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Proliferating cells have a higher metabolic rate than quiescent cells. To investigate the role of metabolism
in cell cycle progression, we examined cell size, mitochondrial mass, and reactive oxygen species (ROS) levels
in highly synchronized cell populations progressing from early G, to S phase. We found that ROS steadily
increased, compared to cell size and mitochondrial mass, through the cell cycle. Since ROS has been shown
to influence cell proliferation and transformation, we hypothesized that ROS could contribute to cell cycle
progression. Antioxidant treatment of cells induced a late-G,-phase cell cycle arrest characterized by continued
cellular growth, active cyclin D-Cdk4/6 and active cyclin E-Cdk2 kinases, and inactive hyperphosphorylated
pRb. However, antioxidant-treated cells failed to accumulate cyclin A protein, a requisite step for initiation of
DNA synthesis. Further examination revealed that cyclin A continued to be ubiquitinated by the anaphase
promoting complex (APC) and to be degraded by the proteasome. This antioxidant arrest could be rescued by
overexpression of Emil, an APC inhibitor. These observations reveal an intrinsic late-G,-phase checkpoint,
after transition across the growth factor-dependent G, restriction point, that links increased steady-state levels
of endogenous ROS and cell cycle progression through continued activity of APC in association with Cdhl.

Maintenance of cell size during cellular division requires the
coordinated regulation of the cell cycle machinery and cell
growth (31, 36). Metabolism or reactive oxygen species (ROS)
has been proposed to stimulate cell cycle progression as an
intrinsic cellular signal (9, 66); however, a direct role for
growth or metabolism in regulating the cell cycle machinery
has remained elusive. Tumor cells and transformed cells are
often characterized by a robust metabolic rate, including in-
creased glucose utilization, increased lipid synthesis, and in-
creased levels of ROS (20, 29, 40, 74). Jones et al. (35) recently
reported a G, cell cycle checkpoint monitoring glucose avail-
ability that links the AMP-activated protein kinase and the p53
tumor suppressor. In addition, members of the retinoblastoma
tumor suppressor (pRb) family have been shown to regulate
the expression of genes involved in cell cycle progression as
well as metabolism and mitochondrial biogenesis (10). Fur-
thermore, three groups (8, 28, 43) have provided important
insight into the von Hippel-Lindau/hypoxia-inducible factor
pathway, mutated in some cancers, that determines how cells
sense and respond to changes in oxygen availability. In low
oxygen, mitochondria produce increased ROS levels that sta-
bilize Hif-1q, resulting in the transcription of genes involved in
glucose transport and glycolytic enzymes. Together, these ob-
servations suggest that cells inherently possess a mechanism to
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monitor and control cellular metabolism and that this regula-
tion is important for proliferation and tumorigenesis.

ROS has been reported to be involved in a number of cel-
lular processes. High levels of ROS have been shown to cause
cellular damage, oxidative stress, and DNA damage, whereas
low endogenous ROS levels play a role in redox signaling
pathways in cellular biology (9, 66). For example, nitric oxide
(NO) is used as a cell-to-cell signaling molecule (5), demon-
strating that cells utilize endogenous ROS for important bio-
logical functions. Low physiologic levels of ROS (H,0,) have
been shown to stimulate cell proliferation in multiple cell types
including fibroblast, prostate, macrophage, endothelial, and
smooth muscle (16, 52, 60, 64, 78). Likewise, reducing intra-
cellular ROS levels by the addition of catalase, vitamins (E, C
and A), or N-acetyl-L-cysteine decreases cellular proliferation
(34, 45, 47, 58, 59, 76).

Growth factor stimulation by platelet-derived growth factor,
epidermal growth factor, and insulin-like growth factor results
in an increase in intracellular ROS (65). This ROS production
can inactivate phosphatases at the cell membrane (46), activate
kinases, and activate transcription factors (65) leading to cell
cycle progression. Lambeth and others have shown that many
nonphagocytic cells express homologues of the NADPH oxi-
dase that produce ROS at the cell membrane (39). Overex-
pression of Noxl1, the catalytic subunit of the NADPH oxidase,
causes an increase in the intracellular H,O, concentration,
cellular transformation, and tumor growth in mice (40, 49).
Furthermore, fibroblasts transformed with constitutively active
Ras or Racl expressed dramatically higher levels of ROS, and
antioxidant treatment reverses the phenotype (49, 73). Taken
together, these observations suggest that ROS plays a role in
intracellular signaling and cell proliferation, potentially influ-
encing transformation and tumor progression.

