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Lysine 269 is essential for cyclin D1 ubiquitylation by the SCF"x4/>B-crystallin
ligase and subsequent proteasome-dependent degradation

O Barbash, E Egan, LL Pontano, J Kosak and JA Diehl

Department of Cancer Biology, Abramson Family Cancer Research Institute, University of Pennsylvania, Philadelphia, PA, USA

Protein ubiquitylation is a complex enzymatic process
that results in the covalent attachment of ubiquitin,
through Gly-76 of ubiquitin, to an eNH2 group of an
internal lysine residue in a given substrate. Although E3
ligases frequently use lysines adjacent to the degron within
the substrate, many substrates can be targeted to the
proteasome through the polyubiquitylation of any lysine.
We have assessed the role of lysine residues proximal to
the cyclin D1 phosphodegron for ubiquitylation by the
SCFxd/e-enystallin yhjquitin ligase and subsequent protea-
some-dependent degradation of cyclin D1. The work
described herein reveals a requisite role for Lys-269
(K269) for the rapid polyubiquitin-mediated degradation
of cyclin D1. Mutation of Lys-269, which is proximal to
the phosphodegron sequence surrounding Thr-286 in
cyclin D1, not only stabilizes cyclin D1 but also triggers
cyclin D1 accumulation within the nucleus, thereby
promoting cell transformation. In addition, D1-K269R is
resistant to genotoxic stress-induced degradation, similar
to non-phosphorylatable D1-T286A, supporting the cri-
tical role for the post-translational regulation of cyclin
D1 in response to DNA-damaging agents. Strikingly,
although mutation of lysine 269 to arginine inhibits cyclin
D1 degradation, it does not inhibit cyclin D1 ubiquityla-
tion in vivo, showing that ubiquitylation of a specific lysine
can influence substrate targeting to the 26S proteasome.
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Introduction

Cell cycle progression is positively regulated by cyclin/
cyclin-dependent kinase (cdk) complexes and counter-
acted through the activity of cdk inhibitors. D-type
cyclins are the first cyclins induced as cells enter the cell
cycle from GO, and, together with their catalytic
partners cdk4/cdk6, promote G1/S transition by reliev-
ing Rb-dependent repression of E2F transcription
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factors (Kato et al., 1993; Matsushime et al., 1994). At
the G1/S boundary, cyclin D1 is phosphorylated at Thr-
286 by GSK-3B (glycogen synthase kinase 3p), trigger-
ing cyclin D1 nuclear export and subsequent ubiquitin-
dependent proteolysis (Diehl et al., 1998). Cytoplasmic
ubiquitylation of phosphorylated cyclin D1 is catalyzed
by SCFFex#/aB-enstaliin Jjoq¢e (Lin et al., 2006).

The importance of maintaining threshold levels of
cyclin D1 is emphasized by the frequent cyclin DI
overexpression in human cancer. Cyclin D1 upregula-
tion occurs in 50% of the human breast, esophageal,
lung and liver tumors (Sato et al., 1999; Lin and Beerm,
2004). Although ~15% of cases can be attributed to
chromosomal translocations and gene amplification
(Worsley et al., 1996), inhibition of cyclin D1 proteolysis
is either implicated or has been directly shown to be a
contributing factor in the majority of such tumors
(Moreno-Bueno et al., 2003; Benzeno et al., 2006). In
human esophageal cancer, cyclin D1 overexpression
occurs through the mutational inactivation of its
ubiquitin ligase, Fbx4 (Barbash er al., 2008). In
addition, mutations in the cyclin D1 phosphodegron
have been observed in human tumors (Moreno-Bueno
et al., 2003; Benzeno et al., 2006). Importantly, these
findings underline the importance of cyclin D1 proteo-
lysis for normal cell homeostasis, which is often
attenuated in human cancer.

