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Timely degradation of regulatory proteins by the ubiquitin proteolytic pathway (UPP) is an established paradigm of cell
cycle regulation during the G2/M and G1/S transitions. Less is known about roles for the UPP during S phase. Here we
present evidence that dynamic cell cycle-dependent changes in levels of UbcH7 regulate entrance into and progression
through S phase. In diverse cell lines, UbcH7 protein levels are dramatically reduced in S phase but are fully restored by
G2. Knockdown of UbcH?7 increases the proportion of cells in S phase and doubles the time to traverse S phase, whereas
UbcH?7 overexpression reduces the proportion of cells in S phase. These data suggest a role for UbcH7 targets in the
completion of S phase and entry into G2. Notably, UbcH7 knockdown was coincident with elevated levels of the
checkpoint kinase Chk1 but not Chk2. These results argue that UbcH7 promotes S phase progression to G2 by modulating
the intra-S phase checkpoint mediated by Chk1. Furthermore, UbcH7 levels appear to be regulated by a UPP. Together the
data identify novel roles for the UPP, specifically UbcH7 in the regulation of S phase transit time as well as in cell

proliferation.

INTRODUCTION

The eukaryotic cell cycle is typically divided into four major
phases: G1, S, G2, and M. Acquiring an understanding of
how transitions between phases of the cell cycle are regu-
lated is crucial for understanding cell proliferation and or-
ganogenesis and is essential to enable discovery and design
of drugs to control these processes. Transitions between the
phases of the cell cycle have often been associated with the
timed destruction of cell cycle regulatory proteins. Many of
these are degraded via the ubiquitin proteolytic pathway
(UPP; Yew, 2001; Peters, 2002; Pines and Lindon, 2005).
Protein ubiquitination is the posttranslational covalent at-
tachment of one or more molecules of ubiquitin, a highly
conserved 8.5-kDa polypeptide, to substrate proteins. This is
accomplished through the sequential activities of three
groups of enzymes. First ubiquitin is activated via formation
of a thiol ester with the ubiquitin-activating enzyme or E1.
Ubiquitin is then transferred to an E2/Ubc (ubiquitin-con-
jugating enzyme), also through a thiol ester linkage. Trans-
fer of ubiquitin to the target protein is accomplished in
conjunction with an E3 enzyme (ubiquitin ligase). The vari-
ety and combinations of E2 and E3 enzymes allow for sub-
strate specificity. A major role of ubiquitination is to target
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proteins for proteasomal degradation (reviewed in Hershko
and Ciechanover, 1998; Pickart and Fushman, 2004).

Most research regarding cell cycle regulation by the UPP
has focused on the G1/S and G2/M transitions and on the
specific roles in these transitions of two types of multisub-
unit E3 ligases: 1) Skp1, Cullin, F-box complexes (SCF) that
ubiquitinate the G1 phase CDK inhibitors, p21 (Yu et al.,
1998; Bornstein ef al., 2003) and p27 (Carrano ef al., 1999;
Tsvetkov et al., 1999), thereby regulating the G1-to-S transi-
tion, and 2) the anaphase promoting complex/cyclosome
(APC/C), which mediates degradation of cyclin A, cyclin B,
and securin, thereby allowing progression through M phase
(reviewed in Peters, 2002). Far less is known concerning UPP
components and protein substrates that regulate the pro-
gression through S phase. Additionally, relatively few stud-
ies have addressed functions and regulation of E2/Ubcs
during the cell cycle, other than describing roles for Cdc34/
Ubc3, together with the SCF, in regulating the G1-to-S tran-
sition, and UbcH10, in conjunction with the APC, regulating
the G2/M transition and progress through G1 (Bastians et
al., 1999; Rape and Kirschner, 2004; Rape et al., 2006).

A single report indicates that the E2, UbcH?, is essential
for embryonic development (Harbers et al., 1996), but essen-
tial postnatal functions have not been elucidated. Here, us-
ing HeLa cells and human lens epithelial cells, we demon-
strate that levels of UbcH7 protein decrease dramatically in
S phase but are fully restored by G2. Moreover, in multiple
cell types, the duration of S phase is inversely related to the
level of UbcH?. Importantly, levels of the intra-S phase
checkpoint kinase Chkl are increased in UbcH7-depleted
cells, whereas the level of phosphorylated phosphatase and
tensin homologue deleted on chromosome 10 (PTEN) is
decreased. Additionally, we provide evidence that UbcH?7
gene expression is not altered during cell cycle progression,
but UbcHY is itself a substrate for UPP-dependent degrada-
tion. Considered together, these data support a novel role
for UbcHY in the regulation of S phase and progression to
G2, potentially through associated degradation of Chk1.
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MATERIALS AND METHODS
Cells

