofluorescence images showing HA-REGy localization in Arf(+) and Arf(—)
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cytoplasmic expression of the REGy. The chart summarize the results from 3 independent assays, each counting a minimum of 100 cells per
variable. C, block of nuclear export of REGy stabilizes p16 expression in Arf-positive MEFs. Arf(+) MEFs were treated or untreated with Leptomycin
B (50 ng/mL) for 4 hours followed by treatment with cycloheximide (CHX, 50 ug/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 (T4,,)
calculated from approximation curves. D, working model. Discussed in the text. In A and C, the relative expression levels of p16 are indicated as
determined using Imaged software.

Fig. SOE) and reflective of reduced p16 stability (r,, = 3.5 (Supplementary Fig. S6C and S6G) or by pharmacologic
hours in ARF-expressing cells vs. 8.0 hours in vector-expres- inhibition of SUMOylation (Supplementary Fig. S6D and
sing cells; Supplementary Fig. S6F). Furthermore, the ARF- S6H). Thus, these findings show that in human cancer cells
dependent destabilization of p16 observed in these human ARF regulates p16 protein stability via a REGY-mediated
cancer cells was abrogated either by knockdown of REGy mechanism.
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Conclusions

Our findings address a long-standing issue regarding the
potential coordinate regulation of the two distinct proteins
encoded by the INK4A-ARF gene, namely ARF and pl6.
Thus, we find that expression of ARF and pl6 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
REGY 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 pl6 is also stabilized.

Finally, our findings showing that ARF regulates p16, but
not the reverse, are notable given that ARF evolved signif-
icantly 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, as this
regulatory relationship occurs posttranscriptionally, it might

References

1. Ruas M, Peters G. The p16INK4a/CDKN2A tumor suppressor and its
relatives. Biochim Biophys Acta 1998;1378:F115-77.

2. Sharpless NE. INK4a/ARF: a multifunctional tumor suppressor locus.
Mutat Res 2005;576:22-38.

3. Kamijo T, Zindy F, Roussel MF, Quelle DE, Downing JR, Ashmun RA,
et al. Tumor suppression at the mouse INK4a locus mediated by the
alternative reading frame product p19ARF. Cell 1997;91:649-59.

4. Quelle DE, Zindy F, Ashmun RA, Sherr CJ. Alternative reading frames
of the INK4a tumor suppressor gene encode two unrelated proteins
capable of inducing cell cycle arrest. Cell 1995;83:993-1000.

5. Sherr CJ. The INK4a/ARF network in tumour suppression. Nat Rev Mol
Cell Biol 2001;2:731-7.

6. Sherr CJ. Ink4-Arflocus in cancer and aging. Wiley Interdiscip Rev Dev
Biol 2012;1:731-41.

7. Gil J, Peters G. Regulation of the INK4b-ARF-INK4a tumour suppres-
sor locus: all for one or one for all. Nat Rev Mol Cell Biol 2006;7:667-77.

8. Kim WY, Sharpless NE. The regulation of INK4/ARF in cancer and
aging. Cell 2006;127:265-75.

9. Carnero A, Hudson JD, Price CM, Beach DH. p16INK4A and p19ARF
act in overlapping pathways in cellular immortalization. Nat Cell Biol
2000;2:148-55.

10. Baker DJ, Perez-Terzic C, Jin F, Pitel K, Niederlander NJ, Jeganathan
K, et al. Opposing roles for p16Ink4a and p19Arf in senescence and
ageing caused by BubR1 insufficiency. Nat Cell Biol 2008;10:825-36.

11. Sherr CJ. Divorcing ARF and p53: an unsettled case. Nat Rev Cancer
2006;6:663-73.

have been overlooked if we had focused exclusively on
expression profiling. This emphasizes the importance of
evaluating key regulators at multiple, independent levels to
get a complete picture of the mechanisms that control their
functions.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Authors' Contributions

Conception and design: T. Kobayashi, J. Wang, C. Abate-Shen

Development of methodology: T. Kobayashi, J. Wang

Acquisition of data (provided animals, acquired and managed patients, provided
facilities, etc.): T. Kobayashi, J. Wang, H.A. Al-Ahmadie

Analysis and interpretation of data (e.g., statistical analysis, biostatistics, compu-
tational analysis): T. Kobayashi, ]. Wang, H.A. Al-Ahmadie, C. Abate-Shen
Weriting, review, and/or revision of the manuscript: T. Kobayashi, J. Wang, H.A.
Al-Ahmadie, C. Abate-Shen

Study supervision: C. Abate-Shen

Acknowledgments

The authors thank for the support provided by Herbert Irving Comprehensive
Cancer Center Shared Resource in Molecular Pathology for the generation of the
prostate cancer tissue microarray. The authors also thank Drs. Richard Baer, Riccardo
Dalla-Favera, Wei Gu, Michael Shen, and Charles Sherr for their helpful comments
and discussion, and Dr. Sherr for generously providing the A7fmutant mice.

