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Introduction

Cyclin E1 drives the transition from G
1
 to S phase through 

the assembly of pre-replication complexes and activation of the 
kinase CDK2, leading to the initiation of DNA synthesis. The 
fundamental role of cyclin E1 in promoting proliferation has led 
to its identification as an important oncogene in many cancers, 
and as a downstream target of other oncogenic pathways.1

After induction by mitogens, cyclin E1 peaks in expression at 
G

1
/S phase of the cell cycle. This periodicity in expression results 

from regulation of both mRNA abundance and protein degrada-
tion. Upon S phase entry CDK2 phosphorylation of cyclin E1 
primes it for phosphorylation by GSK-3β and other kinases.2 
These phosphorylation events create short regions in cyclin E1 
that are recognized by the F-box protein Fbw7, which is part of 
the Skp1-Cul1-Rbx1-Fbw7 ubiquitin ligase complex (SCFFbw7).3 
SCFFbw7-mediated ubiquitination of cyclin E1 leads to its rapid 
proteosomal degradation during S phase and G

2
/M.2

Failure to degrade cyclin E1 in late S phase promotes overall 
proliferation4 but also disrupts the initiation of DNA replication5 
and inhibits progression through mitosis,6 ultimately resulting in  
chromosome instability.5,7 Fbw7 deletion or mutation in cancer is 
a major cause of loss of periodicity in expression of cyclin E1,8 and 
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Fbw7 mutation is itself highly correlated with chromosome insta-
bility.9 The disruption of cyclin E1 phosphorylation sites that are 
recognized by Fbw7 leads to increased aneuploidy, hyperprolif-
eration and failure of differentiation in knock-in mice,10 while 
overexpression of hyperstable cyclin E1 (T380A) promotes mam-
mary carcinogenesis.8

Cyclins E1 and E2 are redundant during murine develop-
ment,11 and in most studies and reviews they are collectively 
referred to as cyclin E. During the cell cycle both cyclin E1 and 
E2 mRNA transcription is activated by E2F factors to peak at 
mid-G

1
 to early S phase,12-15 and transcription of both cyclin E1 

and cyclin E2 mRNAs is co-regulated by methyltransferases 
such as CARM1/PRMT416 and PRMT5.17,18 Consequently 
cyclins E1 and E2 are thought to have identical temporal regula-
tion, including periodic degradation via Fbw7 during S phase 
and G

2
/M.19 Despite these reports of overlapping function and 

regulation, cyclin E1 and E2 usually have unique relationships 
with outcome in cancer cohorts and feature in different signa-
tures of disease.15 For example, we have recently found that some 
breast cancer subtypes overexpress cyclin E2 more strongly than 
cyclin E1.20 This led us to re-examine the patterns of cyclin E1 
and cyclin E2 expression in cancer cells, particularly during the 
cell cycle. In this manuscript we provide the first evidence that 
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S phase and a G
2
/M fraction (Fig. 2C). Cells from each frac-

tion were western blotted for cyclin E1 and cyclin E2, as well as 
cyclin B1, p21Waf1/Cip1 and p27Kip1 to mark cell cycle progression. 
This confirmed that, unlike cyclin E1, cyclin E2 was expressed 
predominantly in the S phase of MCF-7 and BT-20 cells, but 
during the G

1
/S phase transition of MCF-10A cells (Fig. 2D).

Using both immunofluorescence and flow cytometry to 
examine the relationship between cyclin E1 and E2 expression in 
individual cells, we found that the two E-cyclins were expressed 
in different subsets of cells within breast cancer cell lines (Fig. 
3A), with a distinct population of cells expressing high cyclin E2 
(Fig. 3A, box). Consistent with our observations of synchronous 
expression of cyclins E1 and E2 in normal cells, cyclins E1 and 
E2 were expressed in the same individual normal (HMEC184) 
and immortalized (MCF-10A) cells (Fig. 3B). Using BrdU stain-
ing of T-47D cells, we identified the subset of cells actively under-
going DNA replication (i.e., in S phase). These cells expressed 
moderate-high levels of cyclin E2 but low levels of cyclin E1 
(Fig. 3C), consistent with our observations in Figures 1 and 2.

