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Introduction

The E2F family of transcription factors are known to regulate 
various cellular processes, including cell cycle progression, cell 
differentiation and apoptosis. Among the E2F family proteins, 
E2F1 has the best-established role in regulating apoptosis in 
addition to cell proliferation.1 During cell cycle progression, 
E2F1 accumulates during G

1
/S transition and induces the tran-

scription of several DNA replication and S-phase specific genes 
that are essential for cell growth and proliferation. In response 
to genotoxic stress, E2F1 is stabilized and triggers apoptosis.2-4 
E2F1 undergoes several posttranslational modifications upon 
DNA damage. E2F1 is phosphorylated by ATM/ATR kinases 
at Ser-31 3 and subsequently stabilized by binding to a 14-3-3 
family member 14-3-3τ.5 E2F1 can also be phosphorylated by 
Chk2 kinase upon DNA damage at Ser-364.6 In fact, both Chk1 
and Chk2 have been shown to be important for E2F1 stabili-
zation.7 In addition to phosphorylation, E2F1 is acetylated by 
p300/CREB-binding protein-associated factor (P/CAF) upon 
DNA damage.8 It is believed that these events together result in 
E2F1 stabilization and activation, which induces upregulation of 
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various pro-apoptotic genes such as p19ARF,9,10 p73, Apaf-1,11 cas-
pase 3, 7, 8 and 9.12-14

Given the multifaceted roles of E2F1 in maintaining genomic 
integrity, E2F1 is precisely regulated by several transcriptional 
and posttranslational mechanisms. Transcriptionally, E2F1 levels 
are regulated by a feedback loop mechanism through the E2F 
responsive genes on its own promoter.15-17 At the translational level, 
expression of E2F1 is negatively regulated by two c-Myc-respon-
sive microRNAs, miR-17-5p and miR-20a.18 Posttranslationally, 
the transcriptional activity of E2F1 is mainly regulated through 
binding to hypophosphorylated form of Rb.19 Another mecha-
nism of controlling E2F1 is by targeting it to the proteasome-
dependent degradation pathway. Several different E3 ligases have 
been identified to be able to ubiquitinate and degrade E2F1 dur-
ing various cell cycle phases. SCFskp2 is known to ubiquitinate and 
degrade E2F1 during S/G

2
 phases.20 However, absence of Skp2 

was not sufficient to stabilize E2F1 in Skp2-/- mouse embryonic 
fibroblasts,5,21 suggesting that E2F1 can be regulated by multiple 
E3 ligases. The Drosophila E2F1 is targeted for degradation in 
a PCNA-dependent manner by the CRL4-Cdt2 E3 Ligase;22 
nevertheless, absence of canonical PIP box in mammalian E2F1 
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C-terminal 359–437 a.a. residues of E2F1 with higher affinity 
compared with other domains (Fig. 1C), suggesting that Cdh1 
binds to the C-terminal 79 a.a. of E2F1. We cannot rule out a 
possibility that Cdh1 might bind to multiple domains of E2F1.

E2F1 interacts with APC/C components Cdh1 and APC5 in 
vivo. To further determine if E2F1 can interact with Cdh1 and 
APC5 in vivo, HEK293 cells were transfected with HA-E2F1 
and APC5 or GFP-Cdh1 and were left untreated or treated with 
proteasome inhibitors. Then, co-immunoprecipitation assays 
were performed. Presence of ectopically expressed APC5 was 
readily detected in lysates co-immunoprecipitated with HA-E2F1 
only in the presence of proteasome inhibitor-MG132 compared 
with lysates without treatment or lysates expressing HA-E2F1 or 
APC5 alone (Fig. 2A). Similarly, immunoprecipitation of GFP-
Cdh1 co-precipitated higher amounts of E2F1 in the presence of 
MG132 corresponding to the increased accumulation of E2F1 
in the presence of MG132 within the input lysates (Fig.2B). 
Requirement of proteasome inhibition to capture E2F1 and 
APC5 or Cdh1 interaction suggested a very transient interaction 
between E2F1 and APC/C components in the cells, or that the 
complex of E2F1 with APC/CCdh1 is rapidly degraded.

