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Abstract

Progression of hormone-responsive cancers is characterized
by deregulation of the cell cycle and cytoskeleton signaling. In
addition, development of breast and endometrial cancer
is influenced by the stimulatory action of estrogen. Up-
regulation of dynein light chain 1 (DLC1), a component of
cytoskeleton signaling, was recently found to promote
tumorigenesis. The purpose of our study was to determine
the role that DLC1 up-regulation plays in cell cycle progres-
sion. To achieve this goal, we used human breast ductal
carcinoma ZR-75 cells overexpressing DLC1 as a model
system. We found that ZR-75 cells with up-regulated DLC1
were hypersensitive to estrogen-dependent growth stimula-
tion and that DLC1 had an accelerating effect on the G1-S
transition and stimulated cyclin-dependent kinase 2 (Cdk2)
activity. To better understand the promotion of the G1-S tran-
sition by DLC1, we sought to identify new DLC1-interacting
proteins with roles in cell cycle regulation. Using a modified
proteomic strategy, we identified two such DLC1-interacting
proteins: Cdk2 and Cip-interacting zinc finger protein 1
(Ciz1). DLC1 was verified to interact with Cdk2 and Ciz1
in vivo . We also showed that down-regulation of DLC1 and
Ciz1 reduced both Cdk2 activity and cell cycle progression of
breast cancer ZR-75 and MCF-7 and endometrial Ishikawa
cancer cells. Further, we showed that overexpression of DLC1
is accompanied by a reduction of nuclear p21WAF1. These
findings suggest that interactions among DLC1, Cdk2, and
Ciz1 play a regulatory role in cell cycle progression of cancer
cells presumably by influencing the levels of nuclear p21WAF1.
(Cancer Res 2006; 66(11): 5941-9)

Introduction

Hormones play a major role in the progression of breast and
endometrial cancer to more invasive phenotypes. Progress of
hormone-responsive cancer is a multistep process involving
deregulation of signaling and cell cycle. Studies of the effects of
estrogen on cell proliferation and differentiation have shown that
estrogen plays an important role in the cell cycle during G1-S
transition. This transition requires cells to pass through a
restriction point in the late G1 phase (1). Two of the critical
complexes involved in this transition are cyclin D1-cyclin-
dependent kinase (Cdk) 4 in the mid-G1 phase and cyclin E-Cdk2

in the late-G1 phase. These complexes phosphorylate pRB, leading
via transcription of particular genes to the initiation of DNA
synthesis (2). pRB phosphorylation is also stimulated by estrogen
in a variety of breast cancer cells (3, 4). It is also known that
estrogen stimulation of breast cancer cells leads to increased cyclin
D1 expression, whereas antiestrogens suppress cyclin D1 expres-
sion (5).
Cdk2 is regulated by several mechanisms: transcriptional

activation and steady-state levels of the cyclins and their binding
to Cdk2, phosphorylation by Cdk-activating kinase dephosphory-
lation of the inhibitory site by Cdc25, and interactions between
Cdk2 and members of the Cdk inhibitor family, such as p21WAF1

and p27Kip1 (1). It is interesting that all of these steps regulating
Cdk2 activity are influenced by estrogen. For example, estrogen
stimulation activates cyclin E-Cdk2 complexes within f3 hours of
stimulation, a step that substantially precedes the entry of a cell
into the S phase (4); these events suggest that cyclin E-Cdk2 is
involved in estrogen-induced cell cycle progression. Such enhance-
ment of Cdk2 activity, however, is accompanied by little or no
change in the levels of cyclin E, Cdk2 itself, or p21WAF1 and p27Kip1