Human lens epithelial (HLE) cells were obtained and grown as described (Liu
et al., 2004). HeLa cells were obtained from American Type Culture Collection
(Manassas, VA) and maintained in «MEM or DMEM (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum, 50 U/ml penicillin, and 50
g /ml streptomycin. COS and HEK-293 cells were obtained from ATCC and
maintained in DMEM supplemented as above. For synchronization with
hydroxyurea (HU; Sigma, St. Louis, MO) HeLa and HLE cells were grown in
medium containing 2 mM HU for 18 h. After treatment, cells were washed
twice with PBS, and medium without drugs was added. At time points
indicated, cells were washed twice with PBS, treated with 0.5% trypsin-EDTA
to disrupt the monolayer, and then collected by centrifugation. For Western
blot analysis, cells were lysed in 10 mM Tris-HCL (pH 7.6), 50 mM EDTA, 1%
NP-40, 0.1% SDS, 20 mM N-ethylmaleimide, and 2 mM 4-(2-aminoethyl)-
benzene-sulfonylfluoride. For extract preparation, cells were lysed in 10 mM
HEPES, 10 mM KCl, 1 mM 4-(2-aminoethyl)-benzene-sulfonylfluoride, and 1
mM DTT. After lysis for >30 min on ice, samples were centrifuged, and
soluble supernatants were saved. For experiments analyzing phosphopro-
teins, a phosphatase inhibitor cocktail (Sigma) was added to the lysis buffer
and to the PBS used for washing the cells before lysis. For fluorescence-
activated cell sorting (FACS) analysis of DNA content, trypsinized cells were
resuspended in 70% ethanol and stored at —20°C. Cells were rehydrated in
PBS containing 100 ng/ml RNAse A for 15 min, centrifuged, and resuspended
in PBS containing 50 pg/ml propidium iodide. DNA content was analyzed
with a FACScalibur Flow cytometry system (Becton-Dickinson Immunocy-
tometer Systems, San Jose, CA) and ModFit LT 3.0 software (Verity Software
house, Topsham, ME).

Antibodies

Anti-E1 was produced in this laboratory (Shang et al., 2001); anti-UbcH7
polyclonal, anti-UbcH10, and anti-Ubc2 were obtained from Boston Biochem
(Boston, MA). Monoclonal anti-UbcH7 and a nonspecific isotype matched
control IgG were obtained from BD Biosciences (San Jose, CA). Anti-Ubc3 and
anti-Chk1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-PTEN, anti-Akt, anti-Phospho Ser 380 PTEN, anti-Phospho Ser 380/
Thr382/383 PTEN, and anti-Phospho Ser 280 Chkl were obtained from Cell
Signaling Technologies (Danvers MA). Anti-E6-AP was obtained from Affin-
ity Bioreagents (Golden, CO). Anti-tubulin was obtained from Sigma. Sec-
ondary antibodies were obtained from Jackson ImmunoResearch (West
Grove, PA).

Quantitative RT-PCR

HLE cells were synchronized by contact inhibition as described (Liu et al.,
2004). Cells were replated at lower density and allowed to reenter the cell
cycle. At time points indicated, cells were harvested and parallel samples
were processed for FACS analysis and mRNA isolation. Quantitative RT-PCR
was performed and UbcH7 mRNA levels were normalized to GAPDH levels.

Plasmid Construction

A UbcH?7 expression plasmid was constructed from a UbcH7-pET3b vector
kindly provided by Martin Scheffner (University of Cologne, Germany). The
coding region was amplified by PCR using the primers forward: 5" GAAT-
TCTACATATGGCGGCCAGCAGG 3’ and reverse: 5 CCTTTCGGGCTTT-
GTTAGCAG 3'. The forward primer was engineered to contain an EcoRI
restriction site to facilitate cloning. The resulting product was digested with
EcoRI and BamHI and subcloned into pADTrack for expression in mamma-
lian cells.

RNA Interference

Double-stranded small interfering RNAs (siRNAs) specific for UbcH7 were
obtained from Qiagen (Valencia, CA). The following sequences were used:
oligo “3,” AAGGGCTTATTGTTCCTGACA; oligo “4,” AATCCGCAAAT-
GTCCCATGAA; oligo “5,” AATTCAGAGCCAGCAATGCCT (Verma et al.,
2004), and nonspecific (NS) siRNA AATTCTCCGACGTGTCACGT. For most
experiments, cells were seeded at 1 X 10° per well in six-well culture plates on
day —1. On day 0, RNA interference (RNAi) and RNAifect were added. For
immunofluorescence experiments, cells were seeded at 1 X 10* per chamber
in a four-well chamber slide.

MTS Assay

HeLa cells were plated into 96 well plates at a density of 2 X 10 cells per well
at day -1. On day 0, siRNA specific for UbcH7 or NS siRNA were added.
After 72 or 96 h of knockdown, an MTS assay was performed according to
manufacturer’s directions (Promega, Madison, WI).

Immunofluorescence

Cells were grown on four-well chamber slides (BD Biosciences). Before stain-
ing, monolayers were washed with PBS and treated for 10 min with PBS

containing 4% paraformaldehyde. Subsequently, the monolayers were
washed and either stored at 4°C in PBS or immediately processed for immu-
nofluorescence. For staining, slides were treated with PBS containing 0.1%
Triton X-100 (TX-100) for 3 min and then blocked with PBS containing TX-100
and 0.3% bovine serum albumin (BSA) for 30 min. Primary and secondary
antibodies were diluted in PBS containing TX-100 and BSA. Staining with
primary monoclonal antibodies was for >2h, and the slides were then washed
with PBS and incubated with the secondary anti-mouse antibody for 30
min~'h. Slides were again washed with PBS and treated with Hoescht dye for
5-10 min, rinsed, and briefly dried before mounting with Anti-fade (Molec-
ular Probes, Eugene, OR).