Cdh1 downregulates E2F1 protein levels. We then inves-
tigated whether expression of Cdh1 could downregulate E2F1 
levels. Indeed, co-expression of GFP-Cdh1 led to a significantly 
lower level of E2F1 when compared with that in the GFP con-
trol sample (Fig. 3A). Downregulation of E2F1 by Cdh1 was 
mediated through a post-transcriptional mechanism, as the E2F1 
mRNA levels were not significantly affected (Fig. 3B). Analysis 
of HEK293T lysates with ectopically expressed HA-E2F1 and 
GFP-Cdh1 in the presence of cycloheximide at different time 
points showed that the presence of Cdh1 significantly shortened 
the half-life of E2F1 from ~3–4 h to 1 h (Fig. 5C, left, top and 
bottom parts).

Since the C terminus of E2F1 binds to Cdh1, given the con-
servation of the C terminus among E2F1–4 proteins, it is not 
surprising that overexpression of GFP-Cdh1 also led to various 
degrees of downregulation in the levels of E2F2, 3 and 4 (Fig. 
3C). Like E2F1, E2F2 and E2F4 interacted well with Cdh1 in 
vitro (Fig. S1). An interaction between E2F3 and Cdh1 can also 
be demonstrated by Daniele Guardavaccaro and colleagues (per-
sonal communication; Ping et al., in this issue). These data sug-
gest that APC/CCdh1 also regulates other E2Fs. We had focused 
on E2F1 in the subsequent studies.

Cdh1 promotes K11 linkage-specific ubiquitination of 
E2F1. Next we wanted to test if E2F1 ubiquitination is altered 
in the presence or absence of Cdh1 and APC5. To this end, we 
first knocked down Cdh1 or APC5 expression in HEK293 cells 
that were transfected with Myc-ubiquitin and looked at the ubiq-
uitination of endogenous E2F1. Indeed, knockdown of APC5 
or Cdh1 decreased the ubiquitination of E2F1 compared with a 
scrambled RNAi control (Fig. 4A). When we ectopically overex-
pressed Cdh1 along with HA-E2F1, we detected increased accu-
mulation of ubiquitinated E2F1 upon immunoprecipitation of 
cell lysates for E2F1 followed by immunoblotting for endogenous 
ubiquitin (Fig. 4B). Consistent with a role for Cdh1 and APC5 
for E2F1 degradation, depletion of either Cdh1 or APC5 by 

required for its binding to PCNA excludes the possibility of a role 
for CRL4-Cdt2 in mammalian E2F1 degradation.

Recently, E2F1 was shown to be targeted for degradation by 
the APC/CCdc20 E3 ligase during prometaphase.23 The anaphase-
promoting complex/cyclosome (APC/C) is a multi-component 
E3 ligase that regulates the temporal progression of eukaryotic 
cells through the M-phase and subsequent transition into the G

1
 

phase. APC/C is activated by one of its co-activators, Cdc20 and 
Cdh1, which facilitates the recruitment of substrates and confers 
substrate specificity through their WD40 domains. In addition 
to Cdc20 and Cdh1, the APC/C core subunits have been sug-
gested to participate in substrate binding, since the budding yeast 
APC/C lacking its Doc1/Apc10 subunit cannot bind and ubiq-
uitinate the substrates.24-26 In fact, recent structural studies of 
yeast APC/C confirmed that both Doc1/Apc10 and co-activators 
contribute recognition sites for substrates.27-29 After recruiting 
substrates, APC/C then specifically synthesizes K-11 linkage-
specific ubiquitin chains on the substrates and target them for 
26S proteasome-dependent degradation.

Low levels of E2F1 are detected during M phase and early G
1
 

phase. The precise mechanisms by which E2F1 is maintained at 
low levels are yet to be fully understood. We have identified in 
a yeast two-hybrid experiment that APC5 interacts with E2F1. 
This prompted us to investigate if APC/C E3 ligase has a role in 
E2F1 degradation process. In the process of our study, Peart et al. 
reported that Cdc20 can target E2F1 for degradation during pro-
metaphase.23 However, during M-phase exit and early G

1
 phase, 

Cdc20 is degraded by APC/CCdh1,30 leaving the question of how 
E2F1 is degraded at these phases. Therefore, we investigated if 
APC/C can target E2F1 via its early G

1
 phase co-activator Cdh1 

through the formation of K11-specific ubiquitin chain synthe-
sis. We also investigated the effect DNA damage on APC/CCdh1-
mediated E2F1 degradation.