(6). For this reason, the factors contributing to the enhancement of
cyclin E-Cdk2 activity in estrogen-stimulated cells are still not
understood.
Emerging data have suggested that the estrogen receptor (ER)

pathway is greatly affected by p21-activated kinase 1 (7) and its
interacting protein, dynein light chain 1 (DLC1), an estrogen-
regulated gene product (8). DLC1, an 8-kDa protein, was originally
identified as a component of the cytoplasmic dynein motor
complex (9) that is involved in cytoplasmic organelle transport,
mitosis, and nuclear migration (10, 11). In addition to these motor-
dependent functions, motor complex-independent functions have
recently been identified. In addition, we showed in a previous study
that DLC1 is involved in the process of breast tumorigenesis,
primarily owing to its function related to cell survival (7).
Interestingly, ER-a-positive breast cancer cells overexpressing
DLC1 are capable of forming tumors in nude mice, which raises
the possibility that increased DLC1 expression affects the estrogen
sensitivity of breast cancer cells.
In this study, we sought to determine whether DLC1 has a direct

role in the cell cycle progression of estrogen-stimulated breast and
endometrial cancer cells. To test this hypothesis, we used breast
cancer cells ectopically overexpressing DLC1 and vector control
cells and confirmed the role of DLC1 in cell cycle by knocking
down the endogenous expression of DLC1 by short interfering RNA
(siRNA). We found that DLC1 affects the G1-S transition of breast
cancer cells by enhancing Cdk2 kinase activity. We also discovered
that Cip-interacting zinc finger protein 1 (Ciz1), a recently
described p21WAF1-interacting protein, is a DLC1-binding partner.
In addition, we found that DLC1 interacts with Ciz1 under
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physiologic conditions and that the cellular levels of Ciz1 influence
the G1-S transition. Together, these findings shed new light on the
role of estrogen and the roles of DLC1, Ciz1, and p21WAF1 in
regulating the cell cycle in breast cancer cells.

Materials and Methods

Cell cultures and reagents. ZR-75 human breast ductal carcinoma cells
(American Type Culture Collection, Manassas, VA), which stably over-

express DLC1, were maintained in RPMI supplemented with 10% fetal

bovine serum as described previously (7). MCF-7 and Ishikawa cell lines

were maintained in DMEM/F-12 supplemented with 10% fetal bovine
serum. MCF-7/DLC1 and MCF-7/DLC1 1-87 Tet-On cells expressing T7-

DLC1 full-length or amino acids 1 to 87 were maintained in 5% tetracycline-

free serum in RPMI (8). Estrogen and nocodazole were purchased from

Sigma-Aldrich (St. Louis, MO). Charcoal-stripped serum was purchased

from Gemini Bio-Products (Woodland, CA). Antibodies against DLC1 and

cyclin E were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,

CA). Antibodies against cyclin D1, pRB, and Myc were purchased from

Neomarkers (Fremont, CA). Antibody against Cdk2 for Western blot was

purchased from BD Transduction Laboratories (San Jose, CA). Antibodies

against Cdk2 for immunoprecipitation was purchased from Santa Cruz

Biotechnology.

Plasmid construction. DLC1 expression vector with T7 tag (T7-DLC1)
and glutathione S-transferase (GST)-DLC1 constructs were generated as

described earlier (7). To generate an expression vector containing Myc-
tagged Ciz1, Ciz1 cDNA was amplified by PCR and subcloned into pCMV-

Myc vector (Clontech, Palo Alto, CA). Expression of Myc-tagged Ciz1 was

Figure 1. DLC1 induces hypersensitivity
to estrogen. A, DLC1 induces cell
proliferation. ZR-75/DLC1 and ZR-75/
pcDNA cells were counted on days
0, 2, 4, and 6. B and C, ZR-75/DLC1-
overexpressing cells had more cells in
S phase after estrogen stimulation than did
the ZR-75/pcDNA cells. The ZR-75/DLC1
and ZR-75/pcDNA cells were fixed then
treated with RNase and stained with PI.
Their DNA content was measured with a
laser scanning cytometer. Representative
of one of five experiments. C, example
of cell cycle distribution histogram of
the DLC1-overexpressing cells and the
control cells. D, DLC1 knockdown reduces
cell proliferation. ZR-75 and Ishikawa
cells were treated with control and
DLC1-specific siRNA. Cells were counted
4 days after siRNA treatment. Insets,
knockdown efficiency by Western blot.
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verified by immunofluorescence and Western blotting with a Myc-epitope

