THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 39, pp. 26402-26410, September 25, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Role of Mammalian Ecdysoneless in Cell Cycle Regulation™

Received for publication, June 5, 2009, and in revised form, July 24, 2009 Published, JBC Papers in Press, July 29, 2009, DOI 10.1074/jbc.M109.030551

Jun Hyun Kim**'?, Channabasavaiah Basavaraju Gurumurthy*'>, Mayumi Naramura®, Ying Zhang'“,

Andrew T. Dudley®, Lynn Doglio!, Hamid Band°***°, and Vimla Ban

di§ﬂl6

From the Departments of *Genetics, Cell Biology, and Anatomy and **Biochemistry and Molecular Biology, College of Medicine,
and the "Eppley Institute for Cancer and Allied Diseases and Eppley Cancer Center, University of Nebraska Medical Center,
Omaha, Nebraska 68198-5805, the SInterdepartmental Biological Sciences Graduate Program, Northwestern University,
Evanston, lllinois 60208, and the HFeinberg School of Medicine, Northwestern University, Chicago, lllinois 60611-3008

The Ecdysoneless (Ecd) protein is required for cell-autono-
mous roles in development and oogenesis in Drosophila, but the
function of its evolutionarily conserved mammalian orthologs is
not clear. To study the cellular function of Ecd in mammalian
cells, we generated Ecd’**''** mouse embryonic fibroblast cells
from Ecd floxed mouse embryos. Cre-mediated deletion of Ecd
in Ecd'**'"** mouse embryonic fibroblasts led to a proliferative
block due to a delay in G;-S cell cycle progression; this defect
was reversed by the introduction of human Ecd. Loss of Ecd led
to marked down-regulation of E2F target gene expression. Fur-
thermore, Ecd directly bound to Rb at the pocket domain and
competed with E2F for binding to hypophosphorylated Rb. Our
results demonstrate that mammalian Ecd plays a role in cell
cycle progression via the Rb-E2F pathway.

Precisely regulated cell proliferation is essential for embry-
onic development as well as for homeostasis in adult organs and
tissues, whereas uncontrolled cell proliferation is a hallmark of
cancer. Thus, understanding how the cell cycle machinery is
controlled is an important area of research.

Studies with viral oncogenes that induce dominant cellular
transformation have led to the identification and elucidation of
anumber of biochemical pathways that are perturbed in human
cancer (1). One group of tumor viruses directly implicated in
the pathogenesis of human cancer is the “high-risk” subgroup
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of human papillomaviruses (HPVs).” In vitro studies have
defined two HPV oncogenes, E6 and E7, that are nearly always
expressed in HPV-associated carcinomas and cell lines derived
from them (2). The ability of the HPV E6 and/or E7 oncogene to
induce the immortalization of human epithelial cells in vitro
has provided an invaluable tool to elucidate the mechanisms by
which these oncogenes function (1-3).

Recently, we identified the human ortholog of Drosophila
Ecdysoneless (hEcd) as an E6-binding partner, and our initial stud-
ies indicated that hEcd interacts with and stabilizes p53. Further-
more, its overexpression in mammalian cells enhances p53 target
gene transcription, whereas its transient knockdown has the oppo-
site effect (4). However, the physiological role of hEcd remains
unknown. Notably, unlike stable knockdown of p53 (which
extends the life span of normally senescing cells), stable hEcd
knockdown leads to a proliferative block, suggesting a p53-inde-
pendent role for hEcd in cell survival/proliferation.

The Ecd gene was defined nearly 30 years ago based on Dro-
sophila ecdysoneless (ecd) mutations; temperature-sensitive ecd
mutant embryos arrest at the second larval instar stage at the
restrictive temperature, apparently due to reduced levels of
ecdysone (5). The protein product of this locus was molecularly
identified only recently, and ecd mutants were found to exhibit
a general defect in cell survival in addition to the reproductive
and developmental defects; the nature of the survival defect or
its biochemical basis remains unknown (6). Two studies in
yeast suggest that Ecd (called human SGT1 in these studies)
might be involved in the transcription of glycolytic genes. Sato
etal. (7) identified hEcd using a cross-species complementation
where hEcd was shown to rescue the growth defect of the gcr2
mutation, in which transcription of glycolytic genes is dysregu-
lated. The authors concluded that human Ecd/SGT1 could
have a role in gene transcription; however, human Ecd/SGT1
has no sequence similarity to the GCR2 gene, whose deficiency
it complemented, and in fact, Saccharomyces cerevisiae does
not have a hEcd ortholog. In a follow-up study, the same inves-
tigators identified an Ecd ortholog in Schizosaccharomyces
pombe and found it to be essential for yeast survival and growth;
the mechanisms of its function remain unknown, however (8).