Results

Cdh1 and APC5 interact with E2F1 in vitro. To identify the 
E2F1-interacting proteins that might regulate E2F1 protein sta-
bility, we performed a yeast two-hybrid screen using E2F1 N 
terminus as a bait.31 APC5, a subunit of APC/C complex, was 
identified as a potential E2F1-interacting protein in that screen. 
Since Cdh1 is an adaptor protein that brings in APC/C substrates, 
we therefore investigated the interaction between E2F1 and both 
APC5 and Cdh1. First, we tested an interaction between E2F1 
and APC5 or Cdh1 in vitro by incubating [35S]-labeled in vitro-
translated APC5 or Cdh1 with GST-E2F1 in a GST pull-down 
assay (Fig. 1A). Both APC5 and Cdh1 could be pulled down 
along with GST-E2F1 but not GST, suggesting an interaction 
between APC5 or Cdh1 and E2F1. A direct interaction between 
GST-E2F1 and Cdh1 was further confirmed using purified 
recombinant Cdh1 protein (rCdh1) and purified GST-E2F1 pro-
tein in a GST pull-down assay (Fig. 1B). We also mapped the 
domain of E2F1 that directly interacted with Cdh1. Incubation 
of rCdh1 with GST-E2F1 full-length and domain mutants 
(a.a. 1–109, 110–284, 285–358 and 359–437) immobilized on 
glutathione-Sepharose beads showed that rCdh1 bound to the 
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HEK293T cells transfected with E2F1 along with or without 
Cdh1 and treated with two different DNA damaging agents, 
adriamycin (Adr) and neocarzinostatin (NCS). Interestingly, 
presence of DNA damage did inhibit the Cdh1 effect on E2F1. 
In spite of presence of ectopically overexpressed Cdh1, E2F1 pro-
tein levels remained accumulated after the treatment of cells with 
DNA damaging agents (Fig. 5A and B). We also performed a 
time course experiment in the presence of cycloheximide to mea-
sure the half-life of E2F1. The HEK293T cells were transfected 
with Flag-E2F1 along with GFP-Cdh1 or with control GFP and 
cells were harvested at various time points after the treatment of 
cycloheximide. Analysis of these lysates indicated that while the 
half-life of E2F1 decreased from 3~4 h to 1 h in the presence of 
Cdh1 before DNA damage (Fig. 5C, left, top and bottom parts), 
the half-life of E2F1 remained at ≥ 8 h in the presence of adria-
mycin regardless whether Cdh1 was overexpressed or not (Fig. 
5C, right, top and bottom parts). This data suggests that E2F1 
accumulation after DNA damage may result from perturba-
tion of APC/CCdh1-mediated ubiquitin proteasome degradation 
pathway.

Next, we wanted to investigate the mechanism by which 
APC/CCdh1-mediated E2F1 degradation is inhibited after DNA 

shRNA-expressing constructs led to an increased level of coex-
pressed HA-E2F1 (Fig. 4C). These results strongly support a role 
for APC/CCdh1 in the ubiquitination of E2F1.

APC/C E3 ligase has been shown to form specific K11-linked 
ubiquitin chains on its substrates.32 Therefore, we wanted to test 
if presence of Cdh1 could induce K11-specific ubiquitin chain 
linkages on E2F1. HEK293T cells were transfected with Flag-
E2F1 and GFP-Cdh1 along with HA-Ub-K11, which can form 
only K11 Ub chains, as all other lysines except K11 are mutated 
in this ubiquitin. Cell lysates were immunoprecipitated for Flag-
E2F1 and blotted with HA antibody to detect Ub-K11 chains 
conjugated with E2F1 in the presence or absence of Cdh1. 
Increased accumulation of Ub-K11 chains on E2F1 was noticed 
in the presence of Cdh1 (Fig. 4D, top part). Also, the Ub-K11 
chains were accumulated in the presence of proteasome inhibitor 
Velcade (Fig. 4D, bottom part), suggesting that APC/CCdh1 can, 
indeed, ubiquitinate E2F1 via K11-specific Ub chain synthesis 
and target it to proteasome-mediated degradation.

