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Abstract
In tumors, alternative translation and posttranslational proteolytic cleavage of full-length cyclin E
(EL) produces tumorigenic low molecular weight cyclin E (LMW-E) isoforms that lack a portion of
the EL amino-terminus containing a nuclear localization sequence. Therefore, we hypothesized that
LMW-E isoforms have altered subcellular localization. To explore our hypothesis, we compared EL
versus LMW-E localization in cell lysates and in vivo using fractionation and protein
complementation assays. Our results reveal that LMW-E isoforms preferentially accumulate in the
cytoplasm where they bind the cyclin E kinase partner, cyclin-dependent kinase 2 (Cdk2), and have
associated kinase activity. The nuclear ubiquitin ligase Fbw7 targets Cdk2-bound cyclin E for
degradation; thus, we examined if altered subcellular localization affected LMW-E degradation. We
found that cytoplasmic LMW-E/Cdk2 was less susceptible to Fbw7-mediated degradation. One
implication of our findings is that altered LMW-E and LMW-E/Cdk2 subcellular localization may
lead to aberrant LMW-E protein interactions, regulation, and activity, ultimately contributing to
LMW-E tumorigenicity.

Introduction
Cyclin E is a protein that regulates the cell cycle by promoting G1-S transition and regulating
S phase progression (1). As a consequence, cyclin E accumulation is tightly regulated to prevent
constitutive cyclin E activity, which can lead to genomic instability and tumorigenesis (2).
Deregulation of cyclin E can result from gene amplification (3-6), enhanced gene transcription
(7-9), increased protein stability (10-13), and the generation of low molecular weight cyclin E
(LMW-E) isoforms (14-16).

LMW-E isoforms, which range in size from 33 to 45 kDa, are generated from NH2-terminal
elastase cleavage of 50 kDa, EL protein at amino acids Q40-E45 or A69-D70, or from
alternative translation of cyclin E at M46 (16). LMW-E accumulation is tumor specific and
these isoforms have been found in multiple tumor types including breast, ovarian and colorectal
cancers, and melanomas (5,17-20). Furthermore, LMW-E proteins are strong correlative
biomarkers in breast and ovarian cancer (20,21).

Requests for reprints: Khandan Keyomarsi, The University of Texas at M. D. Anderson Cancer Center, Unit-0066, 1515 Holcombe
Boulevard, Houston, TX 77030. Phone: 713-792-4845; Fax: 713-794-5369; E-mail: E-mail: kkeyomar@mdanderson.org..
Note: Supplementary data for this article are available at Cancer Research Online (http://cancerres.aacrjournals.org/).
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

NIH Public Access
Author Manuscript
Cancer Res. Author manuscript; available in PMC 2010 April 1.

Published in final edited form as:
Cancer Res. 2009 April 1; 69(7): 2817–2825. doi:10.1158/0008-5472.CAN-08-4182.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://cancerres.aacrjournals.org/


LMW-E isoforms have a more profound effect on cell cycle deregulation than full-length cyclin
E (EL; refs. 16,18,19,22-24), and transgenic mice expressing LMW-E isoforms have more
mammary tumor development and metastasis than EL transgenic mice (25). Thus, LMW-E
isoforms seem more aggressive than EL in cell cycle abrogation and mammary tumor initiation
and maintenance. However, the mechanisms governing LMW-E regulation and function
remain unclear.

One approach to uncovering LMW-E regulation and function is to analyze secondary protein
structure, as structural properties can affect localization, protein-protein interactions, and
enzymatic activity. One noted structural difference between EL and LMW-E proteins is the
loss of the canonical NH2-terminal nuclear localization sequence in the LMW-E isoforms.
Thus, we hypothesized that LMW-E isoforms have altered subcellular localization. Using
protein fractionation and protein complementation, we investigated LMW-E subcellular
localization and its effects on LMW-E functional and regulatory protein interactions. Here, we
provide evidence that EL and LMW-E subcellular localization differs, thereby affecting
interaction with the cyclin E coactivator cyclin-dependent kinase 2 (Cdk2). Furthermore,
differential subcellular localization of EL/Cdk2 and LMW-E/Cdk2 complexes influences their
respective proteasomal regulation.