Given the limited understanding of the evolutionarily con-
served Ecd protein family, we generated conditional Ecd knock-

”The abbreviations used are: HPV, human papillomavirus; hEcd, human
Ecdysoneless; MEF, mouse embryonic fibroblast; CDK, cyclin-dependent
kinase; GST, glutathione S-transferase; BrdUrd, bromodeoxyuridine; PBS,
phosphate-buffered saline; ChIP, chromatin immunoprecipitation.
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out mice and examined the consequences of Ecd deletion. We
observed that homozygous Ecd deletion in mice leads to early
embryonic lethality.® To examine the role of Ecd at the cellular
level, we generated Ecd-null mouse embryonic fibroblasts
(MEFs) and then deleted Ecd by Cre adenovirus infection of
Ecd"*'"* MEFs. Ecd-deleted cells showed a delay in G,-S cell
cycle progression with a delay in Rb (retinoblastoma) phospho-
rylation and reduced expression of E2F target genes.

The Rb protein family, consisting of three related proteins,
Rb/p105, p107, and Rb2/p130, has emerged as a key controller
of cell cycle progression, and these proteins play critical roles in
development and differentiation of various tissues (9 —16). Pre-
cisely how the Rb family proteins regulate cell proliferation is
still incompletely understood. A large body of evidence has
established a basic paradigm of how these proteins contribute
to the control of cell cycle progression. Unphosphorylated Rb
proteins interact with E2F transcription factors and prevent the
transcription of genes regulated by E2F proteins (17, 18). Dur-
ing cell cycle progression, cyclin-CDK complexes mediate
hyperphosphorylation of Rb, an event that leads to loss of its
interaction with E2F; this allows E2F target gene transcription
and cell cycle progression.

In this work, we provide evidence that Ecd directly interacts
with Rb at the pocket domain, competes with E2F for associa-
tion with hypophosphorylated Rb, and regulates E2F target
gene expression and cell cycle progression. Thus, this study
demonstrates that mammalian Ecd plays a role in cell cycle
progression via the Rb-E2F pathway.

EXPERIMENTAL PROCEDURES

Establishment of MEFs—Embryonic day 13.5 embryos were
dissected from Ecd*/*** intercrossed females, and MEFs were
isolated and immortalized following the 3T3 protocol (19).
MEFs were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. Ecd"*** MEFs
expressing hEcd and HPV16 E7 were generated by infecting
retrovirus encoding full-length human Ecd and HPV16 E7
genes, respectively. E7 expression was confirmed by reverse
transcription-PCR using primer set 5'-GATCTCTACTGT-
TATGAGCA-3" and 5'-TAACAGGTCTTCCAAAGTAC-3'.

Plasmids—N-terminally FLAG-tagged full-length Ecd (amino
acids 1-644) plasmid has been described previously (4).
N-terminally FLAG-tagged Ecd fragments were generated
by PCR amplification and subcloned into the EcoRV and
NotI sites of pcDNA3.1 (Invitrogen). For expression of GST-
fused Ecd, amino acids 1-644, 150 —-644, and 439 —644 of
Ecd cDNA were PCR-amplified and subcloned into the Sall
and NotI sites of pGEX-6p-1 (GE Healthcare). pGEX6p-1-Rb
(amino acids 379-928, 379-792, 768 -928, and 792-928)
and pGEX6p-1-p130 (amino acids 417-1139) were gener-
ated by PCR cloning. For expression of C-terminally His,-
tagged Ecd, full-length Ecd coding sequence was cloned into
the Sall and NotlI sites of the pFastBac1 vector (Invitrogen).
Protein was expressed in Sf21 cells and subjected to histidine
affinity purification.