Progression of cells through early G,, across the restriction
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point into late G, and then into S phase requires the coordi-
nated regulation of multiple positive and negative factors (31).
Cyclin D-Cdk4/6 complexes promote early G, progression, but
cyclin E (or cyclin A)-Cdk2 (or Cdk1) activity (2) is required to
inactive pRb by hyperphosphorylation to transit the restriction
point into late G, phase. pRb inactivation results in release of
E2F transcription factors and induction of late-G,-specific
genes, including dihydrofolatereductase (DHFR), Emil, and
cyclin A (21, 33). Cyclin A-associated kinase activity is required
to initiate DNA synthesis, prevent rereplication, and enter
mitosis (14, 80). Although cyclin A is transcriptionally induced
by E2Fs at the restriction point, cyclin A protein does not
accumulate until the late G,/S phase transition due to ubig-
uitination by the anaphase promoting complex (APC) and
subsequent proteolysis by the 26S proteasome (33). APC is
active throughout G, phase by association with Cdh1 (APC"),
an activator that confers substrate specificity (22). Prior to
initiation of S phase, APC®“"! is inactivated by the binding of
Emil to Cdhl, resulting in stabilization of cyclin A (33), acti-
vation of cyclin A-associated kinase activity, and subsequent
inactivation of Cdhl by phosphorylation (42, 71). Thus, tight
regulation of cyclin E- and A-associated kinase activity results
in a coordinated G, cell cycle progression. Here, we find that
an increase in the steady-state levels of endogenous ROS is
required to inactivate APC“™, allow cyclin A accumulation,
and transition into S phase. These observations point to a
novel intrinsic late G,/S phase checkpoint that coordinates
cellular ROS production and possibly metabolism with cell
cycle progression.

MATERIALS AND METHODS

Cell culture and reagents. Human foreskin fibroblasts (a kind gift from M.
Haas, University of California-San Diego), NIH 3T3 fibroblasts, and Ratla
fibroblasts were maintained in Dulbecco’s modified Eagle’s medium high glucose
(Life Technologies), 10% fetal bovine serum (FBS; Sigma), and penicillin-strep-
tomycin. Human Jurkat T cells and T98G human glioblastoma cells were ob-
tained from ATCC and maintained in RPMI 1640 medium or minimal essential
medium (Life Technologies), respectively, supplemented with 5% FBS, 1X pen-
icillin-streptomycin. All cells were grown at 37°C in 5% CO,. Stocks (1 M) of
tempol (Calbiochem), a free radical scavenger/spin trap (48, 67), and diethyldi-
thiocarbamic acid (DDC; Sigma) (51), a superoxide dismutase peptidyl mimetic,
in water were used at final concentrations of 1 to 5 mM and 10 to 100 pM,
respectively. Other antioxidants or reducing agents used were the following:
pyrrolidine dithiocarbamate (11, 12, 73), dimethylthiourea (65), N-acetyl-L-cys-
teine (73), vitamins E and C (69), and catalase (59). Cyclin A-expressing retro-
virus was made by inserting human cyclin A-hemagglutinin (HA) cDNA into
pCXdbsr retrovirus vector (1), followed by packaging in BOSC23 cells. Cyclo-
heximide was purchased from Sigma, while MG132 and MG115 were purchased
from Calbiochem.

Cell cycle synchronization. Centrifugal elutriations of G, and G,/M phase cell
populations were performed as previously described using human Jurkat T cells
(41). T98G, NIH 3T3, and Ratla cells were serum deprived for 72 h, followed by
restimulation with 5% serum (T98G cells) and 10% serum (NIH 3T3 Ratla
cells). Human foreskin fibroblast cells were synchronized by contact inhibition at
high density (6 X 10° cells/10-cm dish) in 10% serum for 48 h and then replated
at low density (1 X 10° cells/10-cm dish). G,/M enriched NIH 3T3s were serum
starved and restimulated until the majority of the population reached G,/M (20
h). For transfection experiments cells were thymidine (Sigma) blocked for 20 h,
released, and then transfected using Effectene (QIAGEN) for 4 h. Cells were
harvested and analyzed by fluorescence-activated cell sorting (FACS) analysis
22 h later. For cyclin A [**S]methionine pulse-chase experiments, T98G cells
were synchronized as before, treated with medium without methionine for 30
min, then pulsed with 200 pCi/ml Pro-Mix L[**S] in vitro cell labeling mix
(Amersham) for 15 min, and chased with medium containing nonradiolabeled
methionine. Cells were lysed in radioimmunoprecipitation assay buffer and
precleared with protein A-Sepharose beads (Amersham), and cyclin A was
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immunoprecipitated (H432; Santa Cruz Biotech) and analyzed by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and phosphorim-
aging. Densitometry was done using Imagequant, software, version 1.1 (Mo-
lecular Dynamics).

Immunoblotting and kinase assays. Cells were lysed in radioimmunoprecipi-
tation assay buffer, and immunoblotting was performed as previously described
(21) using anti-cyclin E1 (HE12), anti-cyclin A2 (H432), anti-cyclin B1 (245),
anti-Cdk2 (M20 and D12), anti-p27 (C19), anti-p21 (C19), anti-Skp2 (H435), anti-
CDC6 (H-304), anti-CDC27 (AF3.1), anti-Cdc20 (8358), anti-Myc (9¢10), anti-
E2F1 (KH95), anti-p107 (C18), anti-p130 (C20), anti-actin (I19; Santa Cruz
Biotech); anti-pRb (554136; BD Biosciences); anti-alpha-tubulin (Sigma); anti-
CDHI1 (DHO01; Neomarkers); anti-UbcH10 (Boston Biochem); and anti-Emil
and anti-Plk1 (Zymed) antibodies. Immunoprecipitation kinase assays were per-
formed as previously described (21) using glutathione transferase (GST) C ter-
minus pRb substrate for Cdk4/6 and histone H1 (Calbiochem) substrate for
cyclin E and cyclin A and anti-Cdk6 (C-21), anti Cdk4 (C-22), anti-cyclin E
(C-19), and anti-cyclin A antibodies (H-432; Santa Cruz Biotech).