monoclonal antibody. GST-fusion full-length and deletion constructs of Ciz1

were generated by PCR and cloned into the pGEX-5X plasmid (Amersham
Pharmacia Biotech, Piscataway, NJ). The pGEX-KG vector was generously

provided by Bernard Ducommun (Universite P. Sabatier, Toulouse, France),

and the cytomegalovirus-Cdk2 vector was kindly provided by Jian Kuang

(The University of Texas M. D. Anderson Cancer Center, Houston, TX).
pGEX-Pak1 and pGEX-PGM were used previously in our laboratory (12).

Stable cell lines expressing T7-DLC1 were described previously (7).

Cell growth experiments. For the cell growth experiments, equal

numbers of ZR-75/DLC1 and ZR-75/pcDNA cells were plated in triplicate in
24-well plates for 48 hours in phenol red–free DMEM supplemented with

5% charcoal-stripped serum. The cells were then treated with estrogen

(10�9 mol/L) for 4 days, and their growth rate was measured on days 0, 2, 4,
and 6 with a Coulter counter (Beckman Coulter, Inc., Fullerton, CA).

Cell cycle analysis. For the cell cycle experiments, the ZR-75, MCF-7,
and Ishikawa cells were synchronized in the G1 phase by serum starvation

or for the time-course experiment in the G2-M phase by treatment with
0.4 Ag/mL nocodazole for 16 hours. The cells were released from the G1

blockade by estrogen (10�9 mol/L) stimulation and fixed in 70% ethanol

after 24 hours. In the nocodazole-arrested ZR-75 cells; mitotics were

harvested, washed thrice with PBS, and stimulated with estrogen. The cells
were fixed in 70% ethanol after 4 and 8 hours of estrogen stimulation. When

using the MCF-7/DLC1 Tet-On cells, cells were synchronized in the G1
phase by serum starvation, induced with doxycycline for 24 hours before

stimulation with estrogen (10�9 mol/L), and fixed in 70% ethanol after
24 hours. They were then treated with 500 Ag/mL RNase and stained with
10 Ag/mL propidium iodide (PI; Sigma-Aldrich). The DNA content was

determined using a laser scanning cytometer (CompuCyte, Boston, MA) and

plotted on a histogram. Percentage of cells in different cell cycle phases was
calculated based on the distribution of the cells in the histogram.

siRNA studies. Transfections of ZR-75, MCF-7, and Ishikawa cells with
DLC1-specific siRNA and control nonspecific siRNA (Dharmacon, Lafayette,

CO) were carried out using 100 nmol/L pooled siRNA duplexes and 4 AL
Oligofectamine (Invitrogen, Carlsbad, CA) in six-well plates according to the

manufacturer’s protocol. After 72 hours, the cells were prepared for the cell

cycle and Cdk2 kinase assays or after 4 days counted for the growth assay.
Transfection of ZR-75, MCF-7, and Ishikawa cells with Ciz1-specific siRNA

Figure 2. DLC1 accelerates G1-S
transition. A, increased G1-S transition in
DLC1-overexpressing cells after estrogen
stimulation. Left, cell cycle distribution
at different time points; right, increase
in the percentage of cells in S phase
after 8 hours of estrogen treatment.
Representative of one of three
experiments. B, DLC1 overexpression
induces faster cycling after estrogen
stimulation of arrested cells and higher
baseline expression of cyclin D1 and E
protein levels. C, DLC1 knockdown leads
to a reduced G1-S transition. ZR-75,
MCF-7, and Ishikawa cells were
treated with control and DLC1-specific
siRNA. Representative of one of three
experiments. Columns, percentage of cells
in S phase. Insets, knockdown efficiency
by Western blot.
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(Qiagen, Valencia, CA) and control siRNA were carried out using 100 nmol/L
siRNA 4 AL Oligofectamine in six-well plates according to the manu-

facturer’s protocol. After 72 hours, the cells were prepared for the cell

cycle and Cdk2 kinase assays or after 4 days counted for the growth assay.