Materials and Methods
Cell culture conditions/treatments

Cancer cells and 293T human embryonic kidney cells were cultured in α-MEM and D-MEM
media (Hyclone), respectively, supplemented with 10% fetal bovine serum (FBS; Atlanta
Biological). Immortalized human mammary epithelial cells were cultured in D-media (26)
composed of 1/2 HQ Ham's/F-12K (Hyclone) and 1/2 α-MEM supplemented with 1% FBS.
Cycloheximide-treated cells were incubated in growth media containing cycloheximide before
harvesting. Cells were maintained in a 37°C, 6.5% CO2 growth chamber.

Plasmids/transfections
To generate cyclin E-IFPN vectors, EL-, T1-, and T2-FLAG sequences (14) were directionally
subcloned into the IFPN (VYF099) protein complementation vector (27) using 5′ Hind III and
3′ Cla I restriction sites. Cdk2 cDNA sequence was fused to IFPC (VYF102; ref. 27) using 5′
Cla I and 3′ Hind III restriction sites. Primer sequences (Integrated DNA Technologies) used
for subcloning are as follows, restriction sites are italicized: EL-Flag: sense primer, 5′
GGAAGCTTATGCCGAGGGAGCGCAGGGA3′; antisense primer, 5′
AAGGACGACGATGACAAGATCGATCC3′; T1-Flag: sense primer, 5′
GGAAGCTTATGGATCCAGATGAAGAAA3′; antisense primer, 5′
AAGGACGACGATGACAAGATCGATCC3′; T2-Flag: sense primer, 5′
GGAAGCTTATGGCAGTCTGTGCAGACC3′, antisense primer, 5′
AAGGACGACGATGACAAGATCGATCC3′; Cdk2: sense primer, 5′
GGATCGATATGGAGAACTTCCAAAAGGTGG; antisense primer, 5′
GTACCCATCTTCGACTCTGAAAGCTTCC3′. Intensely fluorescent protein (IFP) cloning
vectors and IFPN-AKT1 and PDK1-IFPC vectors were provided from Gordon Mills (27).
FLAG-Fbw7 vectors were provided from Wade Harper (28). pCDNA3.1 (Invitrogen) was an
empty vector control. To determine transfection efficiency, TRE-luciferase plasmid was
cotransfected and luciferase activity measured using the Luciferase Assay II Reagent
(Promega). Cell transfections were performed using Gene Juice Transfection Reagent
(Novagen) and analyzed 24 to 72 h posttransfection.
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Protein isolation
Cyclin E (EL, T1, or T2)-IFPN and IFPC-Cdk2 fusion proteins were generated in vitro using
the Promega TnT Quick Coupled Transcription/Translation System. NP40 lysis buffer was
used to extract total protein from whole cell lysates. Cell fractionation: Pelleted cells were
resuspended in buffer A [20 mmol/L Hepes (pH 7.9), 10 mmol/L KCl, 2.5 mmol/L MgCl, 1
mmol/L EDTA, 1 mmol/L DTT, 0.2% NP40, and protease inhibitors], incubated on ice for 5
min, and centrifuged at 14,000 rpm, 4°C for 1 min. The supernatant is the soluble cytoplasmic
fraction. The pellet was resuspended in buffer B (buffer A, 20% glycerol, 20 mmol/L NaCl),
incubated on ice for 30 min, and centrifuged at 14,000 rpm, 4°C for 20 min. The supernatant
is the soluble nuclear fraction.

Western blot analysis
Western blot analysis was performed as described (14). Primary antibodies used were as
follows: cyclin E HE-12 (Santa Cruz Biochemicals), Cdk2 (Transduction Laboratories), GFP
(Abcam), growth factor receptor binding protein 2 (BD Transduction), parp (Cell Signaling),
and vinculin (Sigma). ImageQuant TL v2005 software (Amersham Biosciences) was used for
densitometry.

Histone HI kinase
Cyclin E-associated kinase activity was assayed as described (14).

Microscopy
To determine the percentage of cells with nuclear or cytoplasmic/perinuclear IFP fluorescence,
fluorescent interphase cells were counted in 5 to 10 microscopic fields per biological replicate.
Cells expressing IFP in both the nucleus and cytoplasm were tallied as a positive for each
subcellular compartment. Images were captured using ×10 or ×20 objectives on a Leica
DM4000B fluorescent microscope (Leica Microsystems) with a RT KE/SE SPOT camera
(Diagnostics Instruments, Inc.). The SPOT 4.6 software (Diagnostic Instruments, Inc.) was
used to process the images.