RT-PCR. RNA was purified using an RNeasy kit (QTAGEN). Reverse tran-
scription-PCR (RT-PCR) was performed using a QTAGEN Omniscript RT kit
with the minimum number of PCR cycles to detect a signal using the following
primers: human cyclin A2 (GGCCGAAGACGAGACGGGTTGCACC and CA
GGCCAGCTTTGTCCCGTGAC), 20 cycles; human DHFR (ATGCCTTTCT
CCTCCTGG and CGCTAAACTGCATCGTCGC), 25 cycles; human Emil (G
CCTCCTGGAGGAGAATTTCGG and CCTTTCTGATCACCTTGATTGG),
30 cycles; and human beta actin (TGAACCCCAAGGCCAACCGCGAGAA
and AAGCAGCCGTGGCCATCTCTTG), 20 cycles.

Flow cytometry analysis. Cell cycle progression was assayed by DNA content
using propidium iodide and flow cytometry as previously described (21). ROS
levels and mitochondrion content were measured by flow cytometry using
H,DCFDA (2',7'-dichlorofluorescein diacetate) (53, 55) and MitoTracker
Green (Molecular Probes), respectively. T98G cells deprived of serum for
72 h were restimulated with 10% serum and pulsed with bromodeoxyuridine
(BrdU; Amersham Biosciences) at 16 to 20 h and assayed by flow cytometry
as previously described (41). Relative cell size was measured by forward
scatter flow cytometry.

APC immunoprecipitation and in vitro ubiquitination assay. Cells were lysed
in buffer A (20 mM Tris-Hcl, pH 7.5, 100 mM NaCl, 10% glycerol, 0.2% NP-40,
EDTA-free complete protease inhibitor cocktail [Roche]) (77), spun at 10,000 X
g for 10 min, and precleared with protein A-Sepharose beads (Amersham). APC
was immunoprecipitated using anti-Cdc27 AF3.1 antibody (sc-9972; Santa Cruz
Biotech) conjugated to protein A-Sepharose beads. APC beads were then
washed three times, aliquoted, and frozen at —80°C until use. For in vitro
ubiquitination assay, 2.5 mM UbcH10-His, 1 mM E1-GST, 10 mg/ml ubiquitin,
1X energy regeneration system (Boston Biochem), immunoprecipitated APC
beads, and 1 ml of in vitro translated 3*S-labeled cyclin A-HA (Promega) were
incubated at 30°C for 1 h. The reaction was stopped with the addition of SDS
sample buffer and analyzed by SDS-polyacrylamide gel electrophoresis and phos-
phorimaging. Densitometry was done using Imagequant software, version 1.1
(Molecular Dynamics).

RESULTS

Endogenous intracellular ROS increases throughout the
cell cycle. Prior to division into two new daughter cells, cells
must double their cellular and mitochondrial mass each cell
cycle. To further understand the relationship between cellular
growth, metabolism, and cell cycle progression, we examined
various parameters of highly synchronized cell cycle fractions
obtained by centrifugal elutriation of asynchronously dividing
Jurkat leukemic T cells. As expected, both cell size and mito-
chondrion content increased linearly with similar slopes in
fractions from early G, to S phase (Fig. 1A), while mitochon-
drial potential did not fluctuate in a cell cycle-dependent man-
ner (not shown). Unexpectedly, endogenous levels of ROS
increased as cells progressed from early G, to S phase (Fig.
1A). Consistent with the increase in ROS from early G, to S
phase, ROS levels also decreased as cells transited from mito-
sis into early G, and then increased as they progressed into S
phase (Fig. 1B). In addition to Jurkats, we also detected ROS



VoL. 26, 2006

REGULATION OF G,/S PHASE TRANSITION AND APC®! BY ROS

600

™
2
&
o
e
o
=
g - -7 )
300 - e - Size
e Mito
e— ROS
200 T T T T ;
Fx#: 1 2 3 4 5
early G1 late G1 S
1200 —
2
5 900 =
w0
g 600 — m
=
g
-‘_é' 300 =~
<T
0__—__
G1 Gz/M H202
250uM 500uM

4703

.Control .Tempol

RERL

rbitrary ROS Units

A

0-
Time (hr): 0 7
Ga/M M/G1

1
Gi1

16
S/Gz

D

100

01

50

25

Arbitrary ROS Units

Control Tempol DDC

FIG. 1. ROS levels increase throughout the cell cycle and oscillate each cell division. (A) Early G, to S phase fractions of Jurkat cells were
synchronized by centrifugal elutriation and then analyzed for cell size (forward scatter), mitochondrial content (Mitofluor green), and ROS levels
(H,DCFDA). ROS levels increase from early G, to S phase considerably in comparison to cell size and mitochondrial content. (B) G,/M Jurkat
cells were synchronized by centrifugal elutriation, replated, and either not treated or treated with the antioxidant tempol. Cells were then analyzed
for ROS levels at 0, 7, 11, and 16 h. ROS levels were highest in the G,/M population, then dropped as control cells transited into early G,, and
increased as they progressed towards S phase. (C) ROS levels in untreated G;- and G,/M-synchronized T98G cells in comparison to the dramatic
difference in ROS levels known to cause DNA damage. (D) Asynchronous T98G cells treated with the antioxidants tempol or DDC show a

reduction in ROS levels in comparison to control ROS levels.