Identification of new binding partners of DLC1. Immunoprecipitation
experiments to identify novel DLC1-interacting partners were done by

adding GST-DLC1 to the total cell lysates from ZR-75 cells. The cells were

lysed in NP40 lysis buffer [50 mmol/L Tris-HCl (pH 7.5), 100 mmol/L NaCl,

0.5% NP40, 1� protease inhibitor mixture, 1 mmol/L sodium vanadate]. The
dipping experiment was done by adding equal amounts of GST and GST-

DLC1 proteins immobilized on GST beads (Amersham Pharmacia Biotech)

to an equal amount of ZR-75 cell lysate. The new binding partners were

then isolated by incubating the mixture overnight at 4jC and washing them
thrice with the NP40 lysis buffer. The proteins were eluted with a 2� SDS

buffer. The precipitates were separated by SDS-PAGE and stained with

Coomassie blue dye. Seven distinct bands were cut from the gel and
digested, the peptides were then sequenced, and the sequences were

mapped against known proteins and DNA sequences.

Cell extracts, immunoblotting, and immunoprecipitation. To
prepare the cell extracts, cells were washed thrice with PBS and lysed in
buffer [50 mmol/L Tris-HCl (pH 7.5), 120 mmol/L NaCl, 1% Triton X-100,

1� protease inhibitor mixture (Roche, Basal, Switzerland), 1 mmol/L sodium

vanadate] for 30 minutes on ice. Cell lysates containing equal amounts of

protein were then resolved on a 10% SDS-PAGE gel, transferred to
nitrocellulose, probed with the appropriate antibodies, and detected using

an enhanced chemiluminescence method. The cell lysates for immunopre-

cipitation were either prepared using a NP40 lysis buffer [50 mmol/L Tris-

HCl (pH 7.5), 100 mmol/L NaCl, 0.5% NP40, 1� protease inhibitor mixture,
1 mmol/L sodium vanadate] or, for cytoplasmic and nuclear extraction,

cytoplasmic extraction buffer [10 mmol/L HEPES (pH 7.9), 10 mmol/L KCl,

0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L DTT] and nuclear

extraction buffer [20 mmol/L HEPES (pH 7.9), 400 mmol/L NaCl, 1 mmol/L
EDTA, 1 mmol/L EGTA] sequentially. The lysates to immunoprecipitate

DLC1 and Cdk2 were immunoprecipitated for 4 hours at 4jC using 1 Ag
DLC1 antibody/mg protein. For the immunoprecipitation of Myc-Ciz1, Cos7

cells were transiently transfected with Myc-Ciz1. Myc-Ciz1 was immuno-
precipitated from nuclear and cytoplasmic extract independently. DLC1 and

Myc-Ciz1 were detected by Western blotting.

Immunofluorescence and confocal studies. The cellular localization of
different proteins was determined by indirect immunofluorescence as
described previously (13). Briefly, ZR-75 cells were grown on glass coverslips

and fixed with methanol. Cells were incubated first with the primary

antibodies for DLC1 and Cdk2 or Myc and then with secondary antibodies
conjugated with Alexa 546 (red) and Alexa 488 (green; both from Molecular

Probes, Eugene, OR). Topro 3 (blue) was used to counterstain the DNA

(Molecular Probes). Cells treated with only the secondary antibodies served

as the controls. Confocal scanning analysis was done using an Olympus
FV300 laser scanning confocal microscope (Olympus America Inc., Melville,

NY). Each slide was examined for each stain at three excitations (488, 546,

and 633 nm), and the data were compared pixel by pixel. Colocalization of

DLC1 and Cdk2 or Myc (labeled with red and green) was indicated by the
development of a yellow color.