Cyclin E1 and cyclin E2 have distinct susceptibility to 
Fbw7-mediated ubiquitination in cancer cells. Both cyclin E1 
and cyclin E2 have high expression at G

1
/S (Figs. 1–2), and 

this is likely due to similar E2F-mediated transcription of 
cyclin E1 and E2 mRNA during G

1
. Since the S phase expres-

sion of cyclin E1 is regulated via SCFFbw7-mediated degradation, 
we hypothesized that differences in cyclin E1 and E2 expression 
during S phase might result from differences in protein degra-
dation. When T-47D breast cancer cells were treated with with 
Fbw7 siRNAs, Fbw7 mRNA decreased by 50% (Fig. 4A). This 
increased cyclin E1 protein levels (3.5×), but did not significantly 
change cyclin E2 protein levels (1.3×; Fig. 4B and C). Cells were 
treated in parallel for 24h with MG132, a proteosomal inhibitor. 
This induced an increase in both cyclin E1 and cyclin E2 protein 
despite decreased cyclin E2 mRNA (Fig. 4A–C), indicating that 
cyclin E2 abundance is at least in part regulated by proteosomal 
degradation. Cells treated with Fbw7 siRNA and MG132 were 
further analyzed by flow cytometry for cyclin E1 and E2 lev-
els throughout the cell cycle. Fbw7 siRNA treatment stabilized 
cyclin E1 in mid-late S phase, a pattern that was comparable to 
the accumulation seen after MG132 treatment (Fig. 4D). By con-
trast while cyclin E2 significantly accumulated during mid-late 
S phase after MG132 treatment, this did not occur with Fbw7 
siRNA (Fig. 4D).

Since we had observed downregulation of both cyclin E1 and 
cyclin E2 during the S phase of normal cells, we performed a 
similar analysis in the normal cell line, HMEC184. Treatment 
with Fbw7 siRNAs led to an overall increase in the levels of 
cyclin E1 and cyclin E2 protein, as observed by western blotting 
(Fig. 4E–G), despite leading to a slight decrease in cyclin mRNA 
levels. An analysis of cyclin protein expression through the cell 
cycle showed that the siRNA treatment led to consistent stabili-
zation during S phase for both cyclin E1 and cyclin E2 (Fig. 4H). 
This suggested that Fbw7-mediated degradation of cyclin E2 is 
specifically disrupted in cancer cells.

We confirmed these results in cancer cell lines with natu-
rally occurring dominant-negative (DN) Fbw7 mutations, the 

cyclin E1 and E2 are differently regulated during the S phase of 
cancer cells.

Results

Cyclin E2 expression is maintained in the S phase of cancer cells, 
whereas cyclin E1 expression peaks at the G

1
/S transition of the 

cell cycle. We first compared the absolute levels of cyclin E1 and 
cyclin E2 in a panel of breast cancer cell lines and their normal/
immortalized counterparts using western blotting. Cyclin E2 pro-
tein was consistently expressed at high levels in breast cancer cell 
lines compared with normal or immortalized cell lines, whereas 
cyclin E1 was not (Fig. 1A and B). Rather than showing concor-
dant expression, the expression of cyclin E1 and cyclin E2 tended 
to be inversely correlated in cancer cell lines (Fig. 1C).

In order to determine whether the differences in overall 
cyclin E expression were associated with different patterns of 
expression during the cell cycle, we used two models of cell cycle 
synchrony. First, T-47D breast cancer cells were synchronized at 
G

1
/S phase by hydroxyurea treatment and then released into the 

cell cycle. Progress through S phase was apparent within 3 h and 
the cells reached G

2
/M at 9 h (Fig. 1D). Cyclin E2 protein was 

expressed at higher relative levels than cyclin E1 from 3–9 h, and 
this difference was particularly pronounced in early-mid S phase 
(Fig. 1D). In MCF-7 breast cancer cells synchronized at G

0
/G

1
 

by antiestrogen treatment, we observed a constant ratio of expres-
sion between cyclin E1 and E2 using flow cytometry (Fig. 1E). 
Estrogen stimulation into early S phase resulted in the appear-
ance of a second population expressing higher levels of cyclin E2 
(Fig. 1E). This suggested a loss of co-ordination between the 
expression of cyclins E1 and E2 upon entry into S phase.