In Vivo Degradation

HeLa cells were treated with 50 pug/ml cycloheximide in the presence or
absence of 40 uM MG132 for the times indicated. An untreated sample was
used to compare the amount of UbcH7 remaining after treatment. Samples
were harvested by scraping and lysed as described above.

In Vitro Degradation

Degradation of E2s was determined using rabbit reticulocyte lysate (Green
Hectares, Oregon, WI) or lysates prepared from HeLa cell cultures isolated at
various stages of the cell cycle using drug synchronization. Recombinant
proteins were radiolabeled with 125I-Na using the chloramine T method
(Tashtoush et al., 2001) and purified by G25 Sephadex column chromatogra-
phy. For ATP-dependent degradation, purified '2°I-E2s were incubated at
37°C for 2 h in a final reaction volume of 25 ul containing 50 mM Tris-HCl,
pH 7.6, 6 mM MgCl,, 1.2 mM DTT, 2.7 mM ATP, 17 mM creatine phos-
phate, and 4.7 U creatine phosphokinase in the presence or absence of cell
lysate, Ubc4, or MG132. ATP-independent degradation of UbcH7 was
determined as above but in buffer not containing ATP, creatine phosphate,
or creatine phosphokinase. Degradation was terminated and TCA-soluble
cpm were quantified using a Cobra II gamma counter. Percent degradation
was calculated as [(experimental soluble cpm) — (buffer control soluble
cpm)/(total cpm)] X 100.

In Vitro Ubiquitination

Ubiquitin conjugation assays of UbcH7 were performed using rabbit reticu-
locyte lysate. Purified '25I-UbcH7 was incubated at 37°C for 1 h in a final
reaction volume of 30 ul containing 40 mM Tris-HCl, pH 8.0, 5 mM MgCl,, 40
M MG132, 2 uM ubiquitin aldehyde, 5 mM ATP, 75 uM ubiquitin, and 2 mM
DTT in the presence or absence of cell lysate, ubiquitin, and Ubc4. After
incubation, Laemmli buffer was added to the assay sample and boiled for 5
min, and the proteins were resolved by 12% SDS-PAGE. Ubiquitin-UbcH7
conjugates were visualized by autoradiography.

RESULTS

UbcH7 Is Regulated in a Cell Cycle—dependent Manner

To further investigate prior observations that UbcH7 levels
increased as HLE cells progressed from S phase into G2/M
(Liu et al., 2004), HeLa and HLE cells were synchronized by
treatment with HU. After 18 h treatment with HU, the DNA
profile suggests that the cells are at the G1/S boundary
(Figure 1A, top). Within 4 h after release from HU, 100% of
the cells are in S phase (middle), and by 8 h the vast majority
are in G2/M (bottom). Notably, when the cells are 100% in
S phase both HeLa cells (Figure 1B, left) and HLE cells
(right) show a striking decrease (19-fold decrease in this
experiment for HeLa cells and 2.4-fold decrease for HLE
cells) in the amount of UbcH7. When the cells progress to
G2/M, the level of UbcH7 recovers. UbcH7 levels remain
high as the cells enter the next G1 phase (data not shown). It
is highly unlikely that the change in UbcH?7 levels is due to
drug treatment, because cells synchronized by contact inhi-
bition also show a decrease in UbcH?7 as they enter S phase
and a recovery of UbcHY as they complete S phase and enter
G2 (Liu et al., 2004). We also visualized the elevation of
UbcH? in mitotic cells by immunofluorescence. It is clear
that the rounded up mitotic cells are far more fluorescent
than the cells in interphase (Figure 1C). Similar changes in
fluorescence were not observed with tubulin.

That this cell cycle related variation is specific to UbcH?7 is
indicated by examination of other mammalian E2 enzymes
throughout the cell cycle. Levels of Ubc2 are invariant
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Figure 1. UbcH?7 is regulated in a cell cycle-depen-
dent manner. (A) Cell cycle profile of cells synchronized 1200+
by treatment with 2 mM HU. HeLa cells were treated for |
18 h, HU-containing medium was washed out, and cells
were allowed to resume cycling in medium without 400
drugs. Mean fluorescence intensity relating to DNA
content is plotted on the X axis, and cell number is
plotted on the Y axis. (B) UbcH?7 levels are low in S

phase and rise in G2/M. HeLa (left panel) or HLE (right 1200.
panel) cells were treated with HU for 18 h and then 004
released from drug treatment to resume cycle. Lysates, .
prepared from samples at times after drug release, were 400-

blotted using a-UbcH?7, a-UbcH10, a-Ubc3, a-Ubc2, and ]
a-E1, the latter being used as a loading control. We and
others have demonstrated no alterations in E1 levels
during different phases of the cell cycle (Stephen et al.,
1996; Liu et al., 2004). Because E2 levels from the same
samples were assessed on different immunoblots, E1
controls are shown for each blot. The majority of cells
(=75%) were in the cell cycle phase indicated. Bottom,
quantitation of gels shown above. (C) UbcH?7 is high in
mitotic cells. Immunofluorescent staining with a-UbcH7
(left), a-tubulin (middle), or isotype matched control
antibody (right) on cells treated for 18 h with nocoda-
zole. Mitotic cells are noted with a white arrow in all
panels.

throughout these transitions, consistent with prior experi-
ments, which showed that expression of a dominant nega-
tive mutant version of Ubc2 did not alter the cell cycle in the
lens (Liu et al., 2006). Similarly, Ubc3 and UbcH10, the only
E2s that are known to be involved in cell cycle regulation, do
not show the cell cycle-dependent variation that is observed
with UbcH7 (Figure 1B). Thus the decrease in S phase ap-
pears to be selective for UbcH7. The consistent levels of
these E2s provides additional evidence that the drugs used
for synchronization did not influence these other E2 levels as
the cells progressed through the cell cycle.