8 C. B. Gurumurthy, M. Naramura, J. H. Kim, H. Band, and V. Band, manuscript
in preparation.
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Growth Curve, Colony Formation Assay, and Cell Cycle
Analysis—Adenoviruses encoding enhanced green fluorescent
protein-Cre or enhanced green fluorescent protein were pur-
chased from the University of lowa Gene Transfer Vector Core.
Adenovirus-infected cells were plated (1 X 10* cells/well of
6-well plates) and counted at the indicated time points. For
colony formation assay, the cells were trypsinized 2 days after
infection and plated at 5000 cells/100-mm dish in triplicate or
at 1000 cells/well of a 6-well plate. After 10 days, the colonies
were stained with crystal violet (0.5% crystal violet in 25% meth-
anol). The stain retained in the colonies was solubilized in 10%
acetic acid, and the absorbance was measured at 590 nm. For
BrdUrd staining, adenovirus-infected cells on coverslips were
starved in Dulbecco’s modified Eagle’s medium containing
0.2% fetal calf serum for 72 h and stimulated with complete
Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum. Cells were labeled with 10 uM BrdUrd for 1 h and ana-
lyzed using mouse anti-BrdUrd antibody (555627, Pharmin-
gen). Cells on coverslips were fixed in 1% paraformaldehyde for
20 min and then subjected to permeabilization (in PBS contain-
ing 0.5% Triton X-100 for 15 min at room temperature) and
blocking (in PBS containing 1% bovine serum albumin for 30
min at room temperature). After blocking, cells were incubated
for 1 h with mouse anti-BrdUrd antibody (1:1000 dilution in
PBS containing 0.1% Tween 20, 0.15 M NaCl, 4.2 mm MgCl,,
and 10 K units/ml DNase I) and then with Alexa Fluor 564-
labeled anti-mouse IgG (1:1000 dilution; Molecular Probes) in
PBS containing 0.1% Tween 20. After washing in PBS contain-
ing 0.1% Tween 20, cells on coverslips were mounted using
VECTASHIELD solution containing 4’,6-diamidino-2-phenyl-
indole (Vector Laboratories) and visualized under a fluores-
cence microscope. TUNEL assay was performed using an in situ
cell death detection kit (POD, Roche Applied Science).

Immunoblotting and Immunoprecipitation—Cell extracts
were prepared in lysis buffer (80 mm Tris-HCI (pH 6.8), 2% SDS,
and 5% glycerol) and boiled at 95 °C for 5 min, and protein
concentration was measured using the BCA protein assay rea-
gent (Pierce). Immunoblotting was performed with primary
antibodies against Ecd (4A8, generated by the Monoclonal
Antibody Facility at the Lurie Cancer Center, Northwestern
University, Chicago); Rb (554136, Pharmingen); p107 (sc-318),
p130 (sc-317), cyclin A (sc-596), cyclin B, (sc-752), cyclin E
(sc-481), cyclin D, (sc-20044), CDK2 (sc-6248), CDK4 (sc-260),
and CDKG6 (sc-53638) (Santa Cruz Biotechnology, Santa Cruz,
CA); and a-tubulin (T6199, Sigma). For immunoprecipitation,
cell extracts were prepared in lysis buffer (20 mm Tris-HCI (pH
7.5), 200 mm NaCl, 0.5% Nonidet P-40, and protease inhibitor
mixture (Roche Applied Science)) and immunoprecipitated
with 2 ug of antibodies against Rb (sc-50 and sc-7905), E2F1
(sc-193), E2F2 (sc-633), and E2F3 (sc-878) (Santa Cruz Biotech-
nology) for 2 h to overnight at 4 °C. The immunocomplexes
were pulled down with protein A/G-agarose (sc-2003, Santa
Cruz Biotechnology) for an additional 2 h.

In Vitro Kinase Assay—In vitro kinase assay was performed
using purified GST-Rb (amino acids 379-928) as a substrate.
Adenovirus-infected MEFs were starved for 3 days and stimu-
lated with serum. Cells were harvested in lysis buffer (20 mm
Tris-HCI (pH 7.5), 150 mm NaCl, 0.5% Nonidet P-40, 0.1 mm
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Na, VO3, 1 mm NaF, and protease inhibitor mixture), and CDK
complex was recovered by immunoprecipitation with 2 ug of
anti-CDK4 (sc-56277) or CDK2 (sc-6248) antibodies (Santa
Cruz Biotechnology). To examine the effects of added Ecd, 2 pug
of purified Ecd protein was added to 500 ug of Ecd-null MEF
extracts before immunoprecipitation for 2 h at 4°C. CDK2
complex was captured with protein A/G-agarose for 1 h and
washed with lysis buffer followed by one wash with kinase
buffer (50 mm Tris-HCI (pH 7.5), 7.5 mm MgCl,, 1 mm dithio-
threitol, 0.1 mm Na, VO3, and 1 mm NaF). CDK2 complex and
GST-Rb (500 ng) were incubated in kinase buffer containing 10
mwm B-glycerophosphate, 33 um ATP, and 10 uCi of [y->**P]JATP
(10 mCi/ml, 6000 Ci/mmol) at room temperature for 20 min.
The products were subjected to SDS-PAGE, transferred to
polyvinylidene difluoride membranes, and autoradiographed.