levels increasing throughout the cell cycle in G, phase-synchro-
nized T98G human glioblastoma cells and primary human fi-
broblasts (data not shown). Cells treated with antioxidants
demonstrated decreased ROS levels, whereas cells treated with
concentrations of hydrogen peroxide known to cause DNA
damage demonstrated dramatically increased ROS levels (Fig.
1B to D) (3). These observations show that physiologic, intra-
cellular ROS accumulates and oscillates in a cell cycle-depen-
dent manner, suggesting a potential role for ROS in prolifer-
ative signaling.

Increase in the ROS steady-state level is required for entry
into S phase. To determine if the observed ROS accumulation
was required for cell cycle progression, we treated cells with
antioxidants to prevent the increase in intracellular ROS.
Treatment of serum-deprived and restimulated G,-synchro-
nized T98G cells with tempol or DDC antioxidants reduced
intracellular ROS levels and induced a strong G, cell cycle
arrest (Fig. 2A). Untreated control cells exhibited an increase
in ROS levels and progressed into S/G,/M phases. Similarly,
serum-deprived NIH 3T3 cells and contact inhibited-released
primary fibroblasts treated with antioxidants also arrested in
G, (see Fig. S1A in the supplemental material), while control
cells progressed into S and G,/M phases. Furthermore, G,/M
elutriated Jurkat cells treated with antioxidants progressed

from G,/M into G, but failed to enter S phase, while untreated
control cells progressed through G, into S phase (Fig. 2A).
Likewise, antioxidant-treated G,/M NIH 3T3 cells exited mi-
tosis and arrested in G,, whereas control cells progressed into
S phase (not shown). Consistent with these observations, treat-
ment of primary human fibroblasts, immortalized rodent (NIH
3T3 and Ratla) fibroblasts, transformed human keratinocytes
(HacCat cells), T98G glioblastoma, and Jurkat leukemic T cells
with various antioxidants (DDC, dimethylthiourea, pyrrolidine
dithiocarbamate, tempol, vitamins E and C, and catalase) also
induced a G, cell cycle arrest (not shown). Taken together,
these observations suggest that an increase in endogenous
ROS levels is necessary for cell cycle progression through the
G, phase of the cell cycle.

To exclude the possibility that antioxidant-treated cells had
arrested just after initiation of DNA synthesis (a difficult po-
sition to detect by propidium iodide-FACS analysis), G;-syn-
chronized T98G cells were restimulated with 10% FBS, treated
with antioxidants, and pulsed with BrdU from 16 to 20 h. By
immunofluorescence microscopy, antioxidant-treated cells
contained only background levels of BrdU-positive cells, con-
firming that they arrest before initiation of DNA synthesis
(Fig. 2B). In strong agreement with these results, FACS anal-
ysis of BrdU-pulsed cells showed background levels of BrdU
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FIG. 2. (A) Human T98G glioblastoma cells were serum starved for 72 h, restimulated with 10% FBS with or without antioxidants, and
harvested at 20 h (top panel). Go/M human leukemic T cells (Jurkats) were synchronized by centrifugal elutriation, replated, and either not treated
or treated with antioxidants. Zero and 16-h ROS levels in Fig. 1B correspond to DNA in the bottom panel. Cells were analyzed for DNA content
by propidium iodide and FACS analysis. (B) T98G cells serum starved and restimulated with 10% FBS with or without antioxidants were pulsed
with BrdU for 4 h to detect DNA replication and examined by immunofluorescence. (C) T98G cells treated as above and analyzed for cell size

(forward scatter) and BrdU incorporation by FACS analysis.

incorporation, whereas control cells had ~80% BrdU-positive
cells (Fig. 2C). Although antioxidant-treated cells failed to
initiate DNA synthesis, cells remained viable and continued to
grow in size with kinetics similar to that of control cells pro-
gressing into S/G,/M phases (Fig. 2C). Furthermore, upon
removal of antioxidants, cells progressed into S phase and
continued to divide normally (not shown). Taken together,
these observations demonstrate that failure to accumulate a
physiologic threshold level of ROS results in a G, phase arrest;
however, cells continue to grow in size.