Grant Support

This work was supported in part by NTH grants (to C. Abate-Shen; CA084294)
and funding from the Alexander and Margaret Stewart Trust provided to the Institute
for Cancer Genetics. T. Kobayashi was supported by postdoctoral training grants from
the American Urological Association Foundation and the American Association for
Cancer Research, as well as funding from the Uehara Memorial Foundation. C. Abate-
Shen is an American Cancer Society Research Professor supported in part by a generous
gift from the F.M. Kirby Foundation.

Received April 26, 2013; revised May 17, 2013; accepted May 17, 2013;
published OnlineFirst July 1, 2013.

12. Sherr CJ, Bertwistle D, DEN Besten W, Kuo ML, Sugimoto M, Tago K,
et al. p53-Dependent and -independent functions of the Arf tumor
suppressor. Cold Spring Harb Symp Quant Biol 2005;70:129-37.

13. Kuo ML, den Besten W, Thomas MC, Sherr CJ. Arf-induced turnover of
the nucleolar nucleophosmin-associated SUMO-2/3 protease Senp3.
Cell Cycle 2008;7:3378-87.

14. Tago K, Chiocca S, Sherr CJ. Sumoylation induced by the Arf tumor
suppressor: a p53-independent function. Proc Natl Acad Sci U S A
2005;102:7689-94.

15. Chen X, Barton LF, Chi Y, Clurman BE, Roberts JM. Ubiquitin-inde-
pendent degradation of cell-cycle inhibitors by the REGgamma pro-
teasome. Mol Cell 2007;26:843-52.

16. Wu'Y, Wang L, Zhou P, Wang G, Zeng Y, Wang Y, et al. Regulation of
REGgamma cellular distribution and function by SUMO modification.
Cell Res 2011;21:807-16.

17. Fukuda |, Ito A, Hirai G, Nishimura S, Kawasaki H, Saitoh H, et al.
Ginkgolic acid inhibits protein SUMOylation by blocking formation of
the E1-SUMO intermediate. Chem Biol 2009;16:133-40.

18. Kudo N, Wolff B, Sekimoto T, Schreiner EP, Yoneda Y, Yanagida M,
et al. Leptomycin B inhibition of signal-mediated nuclear export by
direct binding to CRM1. Exp Cell Res 1998;242:540-7.

19. Fukuda M, Asano S, Nakamura T, Adachi M, Yoshida M, Yanagida M,
et al. CRM1 is responsible for intracellular transport mediated by the
nuclear export signal. Nature 1997;390:308-11.

20. Mao |, Liu J, Li X, Luo H. REGgamma, a proteasome activator and
beyond? Cell Mol Life Sci 2008;65:3971-80.

www.aacrjournals.org

Mol Cancer Res; 11(8) August 2013

Downloaded from mcr.aacrjournals.org on October 14, 2019. © 2013 American Association for Cancer Research.

833


http://mcr.aacrjournals.org/

Published OnlineFirst July 1, 2013; DOI: 10.1158/1541-7786.MCR-13-0207

AAGCR e e
Molecular Cancer Research

ARF Regulates the Stability of p16 Protein Via REGy-Dependent
Proteasome Degradation

Takashi Kobayashi, Jinggiang Wang, Hikmat Al-Ahmadie, et al.
Mol Cancer Res 2013;11:828-833. Published OnlineFirst July 1, 2013.

Updated version  Access the most recent version of this article at:
doi:10.1158/1541-7786.MCR-13-0207

Supplementary  Access the most recent supplemental material at:
Material http://mcr.aacrjournals.org/content/suppl/2013/07/02/1541-7786.MCR-13-0207.DC1

Visual A diagrammatic summary of the major findings and biological implications:
Overview http://mcr.aacrjournals.org/content/11/8/828/F1.large.jpg

Cited articles  This article cites 20 articles, 2 of which you can access for free at:
http://mcr.aacrjournals.org/content/11/8/828.full#ref-list-1

Citing articles  This article has been cited by 5 HighWire-hosted articles. Access the articles at:
http://mcr.aacrjournals.org/content/11/8/828.full#related-urls

E-mail alerts Sign up to receive free email-alerts related to this article or journal.

Reprints and  To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
Subscriptions  pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://mcr.aacrjournals.org/content/11/8/828.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from mcr.aacrjournals.org on October 14, 2019. © 2013 American Association for Cancer Research.


http://mcr.aacrjournals.org/lookup/doi/10.1158/1541-7786.MCR-13-0207
http://mcr.aacrjournals.org/content/suppl/2013/07/02/1541-7786.MCR-13-0207.DC1
http://mcr.aacrjournals.org/content/11/8/828/F1.large.jpg
http://mcr.aacrjournals.org/content/11/8/828.full#ref-list-1
http://mcr.aacrjournals.org/content/11/8/828.full#related-urls
http://mcr.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://mcr.aacrjournals.org/content/11/8/828
http://mcr.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