Statistical analysis
Results shown as mean ± SD were compared by the Student's t test with a significant P value
level of <0.05. The nonparametric Spearman correlation was used to quantify the relationship
between protein expression and kinase activity.

Results
LMW-E isoforms preferentially accumulate in the cytoplasm

The LMW-E isoforms lack the first 40, 45, or 70 amino acids of EL (16). EL contains a
canonical nuclear localization sequence, RSRKRK (29), located at amino acids 27 to 32, which
prompted us to investigate LMW-E subcellular localization. We examined cyclin E distribution
in multiple cell lines of normal and tumor origin, including two immortalized human mammary
epithelial cell lines (76NE6 and MCF10A) and in several LMW-E–accumulating breast,
osteosarcoma, and ovarian cancer cell lines. We separated the cell lines into whole cell and
soluble cytoplasmic and nuclear lysates, which were then subjected to Western blot analysis
for cyclin E. As expected, the MCF10A and 76NE6 nontumorigenic cell lines only expressed
EL, whereas tumor cells expressed both EL and LMW-E isoforms (Fig. 1A). However, our
analysis revealed the novel finding that in all of the cancer types assayed, the LMW-E proteins
primarily accumulated in the cytoplasmic fraction (Fig. 1A). To quantify our observation, we
used densitometry to measure LMW-E subcellular accumulation within each subcellular
fraction and calculated the ratio of total LMW-E to EL. In tumor cells, the ratio of total LMW-
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E to EL in the cytoplasm was consistently greater than the ratio of total LMW-E to EL in the
nucleus (Fig. 1A, graph). In fact, LMW-E isoforms were only detected in the cytoplasmic
fraction of Her18 cells (Fig. 1A, graph). Furthermore, the ratio of total LMW-E to EL in the
cytoplasmic fraction of MDA-MB-157, U2OS, IGROV, FUOV1, and OVCAR3 cell lines
were, respectively, 4.2, 5.6, 4.2, 2.5, and 2.3 times greater than that of the LMW-E/EL ratio in
the nuclear fraction (Fig. 1A, graph). Thus, LMW-E isoforms, which are tumor specific, show
a marked subcellular localization to the cytoplasm.

Cdk2 is the primary cyclin E coactivator (30). We previously reported that LMW-E proteins
also bind Cdk2 (16,22,24). Because most LMW-E protein is cytoplasmic, we wanted to
examine the subcellular localization of Cdk2. Western blot analysis showed that Cdk2 protein
accumulates in both the cytoplasmic and nuclear fractions (Fig. 1A), suggesting that LMW-E
isoforms might form complexes with Cdk2 in the cytoplasm.

Cytoplasmic cyclin E has associated kinase activity
Cyclin EL/Cdk2 complexes localize to the nucleus to phosphorylate target proteins (1).
However, LMW-E proteins, which are found primarily in the cytoplasm (Fig. 1A), also have
associated kinase activity in whole cell extracts (14,16,22,24). This prompted us to investigate
if cytoplasmic cyclin E has associated kinase activity in tumor cells that accumulate LMW-E
isoforms. We immunoprecipitated cyclin E immune complexes from cytoplasmic lysates of
76NE6 normal immortalized cells and breast, ovarian, and osteosarcoma cancer cells and
assayed the cyclin E immune complexes for kinase activity in vitro using histone H1 as a
substrate. The Western blot in Fig. 1B shows the relative levels of cytoplasmic LMW-E and/
or EL protein present in each cell line. Histone H1 phosphorylation was higher in all tumor
cell lines, which accumulate both EL and LMW-E protein, compared with 76NE6 cells, which
only accumulate EL (Fig. 1B, bottom). We used densitometry to quantify the total cyclin E
protein levels (EL and LMW-E) and cyclin E–associated kinase activity in the nontumorigenic
and tumor cells (Fig. 1B, bar graphs). Correlative analysis of these results revealed that there
is a positive correlation (R2 = 0.807; P = 0.0060) between cyclin E protein levels and cyclin
E–associated kinase activity (Fig. 1B, line graph). Thus, our results suggest that cytoplasmic
cyclin E, including the LMW-E isoforms, form active kinase complexes in the cytoplasm.