In Vitro Binding Assay—Various GST fusion proteins were
purified using glutathione-Sepharose 4B beads (GE Health-
care). The GST part was removed by cleavage with PreScission
protease (GE Healthcare). GST pulldown assays were per-
formed in lysis buffer (20 mm Tris-HCI (pH 7.5), 150 mm NaCl,
0.5% Nonidet P-40, and protease inhibitor mixture) for 2 h at
4 °C. FLAG-tagged Ecd or E2F1 proteins for GST pulldown
assays were transiently expressed in 293T or U20S cells. His
pulldown assay was performed in lysis buffer containing 5 mm
imidazole with nickel beads (Invitrogen).

Real-time PCR—RNA was isolated from MEFs infected with
control virus or Cre adenovirus using TRIzol reagent (Invitro-
gen), and 2 ug of total RNA was used for reverse transcriptase
reaction using SuperScript™ II reverse transcriptase (Invitro-
gen). PCR amplification was performed with specific primer
sets (supplemental Table 1).

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays
were performed using a ChIP-IT™ Express assay kit (Active
Motif, Carlsbad, CA). Two micrograms of antibodies was used
for ChIP, and PCR amplifications were performed using 35— 40
cycles. The following antibodies were used: control IgG (sc-
2027), Rb (sc-50), and p130 (sc-317) (Santa Cruz Biotechnol-
ogy). The PCR primers for B-myb and cdc2 were described pre-
viously (20). PCR was performed with different PCR cycle
numbers to confirm PCR results from the linear range.

RESULTS

Ecd Deletion Leads to a Proliferation Defect in MEFs—To
assess the impact of Ecd deletion at the whole organism level,
we generated an Ecd floxed allele by introducing loxP sites
flanking exons 4 -7 to make Ecd knock-out mice. When het-
erozygous Ecd'’~ mice were intercrossed, no Ecd-null pups
were observed among >200 live born pups screened, suggest-
ing that homozygous Ecd knock-out mice are lethal.®

To study the role of Ecd at the cellular level, we established
spontaneously immortal MEF lines from Ecd™/* and Ecd"*/"**
mice and generated Ecd-null MEFs from the latter by Cre ade-
novirus infection. In several experiments, we noted that adeno-
viral Cre expression in Ecd*"** but not Ecd*’" MEFs led to a
proliferative block, and any residual proliferating cells were
found to express Ecd protein, reflecting cells that were not
adenovirally infected (data not shown). To assure that the pro-
liferative block was indeed a result of Ecd deletion, we engi-
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neered an Ecd"*/'**'"£¢? MEF line by retrovirally introducing
the human Ecd coding sequence into Ecd"*’** MEFs. Com-
pared with wild-type MEFs, Cre-mediated deletion of Ecd in
Ecd"*"* MEFs induced a clear proliferative block (Fig. 14). In
contrast, proliferation of Ecd'*/'**'"*? MEFs was minimally
affected (Fig. 1A4) even though the endogenous (murine) Ecd
was fully deleted (Fig. 1C, upper band). Colony formation
assays further confirmed the proliferative defect upon Ecd dele-
tion and rescue with hEcd (Fig. 1B). These results demonstrate
an essential role for Ecd in cell proliferation.