Ubiquitin is covalently linked to substrates through the
concerted activities of an enzymatic pathway containing
the E1 (ubiquitin-activating enzyme), E2 (ubiquitin-
conjugating enzyme) and E3 (substrate specificity factor)
enzymes through the C-terminal Gly-76 of ubiquitin and
the eNH, group of the substrate’s internal lysine. The
molecular basis for the specificity of E3 ligases to
particular lysines in substrates is well accepted but is
poorly understood (Hershko et al., 1984). Structural
studies suggest that the proximity of the substrate lysine
chains and E2 enzymes has a pivotal role in the efficiency
of substrate ubiquitylation, suggesting that the specificity
to the particular lysine can be explained by the relative
spatial relationship of these lysines to the E3 ligase (Zheng
et al., 2002; Wu et al., 2003). Indeed, some substrates are
ubiquitylated only at specific lysines, proximal to the sites
of E3 binding, including IxB (Scherer et al., 1995) and p27
(Shirane et al., 1999).

Earlier work had suggested that the mutation of all
cyclin D1 lysines to arginine confers protection from
proteasome-dependent degradation, whereas the muta-
tions of single lysines only lead to a modest increase in
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Figure 1

Mutation of Lys-269 in cyclin D1 leads to increased cyclin D1 protein stability without the attenuation of cyclin D1

functions. (a) NIH-3T3 cells stably expressing wild-type (WT) cyclin D1, D1-K238R and DI1-K269R were treated with 100 pg/ml
cyclohexemide for the indicated periods of time. Cells were harvested and cyclin D1 protein levels were determined by immunoblotting
with the D1-72-13G (D1) antibody. (b) NIH 3T3 cells expressing WT cyclin D1, DI-T286A or D1-K269R were irradiated and
harvested, as indicated. Cyclin D1 levels were assessed by immunoblotting. (¢) Cell lysates from NIH-3T3 cell lines stably expressing
WT cyclin DI, D1-T286A and DI1-K269R were used for immunoprecipitation of cyclin D1 with M2 agarose followed by
immunoblotting with phospho-Thr-286, D1-72-13G and cdk4 antibodies. (d) Same as (b), immunoblotting with p27 antibody. (e)
Cyclin D1/cdk4 complexes were assembled in SF9 cells and used to phosphorylate recombinant glutathione S-transferase—Rb,

followed by autoradiography.

the stability of cyclin D1 (Feng et al., 2007). This work
implicated Lys-112 and Lys-114 as essential ubiquitin
acceptors; complicating the interpretation of this work
was the fact that these lysine residues also mediate the
interaction of cyclin D1 with cdk4 (Feng et al., 2007),
and their mutation disrupts the functionality of cyclin
D1. In addition, earlier analysis did not address the
specificity of lysines as essential acceptors for the E3
ligase, SCFFox#/aB-erystallin \We now show that the mutation
of Lys-269 (D1-K269R) renders cyclin D1 protein
resistant to proteasomal degradation. D1-K269R is
resistant to ubiquitylation by SCFFex#/eBenytsallin 4y yjtpg
consistent with increased stability in vivo. Critically,
cyclin D1-K269R is ubiquitylated in vivo and the
ubiquitin conjugation of both wild-type (WT) cyclin
D1 and DI1-K269R in vivo occurs through Lys-48-
linked polyubiquitin chains. Despite being ubiquitylated
in vivo, D1-K269R shows diminished association with
the 19S proteasomal subunit, suggesting that the
ubiquitylation of cyclin D1 at Lys-269 is essential for
the targeting of cyclin D1 to proteasome and subsequent
degradation.
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Results