Protein complementation assay as a tool to examine cyclin E/Cdk2 subcellular localization
Based on our subcellular fractionation and kinase data, we hypothesized that the kinase activity
associated with LMW-E proteins in the cytoplasm is through its interaction with Cdk2. To
directly address this question, we used protein complementation technology, which unlike
immunoprecipitation and immunoblotting, is not limited by input protein concentration and
antibody efficacy. Furthermore, by using protein complementation, the formation and
localization of cyclin E/Cdk2 interaction can be observed in vivo for each specific cyclin E
isoform.

We used the IFP complementation method (27). IFP is an improved variant of green fluorescent
protein (31) that has been rationally fragmented into NH2 terminus (IFPN) and COOH terminus
(IFPC) peptides (32). When proteins fused to the IFPN and IFPC peptides interact, the IFP
fragments are brought into proximity and emit green fluorescence, thereby enabling
visualization of the localization of protein-protein interactions in vivo (32). Supplementary Fig.
S1A shows a schematic of the cyclin E and Cdk2 protein complementation constructs used in
this study, which we show make fusion proteins (Supplementary Fig. S1B) and interact to form
functionally active complexes (Supplementary Fig. S1C).
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LMW-E isoforms bind to Cdk2 in the cytoplasm, perinuclear membrane, and nucleus
To determine the localization of cyclin E-IFPN/IFPC-Cdk2 complexes in vivo, we coexpressed
the fusion proteins in mammalian cells and observed IFP green fluorescence using microscopy
as depicted (Fig. 2A). We coexpressed the cyclin E-IFPN and IFPC-Cdk2 fusion proteins in
293T cells as proof-of-principal and in MCF7, Her18, and MDA-MB-436 breast cancer cells,
which can readily be transfected and also represent a range of physiologically relevant breast
cancer cell lines. MCF7 and Her18 (MCF7-derived, Her2 overexpressing) cells are p53, Rb,
and estrogen receptor positive, whereas MDA-MB-436 cells are p53, Rb, and estrogen receptor
negative (33). In addition, unlike MCF7 cells, Her18 (Fig. 1A) and MDA-MB-436 cells
accumulate LMW-E protein (34).

Upon cotransfection, we found that in each cell line, EL-IFPN and IFPC-Cdk2 bound together
and emitted green fluorescence at interphase nuclei (Fig. 2B). EL-IFPN/IFPC-Cdk2
localization served as a positive control for the IFP protein complementation method because
cyclin E/Cdk2 nuclear localization has been previously reported (35). To examine whether the
fluorescence observed for cyclin E-IFPN/IFPC-Cdk2 was specifically due to cyclin E/Cdk2
binding, we used four different approaches. First, we compared the localization patterns of EL-
IFPN/IFPC-Cdk2 and previously reported IFPN-AKT1/PDK1-IFPC (27). Results revealed
that the localization patterns for these two sets of fusion proteins are distinct (Supplementary
Fig. S2), suggesting that the IFP fragments are not influencing localization and that the patterns
we see indeed represent the localization of endogenous cyclin E/Cdk2 interaction. Second, we
cotransfected 293T cells with EL-IFPN and PDK1-IFPC, which does not reportedly bind cyclin
E, and found only minimal nonspecific fluorescence (Supplementary Fig. S2). Third, we
cotransfected 293T cells with the IFP cloning vectors and, again, observed negligible
fluorescence (Supplementary Fig. S2). Finally, expression of any one of the IFP cloning vectors
or fusion proteins alone did not produce fluorescence (data not shown). Taken together, these
data suggest that the IFP localization patterns displayed in cells coexpressing cyclin E-IFPN
and IFPC-Cdk2 are specific to cyclin E binding to Cdk2.

Despite lack of the nuclear localization sequence in T1 and T2, T1-IFPN/IFPC-Cdk2 and T2-
IFPN/IFPC-Cdk2 complexes also localized to interphase nuclei (Fig. 2B). We observed nuclear
localization even at 10-fold lower plasmid concentrations (data not shown), suggesting that
T1- and T2-IFPN/IFPC-Cdk2 nuclear localization was not due nonspecifically to
overexpression. However, unlike EL-IFPN/IFPC-Cdk2, T1- and T2-IFPN/IFPCCdk2
complexes were also readily detectable in the cytoplasm and at the perinuclear membrane of
interphase cells (Fig. 2B). Thus, the protein complementation results imply that the endogenous
cytoplasmic LMW-E isoforms we detect by Western blot may indeed form complexes with
Cdk2 in the cytoplasm.