Ecd Deletion Leads to a Delay in G ;-S Progression—We rea-
soned that the defect in proliferation in Ecd-null MEFs could be
due to either increased cell death or impairment of cell cycle
progression. We excluded the first possibility because we did
not observe the characteristic morphological features of apo-
ptosis (Fig. 2A) or any evidence of apoptosis by TUNEL staining
(Fig. 2B) in Ecd-null MEFs. Notably, Ecd-null MEFs exhibited
an enlarged and flattened morphology that is typical of G;-ar-
rested cells (Fig. 2A4). We therefore compared the G;-S cell cycle
progression of Ecd-null versus control MEFs by BrdUrd stain-
ing. Ecd'*'"** MEFs were infected with control virus or Cre
adenovirus, synchronized by serum deprivation, and released
into the cell cycle by adding serum-containing medium. Com-
pared with serum-stimulated Ecd’*°* MEFs infected with
control virus, Cre adenovirus-infected cells exhibited a delay in
G,-S progression (Fig. 2C). These results indicate that the cell
proliferation defect found in Ecd-null MEFs is due to a delay in
G;-S progression.

Ecd Deletion Leads to Impairment of Cell Cycle-associated Rb
Phosphorylation—Given our observation that lack of Ecd
imposed a block in G;-S transition, we examined the status of
key proteins known to control this transition. It is well estab-
lished that a critical event during G;-S transition is the phos-
phorylation of Rb by CDK4/6 and CDK2, which leads to the
release of E2F family members from the Rb-E2F complex and
allows E2F proteins to facilitate the expression of E2F-respon-
sive genes (21, 22). Therefore, we compared the phosphoryla-
tion status of Rb family proteins in control and Ecd-null MEFs.
Analysis of unsynchronized cells revealed a relatively moderate
increase in the levels of hypophosphorylated compared with
hyperphosphorylated Rb in Ecd-deleted versus control MEFs
(Fig. 3A). When synchronized MEFs were serum-stimulated,
an expected time-dependent increase in the proportion of
hyperphosphorylated Rb family proteins was seen in control
cells, whereas the emergence of hyperphosphorylated forms
was delayed in Ecd-null MEFs (Fig. 3B). In addition, the level of
p107 was reduced in Ecd-null cells; as discussed below, this is
likely because p107 is a transcriptional target of E2F (18).

Next, we compared the control and Ecd-null MEFs for the
levels of CDK2, CDK4, and CDK6 kinases known to mediate Rb
phosphorylation during G;-S progression. Although CDK4 and
CDKG6 levels were not altered by Ecd deletion, CDK2 expression
was reduced in Ecd-null MEFs (Fig. 3C). In vitro kinase assay
showed that whereas CDK4 kinase activity was comparable
between control and Ecd-null MEFs (Fig. 3D), the total levels of
CDK2 kinase activity in Ecd-deleted MEFs were substantially
reduced in Ecd-null MEFs compared with control MEFs (Fig.
3E). The addition of purified Ecd to Ecd-null MEF extracts prior
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Ecd expression in Ecd*/** MEFs infected with Cre adenovirus
restored cyclin A expression (Fig. 4B). Real-time PCR analysis
showed a parallel reduction in the mRNA levels of these cyclins
(Fig. 4C). However, the level of cyclin D, a regulatory compo-
nent for CDK4, was comparable in control versus Ecd-null
MEFs (Fig. 4A). Because cyclins E, A, and B, are known E2F
target genes, these results (together with the reduction in CDK2
levels and Rb phosphorylation) suggested a role for Ecd in reg-
ulating the Rb-E2F pathway.

To address this notion further, we examined the expression
of other known E2F target genes: proliferating cell nuclear anti-
gen, B-myb, FoxM1, p107, birc5, and cdc2. Notably, these E2F
target genes were also down-regulated in Ecd-null MEFs,
whereas cyclin D; and glyceraldehyde-3-phosphate dehydro-
genase were not affected, suggesting the specific effect of Ecd
deletion on E2F-specific targets (Fig. 4C). These results clearly
indicate that Ecd regulates E2F target gene expression at the
transcriptional level.

Given that Ecd deletion led to a down-regulation of E2F tar-
get genes and reduced the cell cycle-associated phosphoryla-
tion of Rb proteins, we reasoned that lack of Ecd may promote
continued association of Rb with E2F proteins. To address this
possibility in a physiological context, we examined the in vivo
occupancy of Rb proteins on known E2F target promoters using
the ChIP assay.