Cdh1-mediated degradation of E2F1 is inhibited upon 
DNA damage. We then tested if the stabilization of E2F1 after 
DNA damage was due to inhibition of APC/CCdh1-mediated 
degradation. Cell lysates were prepared and analyzed from 

Figure 1. E2F1 directly binds to Cdh1 via its C terminus. GST-E2F1 WT (A and B) or truncation mutants (C) were incubated with in vitro translated 
[S35]-labeled Cdh1 or APC5 (A) or bacterially purified Cdh1 (B). E2F1-bound Cdh1 was detected by autoradiography (A) or by immunoblotting (B and C). 
Right part of (C): The intensity of Cdh1 signals bound to E2F1 WT or truncation mutants as well as the amounts of GST, GST-E2F1 and GST-E2F1 trunca-
tion mutants on the corresponding GST pull-down assay were quantified using ImageJ software. The bound Cdh1 signals were then normalized by 
the abundance of each corresponding GST fusion protein in that assay. The results averaged from three independent experiments are plotted here. 
FL, full-length; the numbers indicate the amino acid residues of hE2F1.
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Discussion

E2F1, a critical modulator of cell proliferation and apoptosis, 
is known to be precisely and tightly regulated at multiple lev-
els, starting from its transcription control to its post-translation 
modifications and degradation. Multiple E3 ligases have been 
shown to target E2F1 for ubiquitin-mediated degradation in 
various cellular contexts. Our data demonstrates a novel role for 
one of the master E3 ligases of cell cycle, APC/CCdh1, in ubiquiti-
nating and degrading E2F1 by catalyzing its characteristic K11-
specific ubiquitin chain formation. Our current studies provide 
evidence for an interaction between E2F1 and an APC/C sub-
unit APC5, for the first time, and with Cdh1 as shown earlier by 
Peart and colleagues23 both in vivo and in vitro (Figs. 1 and 2). 
Cdh1 binds to the C-terminal 79 a.a. residues of E2F1 (Fig. 1C). 
We demonstrate that E2F1 is targeted for degradation by ectopi-
cally expressed Cdh1 (Figs. 3 and 5C). Further, we show that 
the endogenous E2F1 ubiquitination requires Cdh1 and APC5 
(Fig. 4A). Depletion of either APC5 or Cdh1 led to accumulation 
of E2F1 (Fig. 4C). Overexpression of Cdh1 also induces E2F1 
ubiquitination with K11-specific Ub linkage (Fig. 4B and D). 
Our data establishes that E2F1 transcription factor is a substrate 
of APC/CCdh1 E3 ligase. APC/C is the only E3 ligase known to 
catalyze K11-specific chains on its substrates, and importantly, 
for the first time, we show that E2F1 is ubiquitinated by K11-
specific ubiquitin chain formation.

The fact that the effect of Cdh1 on E2F1 stability is abolished 
in the presence of DNA damage (Fig. 5) suggests that block-
ing of the APC/CCdh1-mediated degradation of E2F1 might be 
responsible for E2F1 stabilization upon DNA damage. We antici-
pated that Cdh1-mediated E2F1 ubiquitination would be inhib-
ited by adriamycin treatment. To our surprise, Ub-K11-linked 
E2F1 greatly accumulates after DNA damage (Fig. 6). Given 
that APC/C is the only E3 ligase known to form K11-specific 
ubiquitin chains on the substrates, these data suggest that DNA 
damage treatment does not inhibit the process of Cdh1-mediated 
ubiquitination; rather, it might inhibit the proteasomal degrada-
tion of the ubiquitinated E2F1. Thus, we observed a very sig-
nificant accumulation of Ub-K11-linked E2F1 after adriamycin 
treatment. The mechanism and significance for the accumula-
tion of Ub-K11-E2F1 upon DNA damage is to be investigated. 
It is worth noting that accumulation of ubiquitinated E2F1 was 
also observed after camptothecin treatment along with stabili-
zation and acetylation of E2F1.33 Together, these data suggest a 
regulatory mechanism on the proteasomal degradation of ubiq-
uitinated E2F1. Whether some or all of phosphorylation, acety-
lation and 14-3-3τ binding events on E2F1 operate directly to 
prevent proteasome from degrading ubiquitinated E2F1 deserves 
further investigation. In this regard, 14-3-3τ can directly bind 
the C8 subunit of the 20S proteasome.34 Although it promotes 
ubiquitin-independent proteasomal degradation of p21 via C8 
interaction, it would be interesting to test whether 14-3-3τ/
C8 interaction could, instead, perturb the process of ubiquitin-
dependent proteasomal degradation of E2F1. On the other hand, 
the potential of alteration in the transcriptional activity or target 
gene specificity of E2F1 upon K11-specific ubiquitination poses 