Knockdown of UbcH7 Extends S phase

Given the relationship between UbcH?7 levels and the cell
cycle, it might be anticipated that there are relationships
between levels of UbcH?7, cell proliferation, the duration of S
phase, and the cell cycle. To examine this possibility, UbcH7
was depleted in HeLa cells using siRNA. Decreasing UbcH7
(Figure 2A, top) in asynchronously growing cells resulted in
an increase in the percentage of cells in S phase (Figure 2A,
bottom). Furthermore, increasing the length of time during
which cells were depleted of UbcH7 significantly increased
the relative proportion of S phase cells when compared with
UbcH7-replete cells (Figure 2B and Supplemental Figure S1,
A—CQ). The increase in the S phase population upon UbcH?7
knockdown was observed with three different siRNA se-
quences specific for UbcH7 (Supplemental Figure S1D), in-
dicating that this result is not due to nonspecific or off-target
effects of the siRNA. UbcH7 depletion in other cell types also
increases the percentage of cells in S phase. In both HEK-293
cells and HLE cells, UbcH7 depletion resulted in a increase
in S phase cells and a decrease in G1 cells (Figure 2C and
Supplemental Figure S1E), similar to our observations in
HeLa cells. A 30% increase in the percentage of cells in S
phase was observed for HEK-293 cells and a 25% increase
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for HLE cells after 72 h of knockdown. These data indicate
that UbcH? is likely modifying a similar process in diverse
cell types to control the duration of S phase of the cell cycle.

Because depleting UbcH?7 levels in cells results in an in-
creased percentage of cells in S phase, we anticipated that
increasing levels of UbcH7 might have the opposite effect.
Cells were transiently transfected with a plasmid containing
UbcH7 or an empty vector and the cell cycle profile was
analyzed 48 h later. As shown in Figure 2D, COS cells express-
ing increased UbcH?7 (see Western blot analysis, right) showed
a decrease in the percentage of cells in S phase, with an increase
in G1 phase. Consistent alterations in the percent of cells in
G2/M upon UbcH?7 overexpression were not observed. These
data complement the UbcH?7 depletion assays and indicate that
UbcHY? is involved in the regulation of cell cycle progress
through S phase.

To get a clearer idea if the proportionate increase of cells
in S phase associated with limiting UbcH7 is due to an arrest
or a delay in progression through S phase, we used synchro-
nized siRNA-treated cells. Effective knockdown of UbcH7
was achieved in these HU-synchronized HeLa cells (Figure
3A). FACS analysis of the DNA content of cells treated with
either the UbcH7 (Figure 3B, top) or NS (bottom) siRNA
indicates that the cells are at the G1/S boundary immedi-
ately after release from HU, and that they progress synchro-
nously to S phase 4 h after release from drug treatment.
Eight hours after release from HU, NS siRNA-treated cells
progressed to G2/M (Figure 3B, bottom, hatched bar). In
contrast, the UbcH7-depleted cells were still in S phase
(Figure 3B, top, black bar). Only 12 h after drug release did
the UbcH7-depleted cells progress to G2/M. The cells in
which UbcH7 was depleted remained delayed compared
with NS siRNA-treated cells (see 18- and 24-h time points).
UbcH7-depleted cells did eventually complete mitosis and
enter the next cell cycle. Thus UbcH7 knockdown did not

3
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Figure 2.  Levels of UbcH7 levels determine the duration of S phase of

the cell cycle. (A-C) Asynchronous HeLa cells were treated with siRNA
specific for UbcH7 or a nonspecific siRNA for 48, 72, or 96 h as indicated.
(A) Cell lysates were blotted for a-UbcH7 or a-E1 as a loading control (top
panels). Cells were analyzed for DNA content (bottom panels). (B) Aver-
age ratio of S phase during increased time of knockdown. The percentage
of cells in S phase in UbcH7-depleted samples was compared with the
percentage in NS siRNA-treated cells. Average of three to seven experi-
ments; *p < 0.01. (C) Depletion of UbcH? results in an increase in S phase
in HEK-293 and HLE cells. Cells were treated with siRNA for 72 h. (D)
COS cells were transfected with UbcH? to increase levels of the enzyme or
empty plasmid for 48 h. The cell cycle profile was determined by FACS
analysis, and the ratio of G1 or S phase cells from cells expressing UbcH7
compared with the empty vector was averaged from three independent
experiments. Right panel, Western blot of lysates from cells expressing
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Figure 3. UbcH7 knockdown delays progression from S to G2
phase. HeLa cells were treated for 48 h with siRNA as indicated.
Cells were then treated overnight with 2 mM HU for synchroniza-
tion. (A) Immunoblot showing knockdown of UbcH?. (B) Cell cycle
profile of cells at times after drug release. Cell cycle numbers are
from duplicate samples. Similar delays in S phase progression to G2
were also observed with another UbcH7 siRNA sequence. (C) Top,
cyclin A and E1 levels from samples treated with NS siRNA or
UbcH7-specific siRNA immediately after drug release or 12 h after
release. Bottom panel, quantitation of cyclin A levels normalized to
El levels. Normalized cyclin A levels were compared between
UbcH?7 siRNA-treated cells and NS siRNA-treated cells at each time
point. (D) Knockdown of UbcH? decreases cell proliferation. Com-
parison of MTS OD between NS siRNA and UbcH7 siRNA at 72 and
96 h of knockdown.

result in arrest of the cell cycle. Similar delays in progression
from S-to-G2 phase were observed when other siRNA spe-
cific for UbcH7 were used (data not shown), corroborating
that the delay in cell cycle progression is due to the knock-
down of UbcH?.