GST pull-down assays. In vitro transcription and translation of the

DLC1, Ciz1, and Cdk2 proteins were done using a transcription/translation

Figure 3. DLC1 affects Cdk2 kinase activity.
A, Cdk2 is a binding partner of DLC1. Cdk2
was identified as one of the DLC1-binding
partners from a band at f100 kDa. B, DLC1
interacts with Cdk2 in vivo. The interaction
of DCL1 and Cdk2 was confirmed by a
coimmunoprecipitation of DLC1 and Cdk2.
C, DLC1 and Cdk2 do not interact directly. The
GST pull-down assay showed the association
between the positive control GST-p21 and
in vitro–translated [35S]Cdk2. GST-PGM
was used as a negative control. D, Cdk2 and
DLC1 colocalize in the nucleus. E, DLC1
overexpression induces Cdk2 kinase activity.
In the ZR-75/DLC1 cells, Cdk2 has a higher
kinetic activity as shown by the increased
phosphorylation status of the substrate
histone H1. F, DLC1 siRNA treatment reduces
Cdk2 kinase activity. After knocking down
DLC1 in ZR-75 cells, Cdk2 shows a reduction
in kinase activity as measured by the amount
of phosphorylation of histone H1. Insets,
knockdown efficiency by Western blot.
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system (TNT, Promega Corp., Madison, WI). In brief, the respective cDNAs
were translated in vitro in the presence of [35S]methionine. The reaction

mixture was diluted 10 times with NP40 lysis buffer (25 mmol/L Tris,

50 mmol/L NaCl, 1% NP40). The GST pull-down assays were done by

incubating equal amounts of GST-, GST-Pak1-, GST-PGM-, GST-p21-, GST-
DLC1-, and GST-Ciz1-domain proteins immobilized on GST beads with

in vitro–translated recombinant protein. Bound proteins were isolated by

incubating the mixture for 2 hours at 4jC and then washed five times with
the NP40 lysis buffer. The proteins were eluted with a 2� SDS buffer,
separated by SDS-PAGE, and visualized by autoradiography.

Cdk2 kinase assays. Cdk2 kinase assays were done as described

previously (6). Briefly, the cells were washed thrice with PBS and lysed

with Triton X-100 lysis buffer [50 mmol/L HEPES (pH 7.5), 150 mmol/L
NaCl, 10% (v/v) glycerol, 1% Triton X-100, 1.5 mmol/L MgCl2, 1 mmol/L

EGTA, 1 mmol/L sodium vanadate, 1 mmol/L DTT]. Equivalent amounts

of lysate were incubated with an anti-Cdk2 antibody [Cdk2 (M2), Santa
Cruz Biotechnology] for 3 hours at 4jC. The immunoprecipitates were

then washed thrice with Triton X-100 lysis buffer and thrice with
50 mmol/L HEPES (pH 7.5) and 1 mmol/L DTT. The kinase reactions

were carried out in 30 AL kinase buffer [50 mmol/L HEPES (pH 7.5),

2.5 mmol/L EGTA, 10 mmol/L NaCl2, 1 mmol/L DTT, 20 Amol/L ATP,

10 ACi [g-32P]ATP, 0.1 mmol/L sodium vanadate, 3 Ag histone H1]. After
the reaction products were incubated for 20 minutes at 30jC, 2� SDS

loading dye (30 AL) was added to stop the reaction. The reaction products
were then analyzed on an SDS-PAGE gel and visualized by autoradiog-

raphy.