Cyclin E2 is expressed in S phase in a broad range of breast 
cancer cell lines, but not normal or immortalized breast cells. In 
order to confirm that the apparent loss of co-ordination between 
the expression of cyclins E1 and E2 during entry into S phase 
was not an artifact of cell synchronization, we next analyzed 
cyclin E1 and E2 expression vs. DNA content by flow cytometry 
in a broader range of immortalized mammary cells and breast 
cancer cell lines. As expected, the highest levels of cyclin E1 
were observed during G

1
, and its expression decreased through 

S phase in both immortalized (MCF-10A) and cancer cell lines 
(MCF-7 and BT-20; Fig. 2A). In the immortalized cell line, 
MCF-10A, the pattern of cyclin E2 expression was similar to that 
of cyclin E1. However in the cancer cell lines, MCF-7 and BT-20, 
cyclin E2 expression did not peak until early S phase, and high 
expression was maintained until mid S phase (Fig. 2A). Across a 
broader panel of breast cancer cell lines, cyclin E2 expression was 
also higher in S phase than G

1
 phase (~2.5-fold) but not in three 

normal or immortalized cell lines (Fig. 2B), when quantitated 
from flow cytometry plots. By contrast, cyclin E1 did not have 
higher relative S phase expression in any of the cancer or immor-
talized cell lines (Fig. 2B).

We further validated our findings by western blotting of cells 
isolated from distinct stages of the cell cycle, as defined by DNA 
content. The cell lines were sorted into six fractions of graded 
intensity of propidium iodide staining, resulting in two G

1
, three 
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Figure 1. Cyclin e1 and e2 have discordant cell cycle expression in cancer cells. (A) Breast cancer and normal/immortalized cell line lysates were immu-
noblotted for cyclins e1 and e2, p21Waf1/Cip1, p27Kip1 and GApDH. (B) Densitometry was performed on the levels of cyclins e1 and e2, and normalized to 
expression of GApDH. (C) Linear regression identified a negative correlation between the expression of cyclin e1 and cyclin e2 (y = −1.0426× + 22.999, 
R2 = 0.4591; p < 0.0648). (D) t-47D cells were synchronized with HU, released into the cell cycle, and matched lysates and flow cytometry samples 
collected 0–15h post-release. Lysates were immunoblotted as indicated, and densitometry performed on cyclin e1 and e2 expression normalized to 
GApDH expression. Cell cycle distribution was analyzed by propidium iodide staining. Data are from duplicate experiments and error bars represent 
range between replicates. (E) MCF-7 cells in G0/G1 phase (ICI 182780 arrest) and early S phase (estrogen stimulated) were analyzed for DNA content by 
propidium iodide staining (pI) and expression of cyclins e1 and e2 by flow cytometry.
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ovarian cancer cell line SkOV3 and colon cancer 
cell line LoVo.21 In SkOV3 cells, cyclin E1 was 
generally expressed at higher levels during S phase 
than in G

1
 (Fig. 5A). However, in other ovarian 

cancer cell lines, Igrov-1 or A2780, cyclin E1 was 
highest during G

1
 phase and decreased in expres-

sion during S phase (Fig. 5A and B, representa-
tive plots of A2780 shown). The highest levels of 
cyclin E2 expression were observed during S phase 
irrespective of Fbw7 mutation (Fig. 5A and B). We 
observed similar expression patterns when compar-
ing Fbw7 mutant LoVo cells to other colon can-
cer cell lines HCT116 and SW480 (Fig. 5B): the 
expression of cyclin E2 was higher in S phase in all 
the cell lines whether or not they expressed active 
Fbw7. Thus while Fbw7 drives cyclin E1 turnover 
during S phase, it is not responsible for the majority 
of proteosome-mediated turnover of cyclin E2 in 
cancer cells.

Both cyclin E1 and E2 are E2F target genes, 
which promote peak mRNA transcription at G

1
/S. 