Given the LMW-E proteins accumulate in the cytoplasm (Fig. 1A), we were interested in
whether the T1- or T2-IFPN/IFPC-Cdk2 complexes might also favor cytoplasmic localization.
Therefore, we calculated the percentage of interphase cells emitting IFP fluorescence in the
cytoplasm and/or perinuclear membrane versus those cells emitting fluorescence in the
nucleus. We performed these experiments using 293T cells because of their high transfection
efficiency. Fluorescent EL-IFPN/IFPC-Cdk2–expressing cells showed IFP signal almost
exclusively in the nucleus of interphase cells (P < 0.0001; Fig. 2C). On the other hand, the T1-
and T2-IFPN/Cdk2–expressing cells emitted fluorescence in the cytoplasm/perinuclear
membrane nearly twice more often than in the nucleus (P < 0.05 and P < 0.01; Fig. 2C). Thus,
whereas ELIFPN/IFPC-Cdk2 complexes preferentially localize to the nucleus, T1- and T2-
IFPN/IFPC-Cdk2 complexes preferentially localize to the cytoplasm and/or perinuclear
membrane.
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These protein complementation results correlate with endogenous LMW-E subcellular
distribution and suggest that LMW-E localization affects the formation and localization of
LMW-E protein interactions. To investigate whether LMW-E subcellular distribution might
also affect its regulation, we compared EL and LMW-E proteasomal degradation.

LMW-E isoforms are susceptible to proteasomal degradation
Cyclin E proteasomal degradation is regulated, in part, by its subcellular localization and
interaction with Cdk2. For example, cyclin E/Cdk2 complexes reside in the nucleus (35) where
they are targeted for ubiquitination by the nuclear isoforms of the E3 ubiquitin ligase, Fbw7
(36,37).

Fbw7-mediated proteasomal degradation of cyclin E requires that Cdk2 bind and phosphorylate
cyclin E (38). Given that cyclin E/Cdk2 resides in the nucleus (Fig. 2B; ref. 35), it is not
surprising that the nuclear Fbw7α and Fbw7γ isoforms target cyclin E, whereas cytoplasmic
Fbw7β is not required for cyclin E degradation (36). However, because our results suggest that
in cancer cells, LMW-E/Cdk2 favors nonnuclear accumulation (Fig. 2C), we questioned if
LMW-E isoforms would be susceptible to Fbw7-mediated degradation. To begin to address
this question, we analyzed the effect of Fbw7α and -γ on T1- and T2-IFPN protein levels. We
cotransfected MDA-MB-436 breast cancer cells with EL-, T1-, or T2-IFPN and IFPC-Cdk2
plasmids in the absence or presence of Fbw7α or -γ expression vectors. Our vector transfections
were efficient as measured by the luciferase activity of a cotransfected TRE-luciferase plasmid
(Fig. 3A, bar graph). Cells were collected 48 hours after transfection and whole cell lysates
were analyzed by Western blot for cyclin E accumulation. The results revealed that EL-, T1-,
and T2-IFPN protein levels were significantly reduced in the presence of Fbw7 (Fig. 3A),
suggesting that Fbw7 does in fact regulate both EL and LMW-E protein stability.

To confirm the proteasomal regulation of endogenous LMW-E, we treated cells with
cycloheximide, which blocks new protein synthesis thereby allowing us to determine the
degradation rate of existing cyclin E protein. To directly compare the stability of each cyclin
E isoform, we used MDA-MB-157 breast and FUOV1 ovarian cancer cell lines. MCF10A
normal immortalized cells served as a nontumorigenic control for experimental efficacy. These
three different cell lines were treated with different but equitoxic doses of cycloheximide, as
there is normal/tumor differential sensitivity to cycloheximide. After treatment of cells with
cycloheximide, cytoplasmic and nuclear lysates were isolated and analyzed by Western blot
for cyclin E (Fig. 3B) and quantified for degradation rate and half-life using densitometry (Fig.
3C). The results showed that EL levels were reduced in the cycloheximide-treated
nontumorigenic and cancer cells (Fig. 3B and C). LMW-E levels also declined in the
cycloheximide-treated cancer cells and seemed slightly less stable than EL (Fig. 3B and C).
Thus, our data indicate that like EL, endogenous LMW-E isoforms are susceptible to
degradation by the proteasome in cancer cells.