Results

DLC1 induces hypersensitivity to estrogen. Recent data from
our laboratory have shown that DLC1 stimulates the ER pathway
(8). In this study, we further delineated the role of DLC1 in the ER
pathway in breast cancer cells by evaluating the estrogen

Figure 4. DLC1 binds Ciz1 in vitro and in vivo.
A, identification of new binding partners. Ciz1 was
identified from a band at f100 kDa by peptide
sequencing. B, Ciz1 binds DLC1 in vivo in the
nuclear (N ) and cytoplasmic (C ) compartments.
The binding of DLC1 and Ciz1 was confirmed by
coimmunoprecipitation of DLC1 with Myc-Ciz1.
C, DLC1 and Ciz1 colocalize in the nucleus and
cytoplasm. D and E, Ciz1 and DLC1 interact
directly in vitro. D, GST pull-down assay showing
interaction of the positive control GST-p21 as well
as GST-DLC1 with [35S]Ciz1. GST-PGM was
used as a negative control. E, GST pull-down
assay showing the association of the positive
control GST-Pak1 and, with higher affinity,
GST-DLC1 with in vitro–translated [35S]Ciz1.
GST-PGM was used as a negative control.
F, DLC1 full-length is required for Ciz1 binding.
The GST pull-down assay showing the association
of full-length GST-DLC1 and not GST-DLC1 1-87
using in vitro–translated [35S]Ciz1. G, expression
levels of full-length T7-DLC1 and T7-DLC1 1-87
after stimulation with 10 Ag/mL doxycycline (DOX )
for 24 hours in MCF-7/DLC1 and MCF-7/DLC1
1-87 cells. H, full-length DLC1 is needed for
optimal estrogen response. Representative
of three experiments. Columns, average
percentage of cells in S phase; bars, SD.
Asterisks, significant difference between the two
groups (two-sided t test).
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responsiveness of ZR-75 cells stably overexpressing T7-DLC1
(ZR-75/DLC1) and of the control vector (ZR-75/pcDNA; ref. 7).
The ZR-75/DLC1 cells were considerably more responsive to
estrogen-induced growth stimulation than were the control cells
(ZR-75/pcDNA; Fig. 1A). An interesting finding was that the ZR-75/
DLC1 cells had a growth advantage over the control cells even in
the absence of estrogen. Consistent with these results, the cell cycle
analysis revealed that estrogen had a greater potentiating effect in
stimulating cell cycle progression in ZR-75/DLC1 cells than it did
in ZR-75/pcDNA cells (Fig. 1B and C). To further validate the
potential role of DLC1 on the cell proliferation of ZR-75 and
Ishikawa cells, we examined the effect of knocking down the
expression of the endogenous DLC1 using specific siRNA. We found
that depleting the endogenous DLC1 content was accompanied by
a slower growth rate in estrogen-stimulated cells as shown by the
lack of growth response to estrogen in cells treated with DLC1-
siRNA (Fig. 1D). In summary, DLC1 hypersensitizes cells to
estrogen action during cell cycle progression.
DLC1 accelerates the G1-S transition. To better understand

the role of DLC1 in cell cycle progression, we next examined the
effect of estrogen on the cell cycle of the ZR-75/DLC1 and ZR-75/
pcDNA cells that were synchronized with nocodazole at the G2-M
phase. Cells released from the cell cycle block were cultured in the
presence or absence of estrogen and analyzed by fluorescence-
activated cell sorting to determine the cell cycle distribution a the
particular time points. We saw no immediate effect of estrogen on
the progression of cells released from the G2-M block (Fig. 2A, left).
However, at 8 hours after the release, the number of ZR-75/DLC1
cells in S phase was almost twice that in the ZR-75/pcDNA control
cells (Fig. 2A, right). These data suggest that DLC1 overexpression

accelerates the transition of the breast cancer cells from the G1
phase to the S phase.
We therefore investigated the dynamics of two well-character-

ized G1-S transition markers, cyclin D1 and cyclin E, and found that
they were more highly expressed in the ZR-55/DLC1 cells than in
the ZR-75/pcDNA cells (Fig. 2B, left and right). To validate the effect
of DLC1 on the G1-S cell cycle progression, we next treated ZR-75,
MCF-7, and Ishikawa cells with DLC1-specific siRNA. We found
that, indeed, lowering the endogenous DLC1 level was accompa-
nied by a slower rate of G1-S progression in the estrogen-stimulated
cells as shown by the increased number of cells in the G1 phase and
decreased number of cells in S phase after siRNA treatment (Fig.
2C). Together, these results suggest that DLC1 influences the G1-S
transition of the cell cycle in estrogen-stimulated cells.
DLC1 interacts with Cdk2 and increases Cdk2 kinase