Although the cell cycle profiles of the UbcH7 siRNA and
the NS siRNA-treated samples at the 12-h time point are not
differentiated using FACS analysis of DNA content, it ap-
peared likely that the UbcH7 siRNA-treated cells have a
higher proportion of cells in G2 rather than M phase com-
pared with the UbcH7-replete cells. This idea is supported
by observations that although at t = 0 when the cells appear
to be at the G1/S boundary, the UbcH7-depleted and -re-
plete cells have similar amounts of cyclin A (time 0; Figure
3C), 12 h later, UbcH7-depleted cells have nearly fourfold
higher levels of cyclin A than do the cells replete with
UbcH?. If cells are mostly in G2, there would be a higher
level of cyclin A than if the cells were in M phase because

Molecular Biology of the Cell
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cyclin A is degraded in early M phase. Thus, the increased
cyclin A at the 12-h time point confirms that the UbcH7-
depleted cells have a higher fraction of cells in G2 than do
the UbcH7-replete cells.

A ramification of slower transit through S phase is de-
creased cell proliferation within a specific time frame. Con-
sistent with an inverse relationship between UbcH7 levels
and the length of S phase, MTS activity, which reflects cell
number and viability (Cory et al., 1991), was decreased after
72 and 96 h of UbcH7 knockdown (Figure 3D). The decrease
in cell proliferation was more profound after 96 h of knock-
down than at 72 h. A decrease in absolute cell number was
also observed with no differences in the amount of cell death
(data not shown), indicating that the diminished prolifera-
tion reflects an increased transit time through cycle.

It is probable that these effects of limiting UbcH7 are
minimal estimates because complete knockdown was not
achieved. Attempts to completely deplete UbcH7 protein
using two different siRNAs together or by adding siRNA on
2 subsequent days did not appreciably decrease the level of
UbcH?7 (data not shown).

UbcH7 Is Degraded by the Ubiquitin Proteasome Pathway

Because the protein levels of UbcH7 vary significantly and
rapidly in a cell cycle-dependent manner, we asked
whether the mRNA levels of UbcH7 change as cells progress
through cycle. Quantitative RT-PCR analysis indicated no
significant differences in mRNA levels as cells progress in
cycle from GO through S and G2/M phases (Supplemental
Figure S2A). Therefore, we hypothesized that UbcH7 pro-
tein levels might be controlled by a proteolytic process. To
determine whether UbcH?7 protein levels were controlled by
a proteasome-dependent proteolytic process, asynchro-
nously growing HeLa cells were treated with cycloheximide
to inhibit de novo protein synthesis in the presence or ab-
sence of MG132, a proteasome inhibitor. After 4 h nearly
60% of the UbcH7 protein disappeared in the presence of
cycloheximide, whereas MG132 was able to stabilize the
level of UbcH?7 (Figure 4A). The half-life of UbcH7 was
increased from 1 to more than 2 h by the addition of MG132
(Supplemental Figure S2B). These experiments demonstrate
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that UbcH7 protein levels are regulated by a proteasome-
dependent proteolytic pathway.

We further hypothesized that UbcH7 protein levels might be
regulated in a ubiquitin-dependent manner. Conjugation to
ubiquitin, particularly high-mass conjugates, provides strong
evidence that a substrate is degraded in a UPP-dependent
manner (Hough and Rechsteiner, 1986). To assess whether
UbcH7 can be conjugated with ubiquitin, '*°I-UbcH7 was in-
cubated in the presence or absence of additional ubiquitin
and/or Ubc4. High-mass forms of '*°I-UbcH7 were readily
observed when ubiquitin was added to the assay mixture
(Figure 4B, lane 4) and were increased even further in the
presence of added Ubc4, an E2 with broad specificity (Figure
4B, lane 3 vs. lane 4). Lower molecular mass conjugates of
UbcH?7 were also observed in the presence of Ubc4 and/or
ubiquitin. In the absence of additional ATP, Ubc4, or ubig-
uitin, neither high-mass nor mono-Ub-UbcH7 species were
observed (Figure 4B, lane 1). These data clearly indicate that
UbcHY is a substrate for ubiquitination.