Failure to accumulate endogenous ROS results in a late G,
cell cycle arrest. We next assessed molecular markers to define
where antioxidant-treated cells had arrested in G, phase. Con-
trol and antioxidant (tempol or DDC)-treated G;-synchro-
nized T98G cells contained active mitogen-activated protein
kinase (not shown), active cyclin D-Cdk4/6, active cyclin E-
Cdk?2, and similar p21 and p27 levels (Fig. 3A). Consistent with
transition across the restriction point and the presence of ac-
tive cyclin E-Cdk2 (21), both antioxidant-treated and control
cells contained the slower-migrating inactive, hyperphosphory-
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FIG. 3. Failure to accumulate endogenous ROS results in a late G, cell cycle arrest due to the absence of cyclin A protein. (A) T98G cells serum
starved and restimulated with 5% FBS and either untreated or treated with antioxidants were assayed for pRb phosphorylation; cyclin D, cyclin
E, and cyclin A kinase activity; Cdk2 phosphorylation status (immunoprecipitation, Cdk2; blotting, Cdk2); and levels of Cdk inhibitors p27 and p21.
(B) Serum-starved and restimulated T98G cells either untreated or treated with tempol were examined at 16 h (late G,) and 20 h (late G,/S phase)
as follows: for cyclin A, DHFR, and actin mRNA levels by reverse transcription-PCR; for cyclin A RNA levels by Northern blotting; and for cyclin

A and actin protein levels by immunoblotting.

lated form of pRb (Fig. 3A). Control cells contained active
cyclin A-Cdk2 complexes and progressed into S phase. In con-
trast, antioxidant-treated cells failed to activate cyclin A-Cdk2
(Fig. 3A). Similar results were observed in antioxidant-treated
primary human fibroblasts (not shown). These observations
suggest that antioxidant-treated cells transit across the growth
factor restriction point from early G, into late G,, but due to
a failure to accumulate sufficient levels of intracellular ROS,
arrest in late G, phase.

Antioxidant-arrested cells fail to accumulate cyclin A pro-
tein. Cyclin A protein accumulation and subsequent activation
of Cdk2 or Cdkl1 (2) are critical for initiation of DNA synthesis
(14, 26, 54, 63, 80). Consequently, cyclin A-Cdk2 activity is
tightly regulated by transcription and proteolysis of the cyclin
and phosphorylation and dephosphorylation of the Cdk sub-
unit (70, 80). Antioxidant-treated cells contained Thr-160
phosphorylated Cdk2, assayed for by mobility shift and phos-
pho-specific antibody immunoblotting (Fig. 3A and data not
shown). Therefore, we focused our attention on cyclin A reg-
ulation. Cyclin A is an E2F-responsive gene (30, 68) and,
consistent with inactive pRb, both RT-PCR and Northern blot
analysis of antioxidant-treated and control cells showed similar
levels and kinetics of cyclin A mRNA induction (Fig. 3B).
DHFR, also an E2F responsive gene, showed a similar pat-
tern of mRNA induction to that of cyclin A in both control
and antioxidant-treated cells (Fig. 3B). Taken together,

these observations suggest that E2F-dependent transcrip-
tion was not altered in antioxidant-treated cells and that
preventing the accumulation of physiologic ROS results in a
late G, cell cycle arrest that regulates cyclin A by a post-
transcriptional mechanism.

We next directly examined cyclin A protein levels. Antioxi-
dant-treated cells failed to accumulate cyclin A protein,
whereas untreated control cells contained cyclin A protein
(Fig. 3B). Similar results of hyperphosphorylated pRB and
absence of cyclin A protein were observed in primary human
fibroblasts (see Fig. S1B in the supplemental material), indi-
cating that these cells were arrested at the same point as the
T98G cells. We next examined whether cyclin A translation
was affected by preventing the increase in endogenous ROS.
Sucrose density gradient polyribosome profiles revealed that
cyclin A mRNA was present in the highly translated polysomal
fractions in both antioxidant-treated and control cells (B.
Maedge and S. F. Dowdy, unpublished data). Moreover, *°S
incorporation experiments demonstrated that cyclin A was
translated at a similar rate in both antioxidant-treated and
control cells (see Fig. SIC in the supplemental material).
These observations demonstrate that cyclin A was transcribed
and translated in antioxidant-treated cells, yet cyclin A protein
failed to accumulate.

Expression and phosphorylation of proteins involved in the
pRb pathway occur normally in antioxidant-treated cells. To
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FIG. 4. Detailed analysis of expression and phosphorylation of pro-
teins involved in the pRb/E2F pathway occur normally in antioxidant-
treated cells. (A) T98G cells were synchronized by serum starvation
and restimulated with 5% FBS with or without tempol and analyzed
for DNA content by FACS analysis at 0 and 12 to 24 h. (B) Immuno-
blot analysis of the same T98G cells as above every 4 h from 0 to 24 h.

further examine the antioxidant induced arrest, a detailed time
course was conducted from 0 to 24 h (Fig. 4A). Proteins pre-
viously implicated in ROS or stress-sensing pathways such as
Bcl2, c-Myc, p38, and AMP-activated protein kinase had the
same expression patterns, with the same levels of phosphory-
lation for the latter two (15, 18, 35, 75 and data not shown). At
4 and 8 h after the addition of serum, both control and anti-
oxidant-treated cells were in early G,, characterized by high
levels of p27, low levels of cyclin E, and active hypophosphor-
ylated pRb and p130 (Fig. 4B). Equivalent kinetics of pRb
phosphorylation were also observed as both populations con-
tained inactive hyperphosphorylated pRb (and p130) by 12 h,
the same time when E2F-responsive genes were expressed.
pRb inactivation, transition across the restriction point, and
entry into late G, resulted in expression of E2F responsive
genes, such as cyclin E, E2F1, Cdc6, and p107, along with
down-regulation of p27 in both antioxidant-treated and control
cells. Conversely, cyclin A protein was absent and failed to
accumulate in arrested cells, even in the presence of cyclin A
transcript (Fig. 3B and 4B). Thus, preventing an increase in the
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steady-state level of physiologic ROS levels leads to a late G,
phase arrest where derepression of E2F-responsive genes oc-
curs normally, but cyclin A protein fails to accumulate, sug-
gesting that cyclin A protein stability may be affected.