damage. We transfected HEK293T cells with HA-Ub-K11, Flag-
E2F1 with or without Cdh1 and then left the cell untreated or 
treated the cells with adriamycin. Ubiquitination assay analysis 
was performed as described above (Fig. 4 and Methods section). 
Surprisingly, we detected increased accumulation of K11-specific 
ubiquitin chains on E2F1 after DNA damage (Fig. 6). This 
data suggests that DNA damage signaling directly inhibits the 
proteasome-dependent degradation of K11-specific, Ub-linked 
E2F1 but does not block the process of Cdh1-dependent E2F1 
ubiquitination. The data also shows a large accumulation of 
Ub-K11-E2F1 after adriamycin treatment. The accumulation 
of Ub-K11-E2F1 is probably due to a block at the proteasomal 
degradation.

Figure 2. E2F1 interacts with APC/C components Cdh1 and APC5 in 
vivo. HEK293 cells were transfected with plasmids expressing HA-E2F1 
and APC5 (A) or GFP-Cdh1 (B) and then treated with MG132 as indicated. 
(A) HA-tagged E2F1 was immunoprecipitated from cell lysates with 
HA beads and the co-immunoprecipitated APC5 was detected by im-
munoblotting. (B) GFP-Cdh1 was immunoprecipitated from cell lysates 
using GFP antibody and the co-immunoprecipitated E2F1 was detected 
by immunoblotting.
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domain of E2F1 does not contain consensus sequences for known 
APC/C degrons.42 The degradation recognition region of yeast 
Iqg1p, a direct APC/C target, also does not contain a known 
APC/C-recognition sequence.43 It is possible that E2F1 is rec-
ognized by both Cdh1 and APC5 through its spatial structure 
or through yet-to-be-determined recognition sequences. Future 
study is warranted to further define the molecular details of how 
E2F1 is recognized by Cdh1 and APC5.

Materials and Methods

Cell culture, transfection and treatment. HEK293 or 293T 
cells were maintained in Dulbecco’s modified Eagle medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 
penicillin (50 IU/ml) and streptomycin (50 μg/ml). Cells were 
grown in a humidified incubator at 37°C with 5% CO

2
 and 

95% air. Transfection was performed with a standard calcium 
phosphate method or Lipofectamine 2000 (Invitrogen). After 
transfection, cells were incubated for 48 h before analysis. Cells 
were treated with 20 μg/ml of cycloheximide (Calbiochem) 
or 5 μM of adriamycin (Pfizer) or 20 ng/ml of Bortezomib 
(VELCADE, Millenium Pharmaceuticals, Inc.,) or 20 μM 
MG132 (Calbiochem) for indicated time points as described in 
each experiment.

another interesting venue to explore and 
could provide another layer of regulation 
of E2F1 transcriptional activity.

The identification of APC5 as an 
APC/C core subunit that binds to E2F1 
is quite interesting. The 3D structure of 
the APC/C shows an asymmetric tri-
angular morphology with a large inner 
cavity surrounded by an outer protein 
wall.27-29,35-38 The complexity suggests 
that certain subunits may guide sub-
strates into the inner cavity where sub-
strates are ubiquitinated. While it is well 
established that the substrate recognition 
of APC/C involves a bipartite degron 
receptor between co-activator Cdh1 
and an APC/C core subunit, Apc10/
Doc1,27,28 whether other APC/C sub-
units contribute to substrate recognition 
and specificity remains to be explored. 
Our study suggests that Cdh1 and APC5 
can form another bipartite degron recep-
tor. Although Apc1, Apc4 and Apc5 
form a scaffolding platform to connect a 
catalytic subcomplex (Apc2 and Apc11) 
and the other tetratricopeptide repeat 
(TPR)-containing proteins subcomplex 
(for substrate/co-activator recruitment), 
Cdh1 and Apc5 are juxtaposed in space 
according to a high-resolution structure 
of yeast APC/C complex;29 therefore, it 
is possible that E2F1 might sit in the in-
between space and interact with both Cdh1 and APC5 through 
different domains. Mutation of Drosophila IDA, the human 
APC5 homolog, blocks the degradation of cyclin B, but does not 
affect Securins turnover,39 also supporting a role for substrate 
recognition by APC5. In fact, like other subunits in the substrate 
recognition TPR subcomplex, APC5 also contains TPR motifs.