Mutation of Lys-269 to arginine stabilizes cyclin D1
protein with no attenuation of its functions
Cyclin D1 degradation is triggered by GSK-3p-dependent
phosphorylation and subsequent ubiquitylation by the
SCFF#/eBenstalin complex (Diehl et al., 1998; Lin et al.,
2006). To determine whether lysines proximal to Thr-286
of cyclin D1 are essential for the proteasome-dependent
degradation of cyclin D1, we generated mutant cyclin D1
alleles in which lysine residues were changed to arginines
(D1-K238R and D1-K269R). Although both WT cyclin
D1 and D1-K238R showed similar kinetics for proteaso-
mal degradation, the half-life of D1-K269R was extended
three- to fourfold (from 20 to 90 min; Figure 1a).
Earlier work showed that cyclin D1 proteolysis
induced by y-irradiation (yIR) is SCFFpx#/aB-erystallin depen.-
dent (Pontano et al., 2008). Thus, we tested whether D1-
K269R is refractory to yIR-dependent proteasomal
degradation. NIH-3T3 cells stably expressing WT cyclin
DI, D1-K269R and D1-T286A were exposed to 10 Gy
of yIR (Figure 1b), and the accumulation of cyclin D1,
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Figure 2 DI1-K269R is resistant to SCFx#/=B-envstallin yhiquitylation in vitro. (a) SCFF#/eB-enstalin complexes were assembled in Sf9 cells,
purified with M2 agarose and used to ubiquitylate recombinant glutathione S-transferase (GST)-D1 or GST-D1-K269R. Reaction
mixtures were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by immunoblotting
with a cyclin D1 antibody. (b) D1/K4 and D1-K269R /K4 complexes were purified from Sf9 cells using M2 agarose and used for in vitro
ubiquitylation reaction, as described in (a). (¢) SCFFrx#/=Bervstalin complexes were expressed in Sf9 cells, purified with M2 agarose and
mixed with GST-wild-type cyclin D1, D1-T286A or DI1-K269R for binding analysis. Complexes were separated by SDS-PAGE,

followed by immunoblotting with cyclin D1 and Fbx4 antibodies.

A and E was assessed by immunoblotting at various
intervals after yIR exposure. Although WT cyclin
D1 was degraded in response to yIR, DI-K269R and
DI-T286A mutants were stable after yIR exposure.
Thus, the K269R mutation renders cyclin D1 resistant
to ubiquitin-dependent proteolysis in proliferating cells
after genotoxic stress.

As the phosphorylation of cyclin D1 at Thr-286 is
absolutely required for its degradation, we determined
whether the K269R mutation might perturb normal
phosphorylation of Thr-286 and thereby indirectly affect
cyclin D1 degradation. WT and mutant cyclin DI pro-
teins were immunoprecipitated from asynchronous
NIH-3T3 cells that stably express flag-tagged D1 alleles,
and phosphorylation was assessed with a phospho-
specific Thr-286 antibody. We noted increased Thr-286
phosphorylation of D1-K269R relative to WT cyclin DI.
The increase in phosphorylation is expected, given the
reduced rate of degradation of cyclin DI1-K269R
(Figure Ic, panel 1 and 2).

We next determined whether the cyclin D1-K269R
mutant retains normal catalytic function and the
capacity to bind to p27%r'. Indeed, co-precipitation
revealed that cyclin D1-K269R was associated with
p27%®! (Figure 1d). We subsequently evaluated the
ability of cyclin D1-K269R to associate with and induce
Cdk4 catalytic activity toward Rb. Immunoprecipita-
tion/western analysis revealed that WT and mutant
cyclin D1 both associated with Cdk4 (Figure 1c, lower
panel) and efficiently catalyzed Cdk4-dependent phos-
phorylation of recombinant Rb (Figure le). In sum-
mary, the mutation of Lys-269 to arginine increases
the stability of cyclin D1 without disrupting either the
established functional activities of cyclin D1 or the phos-

phorylation signals critical for cyclin DI degradation.
Collectively, these results are consistent with the inter-
pretation that D1-K269R stabilization occurs because of
the loss of an essential ubiquitin acceptor residue
required for cyclin D1 proteolysis.