Failure to accumulate intracellular ROS results in contin-
ued targeting of cyclin A for degradation by APC“", Cyclin A
is ubiquitinated by APC and targeted for subsequent degrada-
tion by the 26S proteasome in G, and mitosis (56). In late G,
phase, cyclin A transcript levels increase after inactivation of
pRb, but the protein remains unstable due to APC™! ubig-
uitination until S phase, when APC“"! is inactivated by phos-
phorylation and dissociation of Cdhl. To examine protein
stability, T98G cells were treated with cycloheximide to inhibit
translation in late G, (16 h) or S phase (20 h) and tempol (20
h). Cycloheximide treatment resulted in rapid turnover of cy-
clin A protein in late G; and antioxidant-treated cells (Fig.
5C). In contrast, cyclin A was stable in control S phase cells
(Fig. 5C). *S pulse-chase experiments demonstrated that cy-
clin A was translated at similar rates in control and tempol-
treated cells; however, cyclin A was highly unstable in antiox-
idant-treated cells (see Fig. S1C in the supplemental material).
Consistent with cyclin A instability in antioxidant-treated cells,
inhibition of the 26S proteasome with MG-132 or MG-115
from 18 to 20 h post-serum restimulation resulted in the accu-
mulation of cyclin A protein in antioxidant-treated cells (Fig.
5B and not shown). Cdc6 was also stabilized by treatment with
proteasome inhibitors. Furthermore, similar results from cy-
cloheximide and proteasome inhibitor experiments were ob-
tained using primary human fibroblasts (see Fig. S1B in the
supplemental material). These observations suggest that inhi-
bition of an increase in steady-state levels of physiologic ROS
by antioxidants results in continued degradation of cyclin A
protein.

In G, phase, APC activity is regulated by the presence of
Cdhl, an adapter protein that confers substrate binding spec-
ificity (22, 56). Dissociation of Cdh1 is necessary for APC<¢"*
inactivation, accumulation of cyclin A protein, and progression
into S phase (42, 71, 72). Coimmunoprecipitation analysis of
APC3 (Cdc27), an APC subunit, confirmed that Cdhl was
associated with APC in G, cells and dissociated in S phase cells
(Fig. 5D). However, antioxidant-treated cells showed contin-
ued association of Cdhl with APC3, suggesting that APC“I"!
remained active in antioxidant-treated cells. Moreover, APC
ubiquitination assays showed that immunoprecipitated APC
from G, and antioxidant-treated samples was able to highly
ubiquitinate in vitro translated **S-labeled cyclin A, compared
to S phase or control samples without APC (Fig. SE). Consis-
tent with these observations and similar to cyclin A, Skp2, also
a G, target of APC“"! (4, 79), was present at high levels in
control cells and at reduced levels in antioxidant-treated cells
(Fig. 6A). These observations demonstrate that preventing the
accumulation of endogenous ROS results in a late in G, phase
arrest characterized by continued APC®"" activity and degra-
dation of its substrates.

Antioxidant arrest is overcome by expression of Emil. We
next sought to rescue the arrest caused by a failure to accu-
mulate intracellular ROS and drive cells into S phase. Ectopic
expression of wild-type cyclin A in antioxidant-treated cells by
retroviral infection or transfection failed to accumulate cyclin
A protein or drive cells into S phase (Fig. SA and data not
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FIG. 5. Failure to accumulate intracellular ROS results in continued targeting of cyclin A for degradation by APC““™. (A) NIH 3T3 cells were
infected with retrovirus-expressing HA-tagged cyclin A, serum starved, and then restimulated with or with tempol for 20 h. Cyclin A proteinfails
to accumulate, due to degradation, when expressed from a long terminal repeat promoter. (B) T98G cells restimulated with or without tempol for
18 h were treated with either dimethyl sulfoxide or the proteasome inhibitor MG-132 for 1.5 h. Cdc6 was used as a control for the MG-132.
Inhibition of the proteasome by MG-132 causes accumulation of cyclin A in antioxidant-treated cells. (C) T98G cells were synchronized as before

and treated with cycloheximide at 16 (late G,) or 20 h (tempol and S

phase). Cyclin A protein is stable in S phase cells but rapidly degraded in

late G, or antioxidant-treated cells. (D) Coimmunoprecipitation analysis of APC with APC3 (Cdc27) antibody shows high levels of Cdh1 associated
with APC in G, and antioxidant-treated cells. (E) In vitro APC ubiquitination assays where APC was immunoprecipitated from late G, S phase,
or tempol treated cells (as above in panel D). APC beads were incubated for 1 h at 30°C with *>S-labeled, in vitro-translated cyclin A, E2 (UbcH10),