The proteasomal degradation of E2F1 can be regulated at 
both its N terminus and C terminus. Deletion of an N-terminal 
41 40 or 85 3 amino acid fragment stabilizes E2F1. This N termi-
nus coincides with the Skp2 binding domain; therefore, Skp2 was 
proposed to be responsible for the N terminus-mediated E2F1 
degradation.40 Hofmann et al. also mapped another destabilizing 
element of E2F1 to a.a. 363–378.41 Interestingly, we show that 
E2F1 a.a. 359–437 can bind Cdh1. Thus, APC/CCdh1 may be 
responsible for the C terminus-mediated degradation of E2F1. 
The a.a. 363–378 region is very close to pocket protein binding 
domain, and pRb can protect E2F1 from degradation.41 However, 
overexpression of pRb did not protect E2F1 from Cdc20- and 
Cdh1-induced degradation in HeLa cells.23 Whether pRb plays a 
role in regulating APC/CCdh1-mediated E2F1 degradation is yet 
to be determined.

Although E2F1 contains two RXXL motifs in the cyclin A 
binding domain, mutations of both motifs did not affect E2F1 
degradation by Cdc20 or Cdh1.23 The C-terminal Cdh1 binding 

Figure 3. Cdh1 downregulates E2F1 protein levels. (A) HEK293T cells were transfected with 
HA‑E2F1 along with GFP-Cdh1 or GFP vector control. Cell lysates were prepared and subject to 
SDS-PAGE and immunoblot analysis as indicated. (B) To determine whether downregulation of 
E2F1 by Cdh1 is mediated through a post-transcriptional mechanism, HEK293T cells were trans-
fected as in (A). Cells were harvested for mRNA isolation and E2F1 mRNA and Cdh1 mRNA were 
measured by real-time RT-PCR. The p-value for a difference in E2F1 mRNA levels between GFP and 
GFP-Cdh1 samples is 0.70 (two-tailed t-test). A fraction of cells were used to prepare lysates and the 
lysates were analyzed by SDS-PAGE and immunoblot analysis as indicated. (C) HEK293T cells were 
transfected with HA-E2F1 or E2F2 or E2F3 or E2F4 along with GFP-Cdh1 or GFP control. Two days 
later, cells were harvested and analyzed by immunoblot analysis as indicated.
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Figure 4. For figure legend, see page 2036.
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Plasmids construction. An hCdh1 cDNA in pOTB7 vec-
tor was purchased from ATCC (Image Clone ID: 3160334). 
To construct pcDNA3-hCdh1, the hCdh1 cDNA was excised 
with SmaI and subcloned to the EcoRV-digested pcDNA3. 
To construct pEGFP-C1-hCdh1 and pGEX6P3-hCdh1, 
hCdh1 cDNA was PCR amplified using a pair of primers: 
5'-CGC GAA TTC CAT GGA CCA GGA CTA TGA G-3' 
and 5'-CAA GTC GAC TTA CCG GAT CCT GGT GAA-
5'. The PCR product was digested by EcoRI/SalI and then 
subcloned into EcoRI/SalI-digested pBluescript vector. The 
hCdh1 sequence was verified by DNA sequencing. The hCdh1 
cDNA was then swapped from pBluescript into pEGFP-C1 
and pGEX-6P3 vectors by EcoRI/SalI digestion. The hAPC5 
cDNA in pOTB7 vector was also purchased from ATCC 
(Image Clone ID: 2823401). The hAPC5 cDNA was excised 
with EcoRI/XhoI and ligated with EcoRI/XhoI digested 
pcDNA3 to construct pcDNA3-hAPC5. To construct Flag-
E2F1, hE2F1 cDNA was excised from pcDNA3-HA-E2F1 
3 to pCMV-Tag2B vector by BamHI/EcoRI digestion. The 
hE2F4 cDNA was swapped from pcDNA3-HA-E2F4 to 
pGEX-6P1 by BamHI/EcoRI digestion for production of 
GST-E2F4 fusion protein in E. coli. The vectors for GST-
E2F1 domain mutants have been described in reference 44.