activity. To gain further insight into the role of DLC1 in the G1-S
transition, we used a modified proteomic strategy with a
recombinant GST-DLC1-based pull-down assay of the associated
proteins from the ZR-75 cell lysates. Several specific DLC1-
interacting protein bands, including Cdk2, were identified
(Fig. 3A), which suggests a potential interaction between DLC1
and Cdk2. The in vivo interaction was confirmed by coimmuno-
precipitation of Cdk2 and DLC1 followed by Western blotting of
Cdk2 and DLC1 (Fig. 3B). The direct interaction between DLC1 and
Cdk2 was evaluated by GST pull-down assay, which showed that
DLC1 and Cdk2 do not interact directly when comparing the
positive and negative controls (GST-p21 and GST-PGM respective-
ly; Fig. 3C). Immunofluorescent staining of the ZR-75 cells followed
by confocal microscopy established the nuclear colocalization of
endogenous DLC1 and Cdk2 (Fig. 3D).

Figure 5. DLC1, Ciz1, and Cdk2 can form a
multiprotein complex. A, representative map of
the Ciz1 protein domains. B, DLC1 interacts
with the second glutamine-rich region of Ciz1.
The GST pull-down assays showed the
association of GST-Ciz1 deletion constructs with
in vitro–translated [35S]DLC1. C, Cdk2 interacts
with the zinc finger region of Ciz1. The GST
pull-down assays showed the association
of GST-Ciz1 deletion constructs with
in vitro–translated [35S]Cdk2. D, DLC1, Ciz1,
and Cdk2 form a trimeric complex. Increasing
amount of in vitro–translated [35S]Ciz1 and
constant amount of [35S]Cdk2 were mixed with the
GST-DLC1 protein in the pull-down assays.
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Figure 6. Ciz1 affects G1-S transition and Cdk2 kinase
activity. A, Ciz1 knockdown affects cell cycle progression.
ZR-75, MCF-7, and Ishikawa cells were treated with
control and Ciz1-specific siRNA. Representative of one of
three experiments. Columns, percentage of cells in S
phase. By knocking down the expression of Ciz1, the
percentage of cells in S phase is reduced. Insets,
knockdown efficiency by reverse transcription-PCR
(RT-PCR). B, Ciz1 knockdown reduces Cdk2 kinase
activity. After knocking down Ciz1 in ZR-75 cells, Cdk2
shows a reduction in kinase activity as measured by
the amount of phosphorylation of histone H1. Insets,
knockdown efficiency by RT-PCR. C, p21WAF1 nuclear
localization is significantly reduced in DLC1-overexpressing
cells. Average of five fields. Bars, SD. The level of
significance was established by the two-sided t test.
D, DLC1 overexpression does not have an effect on
p21WAF1 protein levels. ZR-75/DLC1 and ZR-75/pcDNA
do not show differences in protein levels of p21WAF1.
E, proposed working model for increased Cdk2-cyclin E
complex activity and S phase progression by DLC1.
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We then used a Cdk2 kinase assay to investigate the functional
consequences of the indirect interaction between DLC1 and Cdk2
and found that the ZR-75/DLC1 cells exhibited a higher level of
Cdk2 kinase activity than did the ZR-75/pcDNA cells under both
basal and estrogen-stimulated conditions (Fig. 3E). To validate
these results, we knocked down the levels of DLC1 in the cells with
specific siRNA and found that the usual estrogen-mediated
increase in Cdk2 activity was substantially reduced under those
conditions (Fig. 3F). In summary, these data show for the first time
an interaction between DLC1 and a cell cycle regulator, Cdk2. The
changes in Cdk2 kinase activity suggest that DLC1 accelerates the
G1-S transition by enhancing the activity of Cdk2.
DLC1 interacts with Ciz1. The results of our DLC1 pull-down