GST-E1, ubiquitin, and an ATP regenerating system. APC“I"!

shown). Similarly, cyclin A-containing mutations in (13) or
deletion of (17) the destruction box failed to accumulate or
cause S phase entry (not shown). These results are consistent
with the literature, as cyclin A has been shown to contain the
conserved destruction box as well as a complex extended de-
struction motif that can also target it for degradation (17, 25).
Moreover, expressing deletion constructs of the cyclin A N
terminus, the portion of cyclin A containing the destruction
motifs (either A97 [17] or A174) resulted in very low expression
levels, failure to cause S phase progression, and frequent cell
death (not shown). These results are in agreement with the
literature that overexpression or constitutive expression of cy-
clin A is highly cytotoxic (32, 50). These data show that ectopic
expression of cyclin A or various cyclin A mutants failed to
rescue the antioxidant arrest.

A number of different mechanisms have been reported to
inactivate or contribute to the inactivation of APC““"" at the
late G,/S transition. Cyclin A-associated kinase has been

remains highly active in G; and antioxidant-treated cells.

shown to phosphorylate Cdhl, causing dissociation from and
inactivation of APC (42, 71, 74). Yet, because cyclin A protein
is extremely unstable in late G, and in the antioxidant arrest, it
cannot accumulate and phosphorylate Cdh1 as the initial Cdh1
inactivation mechanism. The ubiquitin conjugating enzyme
UbcH10 was recently reported to be autoubiquitinated at the
G,/S transition, allowing for accumulation of cyclin A and
phosphorylation of Cdhl (61). However, upon restimulation
after serum deprivation, UbcH10 levels are absent and then
increase at the G,/S transition (Fig. 6A) (81), demonstrating
that UbcH10 levels do not correlate with APC activity or cyclin
A levels.

Emil, an E2F-responsive gene induced at the same time as
cyclin A, binds to Cdhl to prevent substrate binding, thereby
inactivating APC“*"! in late G, phase. This initial inactivation
is thought to allow accumulation of cyclin A protein, phosphor-
ylation of Cdhl, and initiation of DNA synthesis (33). Con-
sistent with Hsu et al. (33), Emil mRNA was absent in early G,
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FIG. 6. Antioxidant arrest is overcome by overexpression of Emil. (A) T98G cells were synchronized by serum starvation for 72 h, restimulated

with 5% FBS with or without tempol, harvested every 4 h from 0 to 24 h

(as described in the legend of Fig. 4) and examined for expression of

proteins involved in inactivation of APC. (B) T98G cells were synchronized as before and treated with cycloheximide at 16 (late G,) or 20 h (tempol
and S phase), and harvested at 0, 1.5, or 3 h after the addition of cycloheximide; cells were then analyzed by immunoblotting for protein stability
of Emil. (C) Cells were synchronized as before, treated with MG115 in late G, (16 h) or S phase (20 h) or tempol (20 h) and harvested after 1.5 h;

cells were then analyzed by immunoblotting for protein levels of Emil. (D)

Cells were synchronized as before and either untreated or treated with

tempol and examined for proteins that affect Emil stability. (E) Cells were thymidine blocked, released, transfected with an empty vector or
pCS2-Myc-Emil, and either untreated or treated with tempol and analyzed by FACS analysis 22 h later.

and present in both control and antioxidant-arrested cells at 16
and 20 h (see Fig. S1D in the supplemental material). How-
ever, Emil protein failed to accumulate in antioxidant-treated
cells, mirroring the cyclin A results (Fig. 6A; see Fig. S1D in
the supplemental material). Therefore, we examined Emil
protein stability with cycloheximide treatment, as before, and
found that Emil protein was highly unstable in antioxidant-
treated cells (Fig. 6B). In agreement with Emil instability,
inhibition of the proteasome with MG-115 or MG-132 showed
accumulation of Emil protein in antioxidant-treated cells, as
well as in late G, and S phase cells (Fig. 6C and data not
shown). Similar Emil results were obtained using primary hu-
man fibroblasts (see Fig. S1B in the supplemental material).
Other APC substrates such as cyclin B, Cdc20, and Polo-like
kinase (Plk1) also failed to accumulate in antioxidant-treated
cells. Recently, EviS was shown to protect Emil from phos-

phorylation by Plk1 and ubiquitination by SCFFT*F (19). Yet,
even in the presence of Evi5 and absence of Plk1, Emil protein
is rapidly degraded (Fig. 6D). These observations demonstrate
that Emil protein is inherently unstable in antioxidant-treated,
late G, and S phase cells.

Overexpression of Emil has been found to inactivate APC,
shorten G, and increase the number of cells in S phase (33).
To test if Emil could rescue the antioxidant-induced arrest,
T98G cells were transfected with Myc-tagged Emil. Unlike
cyclin A, overexpression of Emil did not induce cytotoxicity.
Ectopic expression of Myc-tagged Emil in antioxidant-treated
cells rescued the late G, arrest, driving cells into S and G,/M
phases (Fig. 6E). Taken together, these observations suggest
that accumulation of physiologic ROS levels plays a role in the
accumulation or stabilization of Emil protein and/or inactiva-
tion of APC®“"! at the late G,/S phase transition, allowing
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accumulation of APC®" substrates necessary for S phase
initiation, including cyclin A.