We carried out ChIP assays in synchronized cells after serum
stimulation. As expected, the occupancy of Rb and p130 on
B-myb and cdc2 promoters steadily declined as control MEFs
transitioned out of G,/G, phase (Fig. 4D). In contrast, Rb and
p130 continued to remain associated with E2F target promoters
at 16 and 24 h after serum addition in Ecd-null MEFs (Fig. 4D).
These results show that loss of Ecd protein results in the reduc-
tion of the dissociation of Rb proteins from E2F proteins and
suggest a role for Ecd in cell cycle progression.
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Cre (amino acids 379-928) (Fig. 5A).
Consistent with this in vitro in-
teraction, immunoprecipitation
analysis showed that endogenous
Ecd and Rb proteins formed a
complex in MEFs (Fig. 5B). Recip-
rocal experiments using anti-Ecd
antibodies to immunoprecipitate the complexes did not co-
immunoprecipitate Rb. Further analysis revealed that the
currently available anti-Ecd antibodies inhibit the Rb-Ecd
interaction (data not shown).

As a next step, we examined the binding of Ecd with other Rb
family proteins, p107 and p130, in comparison with Rb. Nota-
bly, the in vitro studies indicated that Ecd interacted with all Rb
family proteins, although its interaction with Rb and p130
appeared more robust (Fig. 5C). Analysis of a series of trunca-
tion mutants of Ecd showed that only full-length Ecd (amino
acids 1-644) and the fragment encompassing amino acids
150 — 644 interacted with Rb (Fig. 5D). Furthermore, GST pull-
down analysis using MEF cell lysates showed that Ecd inter-
acted with the hypophosphorylated form of Rb, similar to E2F1
(Fig. 5E). GST pulldown assay with various fragments of Rb
showed that Ecd interacted with the same region of Rb as did
E2F1 (Fig. 5F). These results demonstrate that Ecd can directly
bind to Rb family proteins and that the region of Rb where Ecd
binds likely overlaps with the E2F interaction region.

Ecd Inhibits Rb-E2F1 Binding—The existence of an Rb-Ecd
complex in cells and the in vitro demonstration that Ecd inter-
acts with the pocket domains of Rb raised the possibility that
Ecd may play a role in the dissociation of Rb from E2F. To test
this idea, we first examined whether Ecd can compete with E2F
for binding to Rb. We assessed the effect of purified Ecd on
Rb-E2F1 interaction using a pulldown assay with GST-E2F1
and purified Rb and Ecd proteins. Notably, the addition of
increasing amounts of Ecd in Rb-E2F binding reactions led to a
diminution of Rb-E2F1 binding (Fig. 5G). In contrast to full-
length Ecd, a C-terminal fragment (amino acids 439 —644) of
Ecd that showed little binding to Rb had no effect on Rb-E2F1
binding (Fig. 5H). In a converse experiment to assess whether
both Ecd and E2F1 bind to a shared region on Rb, we examined
the effect of purified GST-E2F1 on in vitro Rb-Ecd interaction
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FIGURE 4. Reduced expression of cell cycle-related genes in Ecd-null MEFs. A, shown is the immunoblotting
for cell cycle regulatory proteins detected in the indicated serum-stimulated Ecd’®/°* MEFs infected with
control (Ctrl) virus or Cre adenovirus. B, reconstitution with FLAG-hEcd restored cyclin A expression in Ecd'o/1ox
MEFs infected with Cre adenovirus. The level of Ecd expression in control vector- or FLAG-hEcd-expressing
Ecd"®’"** MEFs after Cre adenovirus infection is shown (left). C, Ecd'®’'** MEFs were infected with control virus or
Cre adenovirus, and 3 days after infection, cells were collected for real-time PCR of the indicated genes. Error
bars represent the mean * S.D. from three independent PCRs. D, wild-type and Ecd-null MEFs were starved for
3 days and serum-stimulated. At different time points, samples were collected and used for ChIP assay with
antibodies against Rb and p130, followed by PCR amplification of the indicated E2F target promoters. PCNA,

proliferating cell nuclear antigen.

using a nickel bead pulldown of His,-tagged Ecd. The presence
of increasing amounts of GST-E2F1 but not of GST reduced the
Rb-Ecd binding (Fig. 5I). As expected, HPV16 E7 competed
with Ecd for binding to Rb, which further supports the obser-
vation that Ecd binds to Rb through its pocket domain (data not
shown). Finally, we assessed the effects of adding purified Ecd
on Rb-E2F complexes isolated from cells. The addition of
increasing amounts of Ecd to cell lysates led to a disruption of
endogenous Rb-E2F complexes when analyzed by Rb co-immu-
noprecipitation with a mixture of anti-E2F1-3 antibody (Fig.
5]). Taken together, these results clearly demonstrate that Ecd
competes with E2F for binding to hypophosphorylated Rb and
can facilitate disruption of Rb-E2F complexes.