Lys-269 of cyclin D1 is essential for

SCFro#B-crystalin_ donendent ubiquitylation ‘in vitro’
Given that the Lys-269 to Arg mutation resulted in
reduced cyclin D1 degradation, we hypothesized that this
mutation would inhibit the ubiquitylation of cyclin D1 by
SCFFe/aBeysialin - We therefore determined the ability of
SCFoamBerysalin 6 djrectly catalyze the ubiquitylation of
WT D1 and D1-K269R in vitro. For this experiment, we
used glutathione S-transferase fusion proteins wherein the
C-terminal 41 residues of cyclin D1 (or K269R) are fused
in frame with glutathione S-transferase. In this fusion, the
only available lysine is K269, as lysines within glutathione
S-transferase are not ubiquitylated. Consistent with the
in vivo stabilization, purified recombinant SCFbx#/B-erystallin
could not catalyze the ubiquitylation of cyclin D1-K269R,
although it effectively ubiquitylated WT cyclin D1 in vitro
(Figure 2a). To ensure that Lys-269 is the ubiquitin
acceptor in full-length cyclin D1, we performed the in vitro
ubiquitylation assay using full-length WT and K269R
cyclin D1 purified from Sf9 cells. Again, WT cyclin D1,
but not DI-K269R, was effectively ubiquitylated
(Figure 2b), suggesting that Lys-269 is an acceptor
of ubiquitin from SCFF>/=Beystalin 4y yigro. Importantly,
WT and mutant cyclin D1 retained the ability to bind
to SCFrexdeBenystalin 4y yirrg showing that disruption
of ubiquitylation was not because of the inability of
D1-K269R to bind to the SCF complex (Figure 2c).
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Thus, Lys-269 is required for the efficient cyclin DI
ubiquitylation by the SCF™#/Benstalin complex in vitro.

Lys-269 of cyclin D1 is not essential for ubiquitylation
‘in vivo’ but is necessary for rapid proteasome-dependent
degradation

As Lys-269 can be ubiquitylated in vitro, and is required
for proteolytic turnover in vivo, we determined whether
Lys-269 was necessary for cyclin D1 ubiquitylation
in vivo. NIH-3T3 cells stably expressing WT cyclin
D1 and D1-K269R were treated with the proteasome
inhibitor, MG132, and after the lysis of cells under
denaturing conditions, ubiquitylated proteins were
purified by precipitation using a ubiquitin-specific
antibody and cyclin D1 ubiquitylation was assessed
by immunoblotting with a flag-reactive antibody
(Figure 3a). DI-K269R ubiquitylation was readily
apparent in vivo, indicating that lysines, besides Lys-
269 of cyclin D1, can function as ubiquitin acceptors
in vivo.

As DI-K269R was ubiquitylated in vivo, we deter-
mined whether ubiquitin linkages formed on WT cyclin
D1 were retained in DI1-K269R. Normally, Lys-48-
linked polyubiquitin chains provide signals for the
targeting of the substrates to the proteasome. As cyclin
DI is degraded in an ubiquitin-dependent manner, we
hypothesized that it is ubiquitylated through Lys-48-
linked polyubiquitin chains. We transfected NIH-3T3
lines stably expressing WT cyclin D1, D1-T286A and
D1-K269R with HA (hemagglutinin)-tagged WT,
K48R, KOR and K63R ubiquitin expression vectors.
Cells were treated with MG132, and cyclin DI was
immunoprecipitated with the M2 monoclonal anti-
body; ubiquitylated protein species were visualized by
immunoblotting with the HA antibody (Figure 3Db).
Both WT cyclin D1 and D1-K269R were ubiquitylated
in vivo, whereas the ubiquitylation of D1-T286A was
reduced. The expression of K48R ubiquitin significantly
reduced the ubiquitylation of WT cyclin D1, D1-T286A
and D1-K269R (Figure 3b), suggesting that the ubiqui-
tin chains formed on cyclin D1 WT and mutants were
primarily Lys-48 linked. The expression of Ko63R
ubiquitin only slightly reduced the polyubiquitylation
of cyclin D1 alleles, which suggests that the K63-linked
ubiquitin chains or mixed K48-linked and K63-linked
chains might occasionally form on cyclin DI. In
summary, K269R cyclin D1 is a stable mutant of cyclin
D1, which is resistant to SCEFFtx#/B-ervtsallin yhjquitylation
in vitro, but is ubiquitylated in vivo primarily through
the Lys-48 polyubiquitin chains.

On the basis of these data, we suggest that Fbx4 can
ubiquitylate additional lysines in cyclin D1, but with
reduced processivity. If this is the case, overexpression
of Fbx4 should increase the potential cyclin D1-Fbx4
association frequency and potentially increase produc-
tive cyclin D1 polyubiquitylation, thereby increasing
cyclin D1 degradation. To determine whether DI-
K269R degradation is sensitive to Fbx4 levels and thus
presumably to steady-state Fbx4 E3 ligase activity, Fbx4
was overexpressed in NIH-3T3 cells stably expressing
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D1-K269R (Figure 3c) and cyclin D1-K269R half-life
was measured. DI1-K269R turnover was modestly
accelerated upon Fbx4 overexpression, suggesting that
in the absence of Lys-269, SCF™* could modify other
lysines, providing alternative signals for cyclin DI
degradation. Consistent with ubiquitylation remaining
Fbx4 dependent, expression of the dominant-negative
mutant of Fbx4 (AF) abolished in vivo ubiquitylation of
WT and D1-K269R (Figure 3d).