However there are some reports of independent 
regulation of cyclin E2 mRNA by other tran-
scription factors,15 and these could possibly con-
tribute to cyclin E2 protein expression in S phase. 
We therefore investigated whether cyclin E1 and 
E2 expressed under a constitutive promoter also 
displayed differences in regulation of protein 
abundance. Fbw7 recognizes cyclin E1 once it is 
phosphorylated at T74, T395 and S399, the muta-
tion of these sites prevents Fbw7 mediated degra-
dation, and these sites are conserved in cyclin E2.22 
Consequently we also investigated the role of these 
residues in the turnover of exogenous protein. Using 
the pMSCV vector, we stably overexpressed native 
cyclins and non-phosphorylatable mutants: T395A/
S399A of cyclin E1 (designated cyclin E1 AA), and 

T392A/S396A of cyclin E2 (designated cyclin E2 

Figure 2. Cyclin e2 is expressed in S phase in a panel 
of cancer cell lines, but not normal cell lines. (A) Fixed 
cells were immunoprobed for either cyclin e1 or e2, 
counterstained with pI and analyzed by flow cytometry. 
Representative examples of three cell lines are shown. 
(B) S/G1 phase ratio of expression of cyclin e1 and e2 was 
quantitated by calculating the ratio of intensity of the 
geometric mean of expression of each cyclin in S phase 
to the geometric mean of intensity of expression in G1 
phase and determined across a panel of immortalized 
and breast cancer cell lines. error bars represent range 
between replicates. Data are pooled from, or are rep-
resentative examples of, duplicate data sets. (C) expo-
nentially growing cells were stained with pI and sorted 
into six contiguous fractions of the cell cycle accord-
ing to DNA content, representative example of Bt-20 
cells shown. (D) MCF-10A, MCF-7 and Bt-20 cells were 
sorted as in (C), and 25,000 cells from each fraction was 
prepared in sample buffer and separated by SDS-pAGe, 
followed by western blotting with the antibodies shown.
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Figure 3. Cyclin e1 and e2 are expressed in different cell subsets in breast cancer cells. (A and B) Confocal images of (A) breast cancer cells (MCF-7 and 
t-47D) and (B) immortalized (MCF-10A) or normal (HMeC184) immunoprobed with cyclin e1 (red) or cyclin e2 (green), and counterstained with topro3 
(blue, nuclei). Fixed cells were analyzed in parallel by flow cytometry for cyclin e1 and e2 levels (right). (C) t-47D cells were pulsed with 20μM BrdU, 
immunostained for BrdU, cyclin e1 and cyclin e2, and counterstained with topro3. White arrows indicate cyclin e1 or cyclin e2 high cells, where high 
cyclin e2 expression coincides with high BrdU, but high cyclin e1 expression coincides with low BrdU. Scale bars are 20 μm.

AA) (Fig. 6A). Cells expressing wild-type and mutant proteins 
were treated with Fbw7 siRNA. Cyclin E1 wild-type protein was 
stabilized by Fbw7 siRNA, whereas cyclin E1 AA protein was not 
stabilized, consistent with Fbw7-dependent targeting of cyclin E1 
(Fig. 6B and C). In contrast neither cyclin E2 wild-type nor E2 

AA protein were upregulated by Fbw7 siRNA, and neither pro-
tein varied in expression with siRNA treatment. This confirmed 
that Fbw7 is not efficiently targeting cyclin E2 in cancer cells, 
and demonstrated that our previous results were not due to dif-
ferences in endogenous transcription.
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Figure 4. For figure legend, see page 602.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

602 Cell Cycle Volume 12 Issue 4

Discussion

Distinct regulation of cyclins E1 and E2 in cancer cells. Here 
we present the first evidence for distinct post-transcriptional reg-
ulation of cyclin E1 and E2 in cancer cells. Cyclin E2 expression 
is sustained during the S phase of cancer cells, and altered target-
ing by SCFFbw7 contributes to this increased S phase expression. 
This ultimately results in the discordant expression of cyclins E1 
and E2, and expression in distinct subsets of cells. This observa-
tion is of broad significance, as it occurs in cell lines derived from 
breast, ovarian and colon cancers.