HPV16 E7 Overcomes Ecd Deletion-induced Proliferative
Block—According to the model deduced from analyses pre-
sented above that Ecd promotes Rb-E2F dissociation during
cell cycle progression, we predicted that the proliferative block
imposed by Ecd deletion would be reversed if the stabilized
Rb-E2F complex could be forced to dissociate. Viral oncopro-
teins such as HPV16 E7 bind to pocket domains of Rb family

S
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cancers (28-32). This pathway is
also a prominent target of viral
oncogenes implicated in human
cancer (33-35). Further mechanis-
tic insights into the control of
Rb-E2F dissociation during cell
cycle progression are therefore of
substantial interest in cell, develop-
mental, and cancer biology. Here,
we have identified the little understood Ecd protein, the prod-
uct of the mammalian ortholog of the Drosophila ecdysoneless
gene, as a novel cell cycle regulator and have demonstrated that
Ecd functions by interacting with Rb and facilitating Rb-E2F
dissociation during cell cycle progression.

Our conclusion that Ecd plays a role in cell cycle progression
is based on clear evidence from cell cycle analyses using MEFs
in which floxed Ecd was conditionally deleted using Cre recom-
binase. The proliferative arrest imposed by conditional deletion
of Ecd was reversed by ectopically introduced hEcd, thereby
clearly establishing that loss of Ecd itself rather than any alter-
ation of neighboring gene products was responsible for the
observed cell cycle phenotype. In addition, Ecd deletion led to
delay of G;-S cell cycle progression. This represents the first
formal demonstration of a role for Ecd in cell cycle progression.

Although a number of mechanisms could be envisioned for a
role of Ecd in cell cycle progression, analyses of biochemical
events known to accompany G;-S cell cycle progression
strongly implicated its role in the Rb-E2F pathway. These
included the substantial delay and overall reduction in the con-
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FIGURE 5. Ecd interacts with Rb and inhibits Rb-E2F interaction. A, shown are the results from in vitro
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Anti-Rb immunoprecipitates from extracts of MEFs were immunoblotted with an anti-Ecd antibody. C, shown
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ted form of Rb. In vitro binding assay was performed with purified GST-Ecd (amino acids 150-644), GST-E2F1,
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FLAG-hEcd or E2F1 were incubated with purified GST-Rb proteins. G, purified GST-E2F1 (200 ng) and Rb (amino
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compete with GST-E2F1 for binding to Rb. The purity of Ecd proteins is shown in right panel. |, purified Rb (50 ng)
and Ecd-His (100 ng) were pulled down with nickel beads in the absence or presence of GST or GST-E2F1 (0.2 or
1 1g).J,endogenous Rb-E2F complex could be dissociated by Ecd protein. Purified Ecd protein (0.2 or 2 n.g) was
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antibodies. E2F-associated Rb was detected by immunoblotting. Arrowheads in Ponceau S stain panels indi-
cate the purified GST/GST fusion proteins.
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version of Rb from its hypophos-
phorylated to hyperphosphorylated
state normally seen during G,-S
transition. In addition, we observed
a reduction in the total levels and
activity of CDK2, whereas CDK4
levels and activity were unaltered.
The latter observation prompted us
to investigate if Ecd is required for
cell cycle-associated E2F target gene
expression. Biochemical analyses of
E2F target gene products in Ecd-de-
leted versus parental Ecd’**'"** MEFs
firmly established that Ecd is re-
quired for cell cycle-associated E2F
target gene expression and provide
alogical basis for impaired cell cycle
transit in cells deficient in Ecd.