We hypothesized that D1-K269R is ubiquitylated
in vivo, but the ubiquitylation of Lys-269 is critical for
cyclin D1 targeting to the proteasome in vivo. To test
this notion, NIH-3T3 cells stably expressing WT cyclin
D1, DI1-K269R and DI1-T286A were treated with
MG132, followed by immunoprecipitation with M2
agarose and immunoblotting with the antibody to the
19S cap proteasome non-ATPase subunit, PSMD7
(Figure 3d). D1-K269R and D1-T286A showed reduced
association with PSMD7 compared with WT cyclin D1,
suggesting that D1-K269R targeting the proteasome is
attenuated in vivo.

D1-K269R shows increased nuclear localization

and neoplastic potential

Attenuation of cyclin D1 proteolysis through the
inhibition of SCFFr#=B-enyslin fypction leads to the
accumulation of cyclin D1 in the nuclear compartment
(Barbash et al., 2008). We therefore anticipated that the
mutation of a critical lysine acceptor in cyclin D1 might
also result in nuclear accumulation of the mutant cyclin
D1 allele. We analyzed the subcellular localization of
D1-K269R in NIH-3T3 cells. WT D1 localized to the
nucleus in 10% of asynchronous cells and D1-K269R
localized to the nucleus in 31% of the cells, whereas the
constitutively nuclear D1-T286A mutant had 100%
nuclear localization (Figures 4a and b). Therefore,
consistent with our earlier observation, the disruption
of cyclin DI proteolysis leads to an increase in the
fraction of nuclear cyclin D1. In addition, expression of
both WT and K269R cyclin D1 only slightly changed
the distribution of cells during the cell cycle (Figure 4c),
suggesting that overexpression of both WT cyclin
D1 and DI1-K269R similarly contribute to cell cycle
progression.

Constitutively, nuclear cyclin D1 mutant, D1-T286A,
is a potent oncogene in in vitro and in vivo models. In
addition, we have shown earlier that the disruption of
cyclin D1 proteolysis through the stable knockdown of
either Fbx4 or aB-crystallin in NIH-3T3 cells results in
cellular transformation. As DI-K269R is resistant to
ubiquitin-dependent proteolysis and has increased nu-
clear localization, we investigated whether D1-K269R
will transform NTH-3T3 cells. Although WT cyclin D1
was weakly transforming, D1-K269R promoted the
growth of cells in soft agar (Figures 5a and b) and
resulted in foci formation in vitro (Figure 5c). In
summary, the mutation of Lys-269 renders cyclin D1
resistant to ubiquitin-dependent proteolysis, leading to
the accumulation of cyclin D1 in the nuclear compart-
ment and cellular transformation.
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Figure 3 In vivo ubiquitylation of D1-K269R. (a) NIH-3T3 cells stably expressing wild-type (WT) and K269R cyclin D1 were treated
with 10 um M G132 for 6 h, and proteins were lysed under denaturing conditions (50 mm Tris—HCI (pH 7.4), 1% sodium dodecyl sulfate
(SDS) and Smwm dithiothreitol). Proteins were precipitated with anti-ubiquitin antibody in the buffer containing 50 mm Tris—-HCL
(pH 7.4), 250mmMm NaCl, 5mm EDTA and 0.5% NP-40 and separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and detected by immunoblotting with a cyclin D1 antibody. (b) NIH-3T3 cells stably expressing WT cyclin DI, DI-
T286A and D1-K269R cyclin D1 were transfected with WT, K48R, K0 and K63R ubiquitin constructs. At 48 h post-transfection, cells
were treated with 10 um MG132 for 6 h and cell lysates were immunoprecipitated with M2 agarose followed by SDS-PAGE of protein
complexes and immunoblotting with anti-HA, cyclin D1 and Fbx4 antibodies. (¢) NIH-3T3 stably expressing D1-K269R were
transfected with an Fbx4 expression vector. At 48 h post-transfection, cells were used for cycloheximide chase assay at the indicated
time intervals. Cell lysates were separated by SDS-PAGE, followed by immunoblotting with cyclin D1, Fbx4 and p27 antibodies. (d)
293T cells were transfected with ubiquitin, AF-Fbx4 and cyclin D1 constructs, as indicated. At 48 h post-transfection, cells were treated
with 10 pm MG132 for 6 h and cell lysates were immunoprecipitated using the anti-cyclin D1 antibody followed by SDS-PAGE of
protein complexes and immunoblotting with the cyclin D1 antibody. (e) Same as in (b), followed by immunoblotting with cyclin D1
and PSMD?7 antibodies.