Deregulation of the periodic expression of cyclin E1 is well-
established as a potent inducer of numerous cellular defects, 
including proliferative abnormalities10 and genomic instability.7 
This deregulation frequently lies downstream of alteration or 
mutation of Fbw7, but may also be driven by aberrant CDK2 
activity23 and through the activity of other proteins such as Ras,24 
p21Waf1/Cip1,25 Pin126 and Artemis.27 We observed that the inac-
tivation of cyclin E2 phosphorylation sites via alanine substitu-
tion does not increase its stability in cancer cells, unlike similarly 
mutated cyclin E1. Thus altered phosphorylation is not likely to 
be the cause of failed targeting by Fbw7. Unfortunately, suitable 
antibodies are not available to investigate the relative phosphory-
lation of cyclin E1 and cyclin E2 in cancer cell lines, and this 
remains an unresolved question.

Cyclin E1 is expressed at high levels in multiple cancer types 
and drives tumorigenesis autonomously in mouse models, albeit 
with long latency.1 Cyclin E2, while less thoroughly character-
ized than cyclin E1 in the context of cancer, has been identified 
as a candidate mammary oncogene in an MMTV insertional 
screen,28 and cyclin E2 mRNA is detected at high levels, indepen-
dently of cyclin E1 mRNA, in various malignancies.15 Cyclin E1 
and cyclin E2 mRNAs act as an independent prognostic indica-
tor for overall and metastasis-free survival in breast cancer,29 and 
cyclin E2 repeatedly features in signatures of poor prognosis of 
breast cancer that do not include cyclin E1.30-32 Overall these data 
imply a difference in mRNA expression of cyclins E1 and E2 that 
is particular to cancer cells, and point to differences in function.

Cyclin E1 protein is overexpressed in about 30% of all breast 
cancers,33 but our data indicate that this will not be representative 
of cyclin E2 expression. Not only may cyclin E2 be under distinct 
transcriptional control,15 we have shown that it is under differ-
ent degradative control in cancer cells, and total cyclin E expres-
sion will not be represented by cyclin E1 alone. These data have 
implications for the use of cyclin E1 as a biomarker for “cyclin E” 

Figure 4 (See previous page). Cyclin e1 and e2 are differentially regulated by Fbw7 in cancer cell lines, but not normal cell lines. (A) t-47D cells were 
transfected with Fbw7 and control siRNAs for 48 h, or treated with 8 μM MG132. Lysates were analyzed for Fbw7, CCNe1 and CCNe2 mRNA expres-
sion, and (B and C) immunoblotted for cyclin e1 and e2 expression and quantitated by densitometry with normalization to GApDH. (D) Fixed cells 
were further immunoprobed for either cyclin e1 or e2, counterstained with pI, and analyzed by flow cytometry. the geometric mean of intensity of 
expression of cyclin e1 and e2 was quantitated at distinct positions in S phase as identified by pI staining, as indicated in Figure 2C. Data were pooled 
for control [mock, non-targeting (Nt) pool, Nt1] and Fbw7 siRNA (pool, #8, #9, #10) from quadruplicate experiments and error bars represent S.e.M. 
(E–H) HMeC184 cells were transfected with pooled Fbw7 siRNA, Fbw7 siRNA #8, and control treatments (mock, Nt pool, Nt1). (E) Lysates were analyzed 
by qRt-pCR for Fbw7, CCNe1 or CCNe2 mRNA. (F and G) Lysates were immunoblotted for cyclin e1 and e2 expression and quantitated by densitom-
etry with normalization to GApDH. (H) Fixed cells were further immunoprobed with antibodies to either cyclin e1 or cyclin e2, counterstained with pI 
and analyzed by flow cytometry. the geometric mean of intensity of expression of cyclin e1 and e2 was quantitated at distinct positions in S phase as 
identified by pI staining. Data are pooled from duplicate experiments and error bars represent range between replicates.