Next we asked if UbcH7 was degraded in a ubiquitin- and
proteasome-dependent manner in vitro. As shown in Figure
4C, in the absence of ATP, a hallmark of ubiquitin-depen-
dent proteolysis, there is little if any degradation of UbcH?7.
However, degradation is doubled when ATP is added to the
reaction, consistent with a role for ubiquitination in the
degradation process (Hough and Rechsteiner, 1986). Degra-
dation of UbcH7 was further increased fivefold when exog-
enous Ubc4 was added to assays containing ATP. In the
absence of ATP, additional Ubc4 was without an effect.
Proteasomal involvement in the degradation of UbcH7 was
confirmed by the complete absence of degradation in the
presence of MG132, an inhibitor of the proteasome. Taken
together, these results confirm a role for the UPP in the
turnover of UbcH7. To determine if the active site cysteine
on UbcH7 is important for degradation, we assessed the
level of degradation of a mutant UbcH7, which has a serine
replaced for the cysteine. In contrast to the wild-type UbcH7
protein, there was no ATP-dependent degradation of the
mutant UbcH7, suggesting that the active site cysteine may
be important for the conjugation of ubiquitin to this sub-
strate (Supplemental Figure S2C). Additionally, we deter-
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mined the level of degradation of two other E2s. Similar to
the mutant UbcH7, neither Ubc2 nor Ubc4 were degraded in
an ATP-dependent manner (Supplemental Figure S2C).
These data indicate that the ATP- and ubiquitin-dependent
degradation that we observed is specific for UbcH7 and is
not a property of all E2s.

Because UbcHY levels are low in S phase (Figure 1B), we
asked whether cell lysates prepared from cells in S phase
showed differential ability to support degradation of UbcH7
relative to G1 or G2/M extracts. Indeed, as shown in Figure 4D,
S phase extracts catalyze ATP-dependent UbcH7 degradation
more efficiently than G1 or G2/M extracts. The level of ATP-
dependent degradation of a control substrate mutated [B-
crystallin (Q70E, Q162E, Supplemental Figure S2D) was not
differentially regulated in the synchronized extracts. Addition-
ally, another substrate, mutant «A crystallin also was not de-
graded differentially in the synchronized extracts (data not
shown). Taken together, these data provide strong evidence
that the decline of UbcH7 during S phase is due to a UPP-
dependent process.

UbcH7 Knockdown Increases Chk1

Given that UbcH7 knockdown delays progression from S
phase to G2, we asked if depletion of UbcH7 changed levels

6

Figure 5. UbcH7 knockdown increases Chkl1 lev-
els and decreases phosphorylated PTEN specifically.
Asynchronously growing cells were treated with
UbcH7 siRNA or NS siRNA for 72 h and were blot-
ted for proteins indicated. All results were observed
in at least two experiments each run in duplicate. (A)
Samples from cells depleted of UbcH7 were blotted
with «a-Chkl, a-Chk2, «-E1, or a-UbcH7 as indi-
cated. The E1 loading control is shown for each
immunoblot. (B) Samples were blotted with a-El,
a-E6-AP, a-PTEN, a-UbcH10, or a-UbcH7 as indi-
cated. (C) Left, HeLa cells were treated with siRNA
specific for UbcH7 for 72 h and stained for a-Chkl
(top) or a-UbcH? (bottom). Right, HeLa cells were
treated with UbcH7 siRNA or NS siRNA for 72 or
96 h. Percentage of cells containing Chk1 foci were
quantified from three separate experiments. *p <
0.05. (D) Samples were blotted with «-P-Ser 280
Chkl, a-P-Ser 380 PTEN (aP-PTEN), a-Akt, a-P-Ser
380/Thr 382/383 PTEN (aP3-PTEN), or a-E1l as in-
dicated. (E) HeLa cells were synchronized at the
G1/S boundary by treatment with 2 mM HU for
18 h. Cells were released from drug synchronization,
and samples were obtained immediately after treat-
ment (G1), 4 h after release into drug-free media (S
phase), or 8 h after release (G2/M) and blotted with
a-E1, a-P-Thr 382/383 PTEN (aP3-PTEN) or a-P-Ser
280 Chklas indicated.

of specific proteins that participate in regulating the transi-
tion into G2/M. A screen for potential UbcH7 substrates
indicated that Chkl was up-regulated when UbcH7 is de-
pleted (Figure 5A). This was of interest because Chkl is
involved in cell cycle checkpoints in both S and G2 phases
after DNA damage (Liu et al., 2000; Sorensen et al., 2003). In
contrast, Chk2, which is also activated after DNA damage,
was not affected by UbcH7 knockdown (Figure 5A). Further-
more, putative UbcH7 partners, E6-AP (Nuber et al., 1998;
Huang ef al., 1999) and total PTEN (Waite and Eng, 2003)
were not altered during UbcH7 knockdown (Figure 5B).
Additionally, UbcH10, an E2 with a known role in cell cycle
control in M and G1 phases, was not affected by UbcH7
knockdown (Figure 5B).

We also examined the subcellular localization of Chkl
after UbcH7 knockdown using immunofluorescence. Com-
parison of the images in Figure 5C (bottom left panels)
confirms that UbcH7 levels were markedly reduced in the
cells treated with UbcH7 siRNA. There was a marked in-
crease in cells containing perinuclear cytoplasmic foci stain-
ing brightly for Chkl (Figure 5C top left panel, arrows). In
cells treated with the NS siRNA similar structures are ob-
served much less frequently (Figure 5C, top right panel).
Increased numbers of Chkl foci were also observed after
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Figure 6. Model for UbcH7 regulation of Chk1 and PTEN. Dashed
lines indicate proposed roles for UbcH?.