Discussion on internal lysine residues within the substrate, is

postulated to serve as the signal that targets a substrate
Efficient degradation of proteins through the 26S  to the proteasome cap wherein unfoldases and deubi-
proteasome requires that the proteins are unfolded quitinating enzymes unfold the substrate and recycle
before access to the catalytic core of the proteasome. ubiquitin before its degradation. Previous studies have
Polyubiquitylation of substrates, which generally occurs ~ addressed the role of cyclin D1 lysines in protein
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Figure 4 DI1-K269R has increased nuclear localization. (a) NIH-3T3 cells stably expressing wild-type (WT) cyclin D1, D1-K269R and
D1-T286A were subjected to immunofluorescence analysis with the cyclin D1 antibody (green) and slides were counterstained with
DAPI (4,6-diamidino-2-phenylindole) (blue). (b) Quantification of (a) from three independent experiments (error bars represent
standard deviation). (c¢) Cell cycle analysis of asynchronous NIH-3T3 cell lines by propidium iodide/fluorescent-activated cell sorting.
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Figure 5 K269R cyclin D1 transforms NIH-3T3 cells. (a) Anchorage-independent growth of NIH-3T3 cells stably expressing wild-
type (WT) cyclin D1, D1-T286A, D1-K269R or pBabe-puro vector was analyzed by growth in soft agar. Colonies were visualized by
microscopy. (b) Quantification of triplicate samples shown in (a). (¢) Foci formation ability of NIH-3T3 cells stably expressing WT
cyclin D1, D1-T286A and D1-K269R was determined by Giemsa stain of foci grown for 21 days.

between cyclin D1 and its catalytic partner, cdk4. The
degradation of free cyclin D1 is phosphorylation
independent (Germain et al., 2000) and thus is not

turnover and revealed that the mutations of Lys-112 and
Lys-114 extend the cyclin D1 protein half-life; however,
these mutations also disrupt a functional interaction

Oncogene



SCFrbxd/aB-enstaliin: dependent (Lin ez al., 2006). As cyclin
D1 is rarely detected as a monomer (Parry et al., 1999),
this mechanism likely contributes to the reduced pool of
free cyclin D1. In the current work, we have identified a
lysine residue within cyclin D1, near the GSK-38
phosphorylation site, that targets cyclin D1 for poly-
ubiquitylation by the SCFFrx#/=Berystallin Jjoq¢5e  Qur find-
ings reveal that Lys-269 of cyclin DI is essential for
cyclin D1 proteolysis. Importantly, the K269R mutation
disrupts cyclin D1 ubiquitylation by SCEFFbx#/eB-erystallin
complex in vitro, implicating Lys-269 as a bona fide
ubiquitin acceptor site for this E3 ligase.