Figure 5. Cyclin e2 stability is not affected by mutation of Fbw7 in 
ovarian and colon cancer cell lines. (A) Fixed cells from ovarian cancer 
cell lines A2780 (Fbw7 +/+) and SkoV3 [(Fbw7 dominant-negative (DN)] 
were immunoprobed for either cyclin e1 or e2, counterstained with pI, 
and analyzed by flow cytometry. (B) S/G1 phase ratio of expression of 
cyclin e1 and e2 in cell lines with wild-type (+) or dominant-negative 
(DN) Fbw7. Skov3 (ovarian) and LoVo (colon) cell lines were compared 
with other ovarian (A2780, IGRoV-1) and colon (HCt116, SW480) cancer 
cell lines. Data are pooled from duplicate experiments and error bars 
represent range between replicates. Statistical analysis was performed 
using two-tailed t-tests, ** = p < 0.005, * = p < 0.05.
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from ATCC and cultured in RPMI 1640, 5–10% fetal calf 
serum (FCS) and insulin (10 μg/ml). LoVo cells were cul-
tured in F-12 Kaighn’s (Gibco) with 10% FCS.

Cyclin E1 (CycE1:IOH27850) and cyclin E2 (CycE2: 
IOH43526) (Invitrogen) were recombined into pMIG-GW-
V539 and retrovirus generated and infected into T-47D/EcoR 
cells as described.38 Site-directed mutagenesis was performed 
as previously described.39 Subpopulations with graded expres-
sion of GFP and cyclin proteins were separated by sterile 
FACS.

Synchronization/drug treatments. Cells were synchro-
nized with 1 mM HU (Merck) treatment for 40 h, washed 
twice with PBS, and fresh media added. Seventy min post-
removal of HU, cells were pulsed with 20 μM BrdU (Sigma) 
for 15 min, followed by washing twice with PBS before add-
ing fresh media.

MCF-7 cells were synchronized at G
0
/G

1
 with the anti-

estrogen ICI 182780 1 × 10−8 M (Selleck Chemicals) for 48 
h as described.40 Proliferation was induced with 1 × 10−7 M 
17β-estradiol (3,17K-Dihydroxy-1,3,5(10)-estratriene).

Proteosomal inhibition was performed using 8 μM 
MG132 (carbobenzoxy-L-leucyl-L-leucyl-L-leucinal, 
Calbiochem), CDK2 inhibitor Roscovitine (Sigma) at 7 μM 
final concentration, and DMSO was applied to control cul-
tures at the same concentration.

Immunoblotting. Protein lysates were harvested as 
described,41 and 10–30 μg of lysate were separated using 
NuPage polyacrylamide gels (Invitrogen) prior to transfer 
to PVDF membranes. Antibodies, chemiluminescence and 
densitometry are as described.42

qRT-PCR analysis. Total RNA was extracted using the 
RNeasy Minikit (Qiagen) and processed with the Reverse 
Transcription System (Promega). qRT-PCR was performed 
on an ABI Prism 7900HT (Applied Biosystems, Invitrogen) 
using gene expression assays cyclin E1-Hs00180319_m1, 
cyclin E2-Hs00180319_m1, Fbw7-Hs00217794_m1, 
p107-Hs00765713_m1 and human RPLP0-4326314E (Applied 
Biosystems). All reactions were performed as described.42

Flow cytometry. Expression of cyclins E1 and E2 was 
assessed by flow cytometry as described.43 Cells were incu-
bated overnight at 4°C with antibodies to the E-cyclins (E1: 
EP435E or E2: EP454Y, Epitomics) followed by 1 h incuba-

tion at room temperature with secondary antibodies (allophyco-
cyanin conjugated goat anti-mouse, fluorescein 5-isothiocyanate 
conjugated goat anti-rabbit, Jackson Immunoresearch), co-stained 
with 10 μg/mL PI (Sigma) for 2–5 h, and incubated with 50 
μg/mL RNase A (Sigma). Flow cytometry was performed on a 
FACSCanto (BD Biosciences). Specific staining of cyclin E1 and 
E2 was validated using alternative antibodies (HE-12, Santa Cruz; 
#4132, Cell Signaling) and isotype specific controls. Data were 
analyzed using FlowJo,44 where signal intensity was calculated by 
obtaining the geometric mean signal per cell in gated regions.45,46