The 19-nt target sequences for siCdh1 is: 5'-TGA GAA 
GTC TCC CAG TCA G-3'; for siAPC5 is: 5'-CCT CCG 
TGT CCA AGA TGT TTT-3'; for a random scrambled 
sequence (siScr) is 5'-GCG CGC TTT GTA GGA TTC G-3'. 
The target sequences were constructed to pSUPERIOR.puro 
vector (OligoEngine).

Immunoprecipitation, western blot analysis and immu-
nofluoresence studies. Cells were harvested 48 h after 
transfection in TNN buffer and immunoprecipitation was 
performed as described in reference 31. The specific signals 
were detected with appropriate antibodies. The antibod-
ies specific to GFP (B-2), Cdh1 (Dh-01), HA (Y11), PCNA 
(PC10) and E2F1 (C-20 or KH-95) were purchased from 
Santa Cruz. The β-actin and FLAG antibody were purchased 
from Sigma. GAPDH antibody was purchased from Alexis. 

GST pull-down assay. The GST fusion pro-
teins were induced by 0.5 mM IPTG (isopropyl-β-D-
thiogalactopyranoside) in E. coli strain BL21 or DH5α 
and purified. The GST portion on GST-Cdh1 was excised 
by PreScission Protease (Pharmacia). Approximately, 5 
μg of GST-E2F1 full-length or truncation mutants were 

Figure 4 (See previous page). Cdh1 promotes K11 linkage-specific ubiquitination of E2F1. (A) HEK293 cells were transfected with Myc-ubiquitin along 
with vectors expressing siRNA for APC5, Cdh1 or a scrambled (Scrb) sequence control. The cells were left untreated or treated with MG132. Lysates 
were immunoprecipitated with normal mouse IgG or a monoclonal E2F1 antibody, followed by immunoblotting to detect ubiquitinated E2F1. An 
aliquot of total lysates were immunoblotted as indicated. (B) HEK293 cells were transfected either with a control empty vector, E2F1 alone or E2F1 
with Cdh1. The cells were left untreated or treated with MG132. Lysates were immunoprecipitated with normal mouse IgG or a monoclonal E2F1 
antibody, followed by immunoblotting with ubiquitin antibody to detect ubiquitinated E2F1. “Lysates” lane is from total cellular lysates without im-
munoprecipitation and serves as a positive control for ubiquitin immunoblotting. Aliquots of each input lysate were also immunoblotted as indicated 
(below). (C) HEK293 cells were transfected with an empty vector or HA-E2F1 along with a vector expressing siRNA for APC5, Cdh1 or a scrambled (Scrb) 
sequence control. Two days later, cells were harvested and lysates were immunoblotted with indicated antibodies. (D) HA-Ub-K11-specific ubiquitin 
was overexpressed in HEK293T cells along with GFP-Cdh1 (or GFP vector control) and Flag-E2F1 as indicated in the presence (lower part) or absence 
(upper part) of proteasome inhibitor Velcade. Lysates were processed as described in Materials and Methods, and then immunoprecipitated with anti-
Flag beads. The HA-Ub-K11-conjugated E2F1 were detected by HA immunoblotting.

Figure 5. Cdh1-mediated degradation of E2F1 is inhibited upon DNA 
damage. (A) HEK293T cells were transfected with HA-E2F1 with GFP-Cdh1 
(or with GFP control) and cells were either left untreated or treated with 
adriamycin (5 μM) for 5 h. E2F1 and GFP-Cdh1 in total lysates were analyzed 
by SDS-PAGE and immunoblotting. (B) HEK293T cells were transfected with 
HA-E2F1 with pcDNA3-Cdh1 (or with an empty vector control) and cells 
were untreated or treated with neocarzinostatin (NCS, 300 ng/ml). E2F1 and 
Cdh1 in total lysates were analyzed by SDS-PAGE and immunoblotting. The 
arrow indicates endogenous and overexpressed Cdh1. The lower molecu-
lar-weight band recognized by Cdh1 antibody was seen sometimes in cells 
transfected with untagged Cdh1 and could be a degradation product of 
Cdh1. (C) HEK293T cells were transfected with HA-E2F1 with GFP control 
(upper parts) or HA-E2F1 with GFP-Cdh1 (lower parts). The cells were then 
either left untreated or treated with adriamycin (5 μM) for 16 h. Next, the 
cells were treated with cycloheximide (20 μg/ml) for various time points. 
HA-tagged E2F1 and GFP-Cdh1 proteins were detected by western blot. 
E2F1 signals were measured by densitometry and the relative intensities 
compared with the respective 0 h sample are shown below each part.
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QPCR software (Stratagene). The PCR primers GAPDH pro-
moters have been described in reference 45. The other PCR prim-
ers were as follows. For Cdh1, the forward primer was 5'-TGG 
AGC GTG AAC TTC CAC AG-3', and the reverse primer was 
5'-CGT GAA CAG ACC CTT CTT CT-3'. For E2F1, the for-
ward primer was 5'-CCG CCA TCC AGG AAA AGG T-3', and 
the reverse primer was 5'-GCC CTC AAG AGA CGT TGG 
TG-3'.