Cytoplasmic LMW-E/Cdk2 complexes have reduced sensitivity to Fbw7-mediated
degradation

Although LMW-E proteins (i.e., T1 and T2) are sensitive to Fbw7-mediated proteasomal
degradation, we questioned how Fbw7-mediated degradation affects subcellular distribution
of LMW-E/Cdk2 complexes. This is an important question because LMW-E tumorigenic
potential is not expected to exclusively correlate with its protein levels, but other properties as
well, such as its spatial and temporal localization and biochemical interaction with other
proteins. To determine the effect of Fbw7-mediated degradation on cyclin E subcellular
distribution, we used the protein complementation assay to examine the effect of Fbw7 on
cyclin E-IFPN/IFPC-Cdk2 localization using fluorescence microscopy. We coexpressed cyclin
E-IFPN (EL, T1, or T2) and IFPC-Cdk2 in 293T cells in the absence or presence of Fbw7α or
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-γ and analyzed the cells 24 hours after transfection. Representative images of the cotransfected
cells are shown in Fig. 4A. In the absence of Fbw7, cyclin E and Cdk2 IFP fusion proteins
formed numerous and intense fluorescent complexes (Fig. 4A, empty vector). In the presence
of Fbw7α or Fbw7γ, cyclin E-IFPN/IFPC-Cdk2 fluorescent signal was significantly reduced
(Fig. 4A). Fluorescence activated cell sorting (FACS) was then used to quantify cyclin E-IFPN/
IFPC-Cdk2 IFP signal in the absence or presence of Fbw7 (Fig. 4B). The mean fluorescence
(Fig. 4B, top graph) and the normalized percent fluorescence (Fig. 4B, bottom graph) were
quantified. The results revealed that EL-IFPN/IFPC-Cdk2 signal was reduced by 80% and T1-
and T2-IFPC/Cdk2 signal were reduced by 60% in the presence of Fbw7 (Fig. 4B, bottom
graph). T1- and T2-IFPC/Cdk2 mean fluorescence in the control cells was higher than EL-
IFPN/IFPC-Cdk2 (Fig. 4B, top graph), which may explain why Fbw7 had less effect on T1-
and T2-associated IFP signal than that of EL. Nevertheless, our results indicate that Fbw7 can
reduce cyclin E/Cdk2 formation.

To address the effect of Fbw7 on cyclin E-IFPN/IFPC-Cdk2 subcellular distribution, we
examined the localization of these complexes in vivo using microscopy. We discovered a
striking trend for cyclin E-IFPN/Cdk2-IFPN subcellular accumulation in the presence of Fbw7.
Specifically, Fbw7 interfered with nuclear cyclin E-IFPN/IFPC-Cdk2 complex formation
significantly more than cytoplasmic and/or perinuclear complex formation (Fig. 5A). To
quantify our observation, we determined the percentage of cells expressing IFP in the
cytoplasm/perinuclear membrane versus the nucleus in the absence or presence of Fbw7 (Fig.
5B). The total percentages exceeded 100% because any cell that showed signal in both the
cytoplasm/perinuclear membrane and in the nucleus was included in both subcellular
calculations. A graph showing the breakdown of cells expressing IFP signal in the cytoplasmic/
perinuclear membrane, the nucleus, or in both subcellular compartments is shown
(Supplementary Fig. S3). There was an increase in the percentage of cells showing cytoplasmic/
perinuclear IFP signal in the presence of Fbw7 over the absence of Fbw7 for EL-, T1-, and T2-
IFPN/IFPC-Cdk2 (Fig. 5B), resulting in a greater ratio of cytoplasmic/perinuclear to nuclear
IFP expression for each cyclin E-IFPN/IFPC-Cdk2 complex in the presence versus the absence
of Fbw7. In particular, the subcellular distribution of T1- and T2-IFPN/IFPC-Cdk2 complexes
was significantly more stratified toward the cytoplasm in the presence than in the absence of
Fbw7 (P < 0.0001; Fig. 5B). Taken together, these data suggest that tumor cells that accumulate
LMW-E isoforms have acquired a growth advantage due to LMW-E subcellular localization.
In particular, the physiologically relevant nuclear Fbw7 isoforms seem to preferentially target
nuclear cyclin E/Cdk2 complexes and stratify the subcellular distribution of cyclin E/Cdk2
complexes to favor cytoplasmic accumulation.