96 h of knockdown (Figure 5C right panel). The appearance
of these foci is consistent with the Akt- and PTEN-mediated
cytoplasmic relocalization of Chkl observed by Puc ef al.
(2005).

How might Chk1 levels be related to the UbcH7-directed
regulation of the cell cycle? Chkl is involved in the intra-S
phase checkpoint. Thus, a ramification of Chk1 stabilization
might be the retention of cells in S phase (Sorensen ef al.,
2003). Chk1 can be phosphorylated by both the ataxia telan-
giectasia mutated and rad3 related (ATR; Liu et al., 2000) and
Akt kinases (Shtivelman et al., 2002). Akt phosphorylates
Chkl at Ser 280, resulting in its relocalization from the
nucleus to the cytoplasm (Puc et al., 2005). UbcH7 knock-
down increased the level of phospho Ser-280-modified
Chkl, suggesting a role for the Akt pathway (a P-Ser280-
Chkl, Figure 5D). Further evidence that UbcH7 may regu-
late Chk1 via the Akt pathway (see Figure 6) is gleaned by
observing that in UbcH7-depleted cells, both mono- and
triphosphorylated PTEN levels were decreased (P-PTEN
and P3-PTEN; Figure 5D), although the level of total PTEN
was not (Figure 5B). Phosphorylation of PTEN increases its
stability while decreasing its phosphatase activity (Torres
and Pulido, 2001). These data are consistent with a UbcH7-
dependent regulation of the S-to-G2 transition via Chk1 and
PTEN. There were no alterations in the level of Akt (Figure
5D) in UbcH7-depleted cells, and attempts to determine the
level of phosphorylated Akt were unsuccessful.

To ask if the increase in P-280 Chkl and decrease in
P3-PTEN were specifically due to alterations in UbcH7
rather than resulting from the alteration in cell cycle profile
after UbcH7 depletion, HeLa cells were synchronized by
treatment with 2 mM HU for 18 h. FACS analysis of DNA
content indicated that the majority of cells were at the G1/S
boundary immediately after HU treatment and that they
progress to S and G2/M phase after 4 and 8 h in drug-free
medium, respectively (data not shown). Both P-280 Chkl
and P3-PTEN protein concentrations are high immediately
after drug release (Figure 5E, lane 1) but decrease when the
cells are 100% in S phase (lane 2). Thus, the increase in P-280
Chkl when UbcH7 is depleted (Figure 5D) cannot be ac-
counted for by an increase in the fraction of S phase cells
observed when UbcH?7 is diminished because P-280 Chk1 is
decreased in S phase. Rather, the increase in P-280 Chkl
appears to be the result of the decrease in UbcH7 levels.

Similarly, we asked if the decrease in P3-PTEN that was
noted upon UbcH7 depletion (Figure 5D) was due to the
decrease in UbcH7 rather than the extended S phase. Semi-
quantitative analysis suggests that UbcH7 depletion per se
elicits an additional decrease in P3-PTEN beyond that which
is due to the extension of S phase. Thus, there is a fivefold
decrease in P3-PTEN when the cells go from the G1/S
boundary (75% G1 and 25% S) to 100% in S phase (Figure
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5E), but there is an eightfold decrease in P3-PTEN in UbcH7-
depleted cells (Figure 5D). In the latter there is only a two-
fold increase in the percentage of S phase cells (Figure 2A
and data not shown). Taken together these data indicate that
decreases in UbcH7 per se are associated with increased
levels of P-280 Chk1 and decreased levels of P3-PTEN that
are at least partially independent of the cell cycle.

DISCUSSION

The cell cycle is tightly controlled by the timed destruction
of cell cycle regulatory proteins via the UPP. Here we
present novel evidence that UbcH7 controls the entry into
and duration of S phase. The level of UbcH7 protein natu-
rally varies in a cell cycle-dependent manner. When the
level of UbcH7 is decreased, an increase in the S phase
population is observed, due to a delay in the completion of
S phase and progression to G2/M. Conversely, when UbcH?7
is over expressed, there is a decrease in the proportion of
cells in S phase with an apparent block in S phase entry. The
regulation of UbcH7 levels appears to be through UPP-
dependent proteolysis in S phase. Inverse relationships be-
tween levels of Chkl and UbcH7 and direct relationships
between levels of UbcH7 and P3-PTEN are consistent with
UbcH7 mediating its control via the Akt pathway.

Cell cycle differences in UbcH7 protein levels were first
noted using a lens epithelial cell line, where an increase in
UbcH? was observed as cells progress from S to G2/M (Liu
et al., 2004). The present study clarifies and generalizes the
relationship between UbcH?7 levels and cell cycle progres-
sion. We observed that alteration of UbcH7 levels affects cell
cycle progression in four different cell types, indicating that
the role of UbcH?7 in regulating the duration of S phase of the
cell cycle is generalizable. Specifically, in HU-synchronized
cells we noted a striking decrease in UbcH7 levels when all
the cells were in S phase when compared with UbcH? levels
observed when the cells were at the G1/S boundary (Figure
1B). The UbcHY levels recovered as the cells progressed into
G2. The absence of a concerted change between UbcH7
protein levels and UbcH7 mRNA levels coupled with in
vitro observations that UbcH7 is ubiquitinated and that in
vivo degradation of UbcH7 in cells is stabilized by the
proteasome inhibitor MG132 (Figure 4) suggest that the cell
cycle-related modulation in UbcH?7 protein levels are regu-
lated via a UPP-dependent pathway. This is supported by
the observation that degradation of UbcH7 in vitro is mark-
edly increased in the presence of ubiquitin and Ubc4 and
requires ATP. Additionally, these data suggest that Ubc4 is
an E2 that can participate in the degradation of UbcH?7.
Furthermore, the inability of inactive UbcH7 to be degraded
is consistent with a catalytic role for UbcH7 in its own
degradation. Taken together, these data suggest that UbcH7
is unique with respect to other E2s (Rape and Kirschner,
2004) in that its activity is required for its own degradation
and that degradation is enhanced by additional E2 activity.