In vivo ubiquitination assay. HEK293 or 293T cells were 
transfected with Myc-ubiquitin (a gift from Gen Wang) or 
HA-ubiquitin containing only K11 lysine (HA-Ub-K11) 46 
(obtained from Sandra Weller through Addgene Plasmid 22901), 
Flag-E2F1 or untagged E2F1 and GFP-Cdh1 or a control GFP 
vector as indicated. Two days later, cells were treated with 5 μM 
adriamycin or 60 ng/ml of Velcade for 6 h. Cells were then lysed 
in SDS lysis buffer (1% SDS and 60 mM TRIS pH 6.8) followed 
by boiling for 5 min at 95°C. The cell lysates were reconstituted 
to 0.1% SDS by 1:10 dilution in NETN A buffer (described 
above) supplemented with a cocktail of protease inhibitors. The 
lysates were then sonicated and clarified by 10 min centrifugation 
at 14,000 rpm in a microfuge. Equivalent amounts of lysates were 
incubated overnight with Flag-agarose beads (Sigma) at 4°C. 
Beads were washed four times with RIPA buffer (50 mM TRIS 
pH 8.0, 150 mM NaCl, 0.5% Sodium Deoxycholate, 1% NP-40 
and 0.1% SDS), once with 0.5 M LiCl buffer and one final wash 
with RIPA buffer. The beads were then boiled in Laemmli buffer 
and analyzed by SDS-PAGE followed by western blot analysis 
using HA antibody.
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immobilized on glutathione-Sepharose beads and incubated 
with 0.5–1 μg of rCdh1 or 2 μl of [35S]-labeled in vitro trans-
lated products and rotated at 4°C for 3 h in NETN-A Buffer 
(250 mM NaCl, 5 mM EDTA, 50 mM TRIS pH 7.5 and 0.1% 
NP-40). The beads were washed five times with NETN-B buffer 
(150 mM NaCl, 5 mM EDTA, 50 mM TRIS pH 7.5 and 0.5% 
NP-40) and then subject to SDS-PAGE and analyzed by western 
blot with anti-Cdh1 antibody or by Storm Phosphorimager.

In vitro translation of proteins. TNT rabbit reticulolysate 
kit from Promega was used to transcribe and translate Cdh1 or 
APC5 using pcDNA3-Cdh1 and pcDNA3-APC5 plasmids in 
the presence of [S35]-labeled methionine.

RNA extraction and real-time reverse transcription-
PCR (RT-PCR). RNA was extracted using TRIzol reagent 
(Invitrogen). Quantitative PCR was performed in triplicate on 
an MX3005P thermal cycler using SYBR green dye method to 
track the progress of the reactions with ROX dye added as refer-
ence. GAPDH was run in parallel with test genes. PCR condition 
is: 95°C denaturation step for 30 sec and 55°C annealing for 1 
min and 72°C for 2 min. Results were analyzed with MxPro 4.0 

Figure 6. Cdh1-promoted K11-linkage-specific ubiquitination of E2F1 
is enhanced and accumulated after DNA damage. HEK293T cells were 
transfected with Flag-E2F1, HA-Ub-K11 and GFP-Cdh1 (or GFP vector 
control) as indicated. The cells were either left untreated or treated with 
5 μM adriamycin for 5 h before harvesting. The lysates were prepared 
and analyzed for E2F1 ubiquitination as described in methods section. 
Fractions of the total lysates were analyzed as well (lower parts).
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