DISCUSSION

ROS is known to cause oxidative stress and DNA damage at
high levels; however, at low physiologic levels, ROS can stim-
ulate proliferation (9, 66) and regulate protein function (24).
Here, we show that endogenous physiologic ROS levels in-
crease in a cell cycle-dependent manner and oscillate with
every cell division. Preventing the accumulation in steady-state
ROS levels by antioxidant treatment results in activation of a
novel late G, phase checkpoint after transition across the re-
striction point that is characterized by active cyclin E-Cdk2
complexes, inactive hyperphosphorylated pRb, and induction
of E2F target genes, including cyclin A and Emil. However,
the cells arrest in late G, with continued APC“"! activity
targeting cyclin A for degradation and preventing S phase
entry (Fig. 7). In addition to cyclin A, other proteins necessary
for DNA replication, such as Dbf4 (23), thymidylate kinase,
and thymidine kinase (37), have been identified as APC
substrates.

Emil, an APC inhibitor, also failed to accumulate in anti-
oxidant-arrested cells. Upon closer examination, Emil protein
accumulated after Emil transcript in late G, and was stabilized
by proteasome inhibitors, similar to cyclin A. Emil is phos-
phorylated by Plk1 (51), ubiquitinated by SCFF™<F, and de-
graded by the proteasome at the onset of mitosis (27, 44).
However, Plkl, also an APC“"" substrate (56), is not ex-
pressed in late G, or antioxidant-arrested cells; therefore,
Emil degradation is likely due to another mechanism. Further-
more, Evi5 was recently shown to bind to and stabilize Emil by
preventing SCFPT*“? association in S and G, phases, allowing
accumulation of Emil and APC“™ inactivation (19). How-
ever, even in the presence of Evi5, Emil protein is unstable.
Emil is a zinc binding protein (62) that contains many cysteine
residues, and therefore, it is plausible that Emil or the Emil-
Evi5 interaction could be redox regulated. Alternatively, Emil
also contains KEN and D-box motifs, known to target sub-
strates to APC (57), suggesting that Emil could function as a
substrate or inhibitor of APC““"!, depending on redox modi-
fication. Yet it is also conceivable that APC““" itself could be
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redox sensitive. APC contains at least 12 subunits with many
phosphorylation sites (38), and it is plausible that ROS-medi-
ated activation of a kinase, inactivation of a phosphatase, or
structural change could trigger a decrease in APC“™! activity
to initiate the feed-forward loop of APC“"! inactivation. Ex-
tensive studies into redox regulation of Emil and APC<“" will
ultimately be required to dissect these pathways.

ROS can affect the activity of phosphatases, kinases, and
transcription factors (46, 66), influencing protein activity of
downstream pathways. SUMOylation, a posttranslational mod-
ification affecting protein activity, is also inhibited in the pres-
ence of low physiologic ROS levels (6). Direct redox modifi-
cation of cysteine residues in proteins by the formation of
disulfide bonds, cyclic sulfonamides, S-hydroxylation, S-ni-
trosylation, and S-glutathiolation can affect protein activity in a
manner similar to the removal or addition of a phosphate
group (24). However, it has not yet been defined how ROS
affects APC““" or Emil.

Here, we demonstrate that an increase in endogenous ROS
steady-state levels from late G, to S phase affects APCC™
activity or Emil protein stability to allow initiation of DNA
replication. There are several potential sources that generate
endogenous ROS including mitochondria, peroxisomes, and
NADPH oxidase (66). Interestingly, cells without functional
mitochondria (p© [11, 12]) or cells treated with small interfer-
ing RNA against NADPH oxidase subunits still proliferate (7)
but at a reduced rate. However, it remains unclear as to
whether a single species or source or multiple species from
multiple sources of ROS are involved in regulating APCI"!
activity.

In summary, we find that a failure to achieve a critical level
of intracellular ROS activates a previously uncharacterized
late G, phase arrest, and we propose that this is an intrinsic
late G, phase checkpoint that monitors the cellular metabolic
state prior to replication of the genome. This arrest occurs
after transition across the growth factor restriction point and
either directly or indirectly (through Emil) regulates APCEI"!
activity. APC“™ inactivation is necessary for accumulation of
substrates essential for DNA replication, including cyclin A
(72), Dbf4 (23), thymidylate kinase, thymidine kinase (37),
Skp2, and Cksl (4). We also found that an antioxidant-induced
G, arrest occurs in budding yeast (M.V. Wagner and S. F.
Dowdy, unpublished observations), suggesting that this may be
an intrinsic evolutionary conserved feedback mechanism to
monitor the status of cellular metabolism prior to commitment
of DNA synthesis. These observations reveal an intrinsic late
G, phase checkpoint that links cellular ROS production, and
possibly metabolism, with cell cycle progression via APCCIM
mediated protein degradation.
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