Discussion
Our findings suggest that the loss of the NH2 terminus affects LMW-E subcellular localization,
the localization of cyclin E–binding proteins, and LMW-E regulation by the proteasome. Thus,
deregulated localization of cyclin E through the generation of LMW-E isoforms may be a
mechanism by which cancer cells alter cyclin E regulation and function, imparting a growth
advantage over normal cells. Indeed, tumor cells have higher cyclin E–associated kinase
activity in the cytoplasm than do normal cells because tumor cells accumulate EL/Cdk2 and
tumor-specific LMW-E/Cdk2 complexes in the cytoplasm. It is important to note that although
preferentially accumulating in the cytoplasm, we also found LMW-E isoforms and LMW-E/
Cdk2 complexes in the nucleus of cancer cells. Previous studies have shown that the nuclear
localization sequence motif of cyclin E is not required for cyclin E nuclear localization (16,
39,40). Furthermore, it is possible that LMW-Es are shuttled into the nucleus via protein-
protein interactions. We are now exploring what additional proteins might interact with LMW-
E isoforms in the cytoplasm and how these proteins may be involved in the tumorigenic process.
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Cyclin E and cyclin E/Cdk2 subcellular localization is not a static process and, in fact, cyclin
E/Cdk2 complexes are known to shuttle between the cytoplasm and nucleus (35). Based on
our results, we propose a model where, in tumor cells, EL and LMW-E proteins have differing
nucleocytoplasmic shuttling dynamics that cause LMW-E/Cdk2 to be imported into the nucleus
at a slower rate and/or exported more efficiently than EL/Cdk2 (Fig. 6). We also propose that
these spatio-temporal differences affect EL and LMW-E proteasomal regulation in cancer cells,
where the physiologically relevant, nuclear-localized Fbw7 isoforms target nuclear cyclin E/
Cdk2 complexes (Fig. 6). Of note, as reported for cyclin E (38,41), we also observed that
ectopic expression of cytoplasmically localized Fbw7β is sufficient to mediate degradation of
EL-, T1-, and T2-IFPN and we found that Fbw7β targets nuclear cyclin E-IFPN/IFPC-Cdk2
complexes (data not shown). Fbw7β and cyclin E can form an immune complex (41); thus, it
is possible that Fbw7β is shuttled into the nucleus to mediate cyclin E degradation via cyclin
E interaction.