One surprising observation that has stemmed from
this series of experiments is that D1-K269R can still be
ubiquitylated in vivo. However, although it is ubiquity-
lated, it remains as resistant to proteasome-dependent
degradation as the non-phosphorylatable cyclin DI-
T286A allele (Diehl et al., 1997). The potential of cyclin
D1 to be ubiquitylated on alternative lysine residues is
not unanticipated. In fact, there are instances wherein
client proteins are ubiquitylated on the amino-terminal
residue in the complete absence of internal lysines
(Breitschopf et al., 1998; Bloom et al., 2003). However,
the absence of efficient degradation of ubiquitylated
DI1-K269R shows that it remains a poor substrate
for the 26S proteasome. One possible explanation that
we considered was alternative ubiquitin linkages, such
as K63, which are not associated with degradation.
However, ubiquitylation of D1-K269R is dependent on
K48 in ubiquitin. A second possibility is that the
ubiquitin chains on D1-K269R are of insufficient length
and thus poorly recognized by the proteasome. Con-
sistent with this notion, the binding of D1-K269R and
PSMD?7 (a subunit of the proteasome cap) was reduced
relative to that observed with WT cyclin D1.

Our work shows that efficient proteasome-dependent
destruction of cyclin D1 requires ubiquitylation of a
specific lysine acceptor. Similar mechanisms have been
described for cyclin A, in which the mutation of lysines
proximal to the D-box (Lys37, 54, 68) extend the half-
life of cyclin A that is still ubiquitylated in vivo (Fung
et al., 2005). In addition, our experiments show that the
degradation of D1-K269R is promoted by Fbx4 over-
expression, indicating that in the absence of the Lys-269
acceptor site, Fbx4 can promote the degradation of
cyclin DI, although with reduced efficacy, through
alternative ubiquitylation sites. An alternative possibi-
lity is that the stability of cyclin D1 is controlled through
the balance of the ubiquitylation and the modifications
by other ubiquitin-like proteins, such as SUMO and
ISG15 (Feng et al., 2008), in which ubiquitin-like
modifiers compete for the acceptor lysines, and thus
the K269R mutation might lead to the disruption of
ubiquitylation of proximal lysines (such as Lys-238)
allowing for their modification with ubiquitin-like
proteins and potentially by such means preventing
cyclin D1 degradation.

D1-K269R accumulates in cells to higher levels than
WT cyclin D1, and D1-K269R localization is shifted to
the nuclear compartment. This is consistent with our
earlier observation that the inhibition of Fbx4-depen-
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dent cyclin DI ubiquitylation and proteolysis leads to
the accumulation of cyclin D1 in the nuclei (Barbash
et al., 2008). We show that D1-K269R is phosphory-
lated at Thr-286, the residue required for nuclear export,
suggesting that the increase in the nuclear fraction of
D1-K269R is not a result of disrupted phosphorylation-
dependent nuclear export. The increase in the nuclear
fraction of DI-K269R is likely a result of increased
nuclear import of cyclin D1 upon the inhibition of its
proteolysis, but the precise mechanism of relocalization
requires additional work.

Destruction of nuclear cyclin D1 is required to
prevent cyclin D1-dependent cell transformation (Glad-
den et al., 2006; Aggarwal et al., 2007). Consistent with
its increased nuclear accumulation, expression of DI-
K269R triggered neoplastic transformation of murine
fibroblasts, similar to the overexpression of cyclin DI1-
T286A or downregulation of Fbx4 (Barbash et al.,
2008). One of the mechanisms whereby nuclear cyclin
D1 promotes tumorigenesis is through attenuation of
Cullin-4 expression with subsequent accumulation of its
substrate, replication factor, Cdtl (Aggarwal et al.,
2007). As a consequence, cells expressing constitutively
nuclear cyclin D1 show overreplication phenotype and
chromosomal abnormalities. Indeed, cells expressing
D1-K269R show significant downregulation of Cul4A
expression (data not shown), suggesting a common with
T286A mechanisms of oncogenic transformation.

In summary, our work shows that Lys-269 is a
ubiquitin acceptor site for SCFFx#B-erystallin " The data
presented underline the importance of Lys-269 ubiqui-
tylation for cyclin D1 degradation during cell cycle and
in response to genotoxic stress. Our experiments suggest
that despite the fact that multiple lysines in cyclin DI
can be ubiquitylated in vivo, the ubiquitylation of
Lys-269 provides a critical basis for cyclin D1 degradation.