We also sought mechanistic information about how
UbcH? depletion results in a delay in progression from S to
G2 phase. Our discoveries that knockdown of UbcH7 results
in an increase in Chk1 but not Chk2 (Figure 5A) and that this
increase is coupled to an increase in P-280 Chkl suggests
involvement of the Akt pathway (Figure 6). A role for the
Akt pathway in regulating P-280 Chkl is corroborated by
the marked decrease in P3-PTEN when UbcH?7 is decreased
(see Figures 5D and 6). In addition, our observation of
increased P-280 Chk1 appears more consistent with modu-
lation of Chkl by the Akt pathway (Shtivelman et al., 2002;
Puc et al., 2005) because phosphorylation via ATR would
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result in decreased Chkl levels (Zhang et al., 2005). This is
further supported by our observation of increased perinu-
clear cytoplasmic staining of Chkl in UbcH7-depleted cells
(Figure 5C). Chkl relocalizes to the cytoplasm in PTEN-
depleted cells (Puc ef al., 2005), and PTEN modulates Chk1
via the Akt pathway. Furthermore, phosphorylation by Akt
precludes phosphorylation by ATR, and therefore Chk1 is
stabilized rather than targeted for degradation. Taken to-
gether the data indicate that the increase in Chkl1 is due, at
least in part, to an increase in signaling through Akt. Addi-
tionally, UbcH7 can catalyze the ubiquitination of Chkl in
vitro (Y.-W. Zhang, personal communication; Zhang et al.,
2005) suggesting that Chkl may be a direct UbcH7 target
(see Figure 6).

It was recently demonstrated that UbcH7 can participate
in the ubiquitination of PTEN in conjunction with NEDD 4.1
in cell free assays (Wang et al., 2007). However, it has also
been shown that NEDD 4.1 is dispensable for the ubiquiti-
nation of PTEN (Fouladkou et al., 2008). Thus, the involve-
ment of UbcH7 in controlling PTEN levels requires further
investigation.

UbcHY interacts with several E3 ligases, including Parkin
(Shimura et al., 2000), Cbl (Yokouchi et al., 1999; Zheng et al.,
2000), E6-AP (Nuber ef al., 1998; Huang et al., 1999), NK-
lytic-associated molecule (Fortier and Kornbluth, 2006),
NEDD4 (Anan et al., 1998; Wang et al., 2007), TRIAD-1
(Marteijn et al., 2005), Smurf2 (Ogunjimi et al., 2005), TRAF6
(Geetha et al., 2005), and components of the SCF complex
(Staropoli ef al., 2003; Oh et al., 2004). Additionally UbcH7
can bind to the E3 ligase BRCA-1 but does not catalyze its
self-ubiquitinating activity (Brzovic et al., 2003). Although
UbcH?7 working with one or more of these E3s may account
for the S phase phenotype, at this point we cannot ascertain
which of these associations explain our observations.

Only one other report related UbcHY to cell proliferation.
Our results differ from those of Pringa ef al. (2000). They
used a chronic knockdown model and found no relationship
between cell cycle or proliferation and levels of UbcH?.
However, it is difficult to determine whether their chronic
knockdown could have allowed the outgrowth of cells with
compensatory changes in gene expression that mask the
function of UbcH7 as had been observed for acute versus
chronic knockdown of the retinoblastoma (Rb) gene product
(Sage et al., 2003). We have consistently seen that after 4 d (96
h) of UbcH7 depletion, there is an increase in the percentage
of cells in S phase (Figure 2B and Supplementary Figure S3).
After depletion for 8 d, an increase in S phase is still ob-
served (Supplementary Figure S3). However, after 12 d of
siRNA treatment, the level of UbcH7 recovers and the cell
cycle profile normalizes. Thus, we conclude that the de-
crease in UbcH7 levels controls the increase in S phase
percentage during this interval. We would predict that a
longer knockdown of UbcH7 may result in the normaliza-
tion of the cell cycle profile with compensatory changes in
expression of other E2s or UbcH?7 substrates.

In this report we provide a new paradigm for cell cycle
control via the ubiquitin system describing a new role for
UbcH?7. We hypothesize that levels of UbcH7 must decrease
in order for S phase to commence and rise for S phase to be
completed. UbcH7 may be involved in controlling the levels
of both phosphorylated and nonphosphorylated forms of
Chk1 and phosphorylated PTEN. Additional understanding
of how UbcH?7 is activated and degraded will provide fur-
ther insight into how this E2 is exerting control over cell
cycle progression and may allow for more intelligent design
of drugs to modulate proliferation for control of cancer,
secondary cataract, and other proliferative diseases.
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