A possible model of how Ecd
could facilitate the E2F-dependent
transcription, one for which our
studies provide supportive evi-
dence, is that Ecd facilitates Rb-E2F
dissociation and thereby helps
relieve E2F transcription factors
from repression by Rb family pro-
teins. Several key findings reported
here support this model. First, Ecd
deletion resulted in a drastic delay
and overall reduction in Rb phos-
phorylation, a modification that has
been established as a key link in Rb
dissociation from E2F as cells pro-
gress through G;-S transition. Sec-
ond, we showed, using ChIP assay,
that more Rb, as well as p130, was
associated with E2F target promot-
ers in Ecd-null MEFs. Third, CDK4
activity in Ecd-null cells was not
altered, which suggests that Ecd
does not function upstream of Rb
phosphorylation. The decrease in
Rb hyperphosphorylation in Ecd-
null cells is likely to reflect the
reduced levels of E2F targets such as
cdc2, CDK2, and cyclins E, A, and B,
which are transcriptionally down-
regulated in Ecd-null cells. Fourth,
we showed that Ecd directly inter-
acts with Rb as well as with other Rb
family members. Fifth, we estab-
lished that binding to Ecd prevents
Rb from interacting with E2F1 and
thereby facilitates the disruption of
in vitro assembled as well as endog-
enous cellular Rb-E2F complexes.
Finally, HPV16 E7, an Rb pocket-
binding oncoprotein known to
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FIGURE 6. HPV16 E7 overcomes Ecd deletion-induced proliferative block.
A, reverse transcription (RT)-PCR of E7 expression in Ecd®°* MEFs infected
with HPV16 E7. Vec, vector; GAPDH, gI)/ceraldehyde—?»—phosphate dehydro-
genase. B, expression level of Ecd in Ecd/"** MEFs expressing FLAG-hEcd and
HPV16 E7 after Cre adenovirus infection. Exogenously expressed FLAG-hEcd
migrated slightly slower than endogenous mouse Ecd. C, colony formation
assay of FLAG-hEcd- or E7-expressing Ecd'®’'* MEFs after control (Ctrl) virus
or Cre adenovirus infection. Cells were stained with crystal violet, and the
solubilized dye absorbance was measured at 590 nm. The graph shows the
relative rescue efficiency compared with vector cells. Error bars represent
the mean = S.D. from three independent plates.

induce the dissociation of Rb-E2F complexes, reversed the cell
cycle block imposed by Ecd deficiency, strongly arguing that the
functional effects of Ecd deficiency on the cell cycle are due to
impaired Rb-E2F dissociation. Collectively, the biochemical
evidence, together with functional effects of Ecd deficiency on
E2F-mediated gene expression and cell cycle progression,
strongly supports the model that Ecd plays a physiological role
to facilitate the dissociation of Rb family proteins from E2F
transcription factors, thereby helping to switch E2F proteins to
a transcriptional activation mode for cell cycle progression.
When we examined in vivo promoter occupancy by Rb pro-
teins, we found that more Rb proteins were associated with the
E2F target promoters in the Ecd-null MEFs. This demonstrates
that the suppressed target gene expression in Ecd-deleted MEFs
was caused by the association of the repressor Rb complex in
these target gene promoters. Because Rb proteins associate
with target promoters only through interaction with E2F pro-
teins, we next studied how Ecd affects Rb-E2F interaction to
understand how Ecd functions in cell cycle regulation. Rb fam-
ily proteins possess a “pocket” domain through which it inter-
acts with numerous cellular proteins and viral oncoproteins
(36). Many proteins including E1A, E7, and TAg oncogenic pro-
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teins have an LxCxE sequence motif to interact with the Rb
pocket domain (33). Competitive Rb interaction with cellular
proteins is one of the mechanisms by which viral oncogenes
dysregulate the normal cell cycle. For example, E1A displaces
E2F1 on Rb by competing for binding to the pocket region,
which disturbs the normal cell cycle. Here, we have shown that
Ecd binds to Rb directly. The requirement of an A/B pocket for
Rb-Ecd interaction gave us the hint that Ecd may compete with
E2F1 to bind to Rb because E2F1 also interacts with Rb through
the same pocket region. In vitro and in vivo binding experi-
ments have demonstrated that Ecd can displace E2F1 by com-
peting with it for Rb binding. Given that Ecd inhibits Rb inter-
action with E2F1, Ecd may have a role in regulating E2F
transcription by modulating Rb-E2F1 interaction.

In conclusion, we have demonstrated that the previously lit-
tle understood but evolutionarily conserved Ecd protein plays
an important role in cell cycle progression. The cell cycle role of
Ecd appears to involve its binding to hypophosphorylated Rb,
thereby facilitating Rb-E2F dissociation and cell cycle progres-
sion. Thus, our studies identify Ecd as a novel component for
physiological regulation of the mammalian cell cycle.
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