In summary, we show that EL and LMW-E isoforms are differentially regulated at the level
of subcellular accumulation in cancer cells. Altered localization of LMW-E and LMW-E/Cdk2
complexes seems to affect the regulation of LMW-E isoforms by cellular regulatory proteins
and has implications for LMW-E function. Thus, it is our goal to further uncover differences
in the mechanisms of EL and LMW-E regulation and function, so that ultimately, we can design
novel treatment strategies for patients that accumulate the tumorigenic LMW-E proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LMW-E isoforms are cytoplasmic
A, normal immortalized mammary epithelial (MCF10A, 76NE6) cell lines and breast (Her18,
MDA-MB-157), osteosarcoma (U2OS), and ovarian (IGROV, FUOV1, OVCAR3) cancer cell
lines were separated into whole cell (W), cytoplasmic (C), and nuclear (N) fractions and
analyzed for cyclin E and Cdk2 accumulation by Western blot. Grb2 and parp antibodies were
used to indicate the cytoplasmic and nuclear fractions, respectively. Western blots were subject
to densitometry and the ratio of total LMW-E to EL was graphed. B, the Western blot shows
the relative levels of cytoplasmic cyclin E (Input: cyclin E) in each cell line that was assayed
for cyclin E–associated kinase activity using histone H1 as a substrate (H1 kinase). Bar
graphs, densitometric values for total cytoplasmic cyclin E (top bar graph; normalized to
76N6E) and H1 phosphorylation (bottom bar graph; raw values). Linear regression graph,
correlation between cyclin E levels and cyclin E–associated kinase activity for each cell line;
R2 = 0.807; P = 0.0060.
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Figure 2. LMW-E/Cdk2 complexes are cytoplasmic
A, the schematic shows the principle of protein complementation. Cyclin E/Cdk2 binding
brings the IFP fragments into proximity, thereby emitting green fluorescence. B, cyclin E (EL,
T1, or T2)-IFPN and IFPC-Cdk2 were coexpressed in various cell lines. Cells expressing
nuclear (top) or cytoplasmic/perinuclear (bottom) green fluorescence are shown. Nuclei are 4′,
6-diamidino-2-phenylindole(DAPI)–stained blue. Images were taken using the ×20 objective
and merged. Scale bar, 5 μm. C, the bar graph shows the percentage of green fluorescent 293T
cells that show cyclin E-IFPN/IFPC-Cdk2 signal in the cytoplasm/perinuclear membrane and
the percentage of cells that show signal in the nucleus. A total of 606 ≤ n ≤ 767 green fluorescent
cells over 5 to 10 microscopic fields were counted for each condition. The SD was calculated
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for three biological replicates. Student's t test was performed for cytoplasmic/perinuclear
versus nuclear localization for each condition; P < 0.05 (*), P < 0.01 (**), and P < 0.0001
(****).
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Figure 3. LMW-E isoforms are sensitive to proteasomal degradation
A, MDA-MB-436 cells were transfected with cyclin E-IFPN in the absence (pCDNA3.1) or
presence of Fbw7. Whole cell lysates were analyzed by Western blot for cyclin E. Arrow, the
M46 cyclin E isoform. Grb2 is a loading control. The activity of a cotransfected TRE-luciferase
vector served as a transfection efficiency control (bar graph; raw values). B, nontumorigenic
and tumor cells were treated with cycloheximide. Control cells were left untreated (0 min).
Cells were fractionated and analyzed for cyclin E accumulation by Western blot. *, longer
exposed film. C, densitometric values were used to plot the percent degradation and calculate
the half-life (t1/2, min) for full-length (EL) and total LMW-E cyclin E.
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Figure 4. Fbw7 reduces cyclin E-IFPN/IFPC-Cdk2 complex formation
A, 293T cells were cotransfected with cyclin E-IFPN and IFPC-Cdk2 in the absence or presence
of Fbw7. Top, cells expressing green fluorescence. Blue DAPI-stained nuclei (bottom) are
shown to show that each field has a comparable number of cells. Images were taken using the
×10 objective. Scale bar, 50 μm. B, FACS was used to measure IFP fluorescence in 293T cells.
Top graph, mean fluorescent intensity; bottom graph, normalized to the empty vector controls.
Columns, mean of three biological replicates, n = 30,000 cells per replicate analyzed by FACS;
bars, SD.
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Figure 5. Cytoplasmic cyclin E-IFPN/IFPC-Cdk2 complexes are less susceptible to Fbw7
A, the images show the localization of cyclin E-IFPN/IFPC-Cdk2 in 293T cells cotransfected
with cyclin E-IFPN and IFPC-Cdk2 in the absence or presence of Fbw7. Images were using
×20 objective. Scare bar, 10 μm. B, the bar graph shows the percentage of green fluorescent
293T cells that show cyclin E-IFPN/IFPC-Cdk2 signal in the cytoplasm/perinuclear membrane
and the percentage of cells that show signal in the nucleus. A total of 386 ≤ n ≤ 767 green
fluorescent cells over 5 to 10 microscopic fields were counted for each condition. Columns,
mean of three biological replicates; bars, SD; P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and
P < 0.0001 (****).
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Figure 6. Proposed model of the effect of subcellular localization on cyclin E stability and activity
in normal versus tumor cells
A, in normal cells, EL shuttles between the nucleus and cytoplasm (arrows). Nuclear import
is faster than export causing EL/Cdk2 to accumulate in the nucleus where nuclear Fbw7 can
target EL for degradation. EL shuttling results in a net loss of protein from both subcellular
compartments. B, EL shows similar subcellular distribution patterns and targeting by Fbw7 in
tumor cells as outlined for normal cells. LMW-E and LMW-E/Cdk2 preferentially accumulate
in the cytoplasm due to lack of the nuclear localization sequence and altered shuttling dynamics
(arrows) and have reduced susceptibility to nuclear Fbw7. Finally, tumor cells have higher
cyclin E–associated kinase activity in the cytoplasm than do normal cells because tumor cells
accumulate EL/Cdk2 and tumor-specific LMW-E/Cdk2 in the cytoplasm.
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