Materials and methods

Cell culture, plasmids and transfections

NIH-3T3 cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% of fetal bovine serum, glutamine and
antibiotics. As indicated, 24 h before transfection, cells were
plated at optimal density and on the following day transfected
using the Lipofectamine Plus reagent (Invitrogen, Carlsbad,
CA, USA). Stable cell lines expressing cyclin D1 were
generated by puromycin (Sigma-Aldrich, St Louis, MO,
USA) selection (Sug/ml) for 21 days and subsequently
cultured in medium containing 2.5 pug/ml puromycin. Insect
Sf9 cells were maintained as described elsewhere. Flag-tagged
cyclin D1 mutants were constructed using the QuickChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA)
using the pFlex-cyclin D1 plasmid as template. PCR reactions
were performed according to the manufacturer’s instructions.
Clones were sequenced in their entirety to confirm the presence
of mutations.

Immunoprecipitation and immunoblot analysis

Cells were lysed in buffer containing: S0 mm HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (pH 8.0),
150mm NaCl, 2.5mwm ethylene glycol tetraacetic acid, 1 mm
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EDTA, 0.1% Tween 20, protease and phosphatase inhibitors
(1mm phenylmethanesulphonylfluoride, 20 U/ml aprotinin,
Spg/ml leupeptin, 1 mm dithiothreitol, 0.4mm NaF, 10 mm
B-glycerophosphate and 100nm okadaic acid). The protein
concentration was determined by BCA assay (Pierce, Rock-
ford, IL, USA). Where indicated, cyclin D1 was precipitated
using either M2 agarose (Sigma-Aldrich) or a cyclin D1 mouse
monoclonal antibody, D1-72-13G. Proteins were resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis,
transferred to nitrocellulose membrane and analyzed by
immunoblotting. Antibodies used were as follows: Fbx4 rabbit
polyclonal antibody (Rockland, Gilbertsville, PA, USA),
cyclin D1 mouse monoclonal D1-72-13G, B-actin, flag rabbit
polyclonal antibody (Sigma-Aldrich), p27 mouse monoclonal
antibody, CDK4 (BD Pharmingen, San Diego, CA, USA),
ubiquitin mouse monoclonal antibody (Covance, Emerville,
CA, USA), cyclin E rabbit polyclonal, and cyclin A rabbit
polyclonal antibodies (Santa Cruz, Santa Cruz, CA, USA).

Cycloheximide chase analysis

For cycloheximide chase experiments, NIH-3T3 cells were plated
at equal densities and on the next day, asynchronous cells were
treated with cycloheximide (100 pg/ml, Sigma-Aldrich) for the
indicated periods of time. Cells were lysed in buffer (as described
above) and processed for immunoblot analysis.

In vitro kinase assay

Cyclin D1/cdk4 complexes were expressed in Sf9 cells. Cells
were lysed in Tween-20 buffer and immunoprecipitated using
M2 agarose (Sigma-Aldrich). Purified complexes were mixed
with recombinant glutathione S-transferase—Rb as described
earlier (Matsushime et al., 1994) and the phosphorylation of
Rb was determined by autoradiography.

In vitro ubiquitylation

SCFrex4ab-erystaliin complexes were purified from Sf9 cells using
M2 agarose, mixed with purified substrate, as indicated, that
had been phosphorylated in vitro with recombinant GSK-3f
(5U), El, E2 (UbcHS5A), ATP and ubiquitin for the indicated
periods of time at 37°C. Proteins were resolved on 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
visualized by western blotting with the D1-72-13G11 antibody.

Immunofluorescence

NIH3T3-derived cell lines were plated at optimal density on
glass coverslips. At 24 h after splitting, cells were permeabilized
with methanol:acetone (1:1), washed with phosphate-buffered
saline and incubated in primary antibody (cyclin D1 17-13G11)
for 2 h. After washing and incubation with secondary anti-mouse
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Transformation assays

Anchorage-independent growth was determined by analyzing
cellular growth in semisolid medium. Cells (5 x 10°) were
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agar and 10% fetal calf serum. Cells were grown for 21 days in
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YIR treatment
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NIH 3T3 cells stably expressing cyclin D1 or D1-K269R were
harvested and washed with phosphate-buffered saline, fixed
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fluorescent-activated cell sorting analysis. Cell cycle profiles
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