Cell sorting. Exponentially proliferating cells (1.5 × 107) were 
fixed and stained as described for flow cytometry analysis. Cells 
were separated using a 0.45 μM filter and sorted into six contigu-
ous windows of propidium iodide fluorescence using an Influx 

activity, and indicate that “cyclin E” is high in a greater propor-
tion of cancers than previously determined. “Cyclin E” expres-
sion is also a potential therapeutic target in cancer cells through 
the use of CDK inhibitors and cyclin E1 siRNA therapy.20,34-36 
Applying CDK inhibitors to only cyclin E1 high tumors may 
limit their potential application, and the use of cyclin E1 specific 
therapy such as siRNAs would limit the efficacy of anti-cyclin E 
therapy and could potentially provide a pathway to resistance.

Materials and Methods

Cell culture. Cell lines were obtained and cultured as previously 
described,37 and HEK293 cells cultured in DMEM F-12 (10% 
fetal calf serum). T-47D/EcoR cells were derived as described.38 
A2780, IGROV-1, HCT116 and SW480 cell lines were obtained 

Figure 6. Cyclin e2 stability is not affected by mutation of Fbw7-recognition 
sites in cancer cell lines. (A) Schematic of cyclin e1 and cyclin e2, and posi-
tion of phosphorylation sites and serine/threonine to alanine substitutions. 
(B) t-47D cells overexpressing cyclin e1 (wt), cyclin e1 t395A/S399A (AA), 
cyclin e2 (wt) or cyclin e2 t392A/S396A (AA) were transfected with Fbw7 
and control siRNAs. Lysates collected at 72 h were immunoblotted for cy-
clin e1 and e2, and β-actin. (C) Levels of cyclins e1 and e2 were quantitated 
by densitometry normalized to β-actin.
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2000 (Invitrogen) for 24–72 h. The following siRNAs were used: 
Fbxw7 (J-004264-07-10), siControl Pool (D-001810-10), siCon-
trol individual siRNAs (D-001810-1-4) and mock transfection.

Disclosure of Potential Conflicts of Interest

The authors declare that they have no conflicts of interest and do 
not need to make any financial disclosures.

Acknowledgments

The authors thank Dr Will Hughes for his assistance with live 
cell microscopy, and the MLC Flow Cytometry Facility for 
assistance with cell sorting. This research was supported by the 
National Health and Medical Research Council of Australia 
(481307, 535903, 427601), the Cancer Institute NSW (07/
CDF/1-28, 11/CDF/3-26, 09/RIG/1-18), the Australian Cancer 
Research Foundation (ACRF Unit for the Molecular Genetics of 
Cancer), the Petre Foundation, and the RT Hall Trust. C.E.C. is 
a National Breast Cancer Foundation and Cure Cancer Australia 
Fellow and is supported by the Young Garvan Foundation. 
R.L.S. was a NHMRC Senior Principal Research Fellow. E.A.M. 
is a Cancer Institute NSW Career Development Fellow.

flow cytometer (BD Biosciences), as described.47 25,000 cells 
from each sorted fraction were solubilized with 1× PAGE sample 
buffer before analysis by western blotting as described.48

Immunofluorescence and microscopy. Cells were fixed with 
4% PFA/PBS for 20 min at room temperature, and post-fixed 
with methanol at −20°C for 20 min. Alternatively cells were fixed 
in methanol at −20°C for 20 min. Samples were blocked with 1% 
BSA/PBS, incubated with primary antibodies at 1:100 for 1h, 
followed by 1h with secondary antibodies and ToPro3/DAPI as 
DNA counterstains (Jackson ImmunoResearch). For BrdU co-
staining, cells were pulsed with BrdU for 30 min followed by 
methanol fixation. Slides were fixed for 5 min in 4% PFA/PBS 
after staining with primary and secondary antibodies, denatured 
with 1.5M HCl for 10 min at 37°C, and blocked and incubated 
with anti-BrdU (BD Biosciences).

Confocal microscopy was performed on a Leica DMRBE or 
DMIRE2 microscope (63×/100× PL APO oil objectives). Images 
were processed with Adobe Photoshop, and adjusted for optimal 
brightness/contrast.

siRNA transfection. siRNAs were purchased from 
Dharmacon and transfected at 2–100 nM using Lipofectamine 
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