assays identified Ciz1 as a DLC1-binding partner. In previous
studies, Ciz1 has been implicated in the cytoplasmic translocation
of p21WAF1 (14) and in DNA replication in a cell-free system (15).
We identified Ciz1, also called NP-94 (16), as a protein band of
f100 kDa (Fig. 4A). Ciz1 can shuttle between the nucleus and the
cytoplasm (14). On the basis of these observations, we next
investigated the subcellular localization of DLC1 and Ciz1. Breast
cancer cells were transiently transfected with Myc-tagged Ciz1, and
cytoplasmic and nuclear extracts were prepared. Each fraction was
subjected to immunoprecipitation using an anti-Myc monoclonal
antibody and subjected to immunoblotting for the endogenous
DLC1. We found that DLC1 and Ciz1 interacted in the nucleus and
in the cytoplasm (Fig. 4B ). The nuclear and cytoplasmic
localization of Ciz1 was confirmed by immunofluorescence and
confocal microscopy. DLC1 and Ciz1, as expected from the
coimmunoprecipitation, colocalized both in the nucleus and in
the cytoplasm as indicated by the yellow color (Fig. 4C, right). To
investigate the possibility that DLC1 and Ciz1 interact directly, we
did a GST pull-down assay with recombinant DLC1 and Ciz1
proteins. Our results showed that DLC1 and Ciz1 directly interact
as determined by the intensity of binding compared with the
positive and negative controls (Fig. 4D and E). When we tried to
determine the minimum binding region of DLC1 for Ciz1 binding,
we noticed that deletion of only two amino acids from the COOH
terminus of DLC1 resulted in a complete loss of Ciz1 binding
(Fig. 4F). To test if this DLC1 deletion mutant can still affect the G1-
S transition, we used MCF-7 cells that contain a doxycycline-
inducible full-length DLC1 or DLC1 1-87 deletion mutant
(Fig. 4G). When the expression is not induced, the cells have
the same rate of cell cycle progression (P = 0.11) after stimulation
with estrogen. After the induction of the expression of full-length
or mutant DLC1, it is clearly visible that the DLC1 mutant is not
capable of inducing a faster G1-S transition, reflected by the
percentage of cell in S phase, whereas the full-length DLC1 shows
an increased amount of cells in S phase (DLC1 full-length versus
mutant, P = 0.004; DLC1 full-length induced versus noninduced,
P = 0.03). Our finding that Ciz1 is a binding partner of DLC1 and
that the DLC1 mutant cannot accelerate the G1-S transition
suggests that full-length DLC1 is needed for proper cell cycle
progression and that the DLC1-Ciz1 interaction may be involved
in the effect of DLC1 on Cdk2 activity, which leads to accelerated
cell cycle progression in breast cancer cells stimulated by
estrogen.
Ciz1 interacts with DLC1 and Cdk2 and forms a multi-

protein complex in vitro . The Ciz1 protein contains several
domains with distinct functions (Fig. 5A). We mapped these
domains to determine how Ciz1 interacts with DLC1. The results of
the GST pull-down assays suggest that DLC1 binds to the second

glutamine-rich region of Ciz1 (Fig. 5B). Because Ciz1 has been
shown to participate in DNA replication (15) and because it
contains several potential Cdk phosphorylation sites, we reasoned
that Ciz1 might play a role in the regulation of Cdk2 activity by
DLC1 we found in the ZR-75 cells. Results from the deletion
constructs suggested that Cdk2 binds to the zinc finger region of
Ciz1 (Fig. 5C). In brief, we found that Ciz1 interacts with DLC1 and
Cdk2 using two different binding regions. Because DLC1 and Cdk2
bind two different regions of Ciz1 and because DLC1 and Cdk2 can
be coimmunoprecipitated in spite of a lack of direct in vitro
binding, we next explored the possibility whether DLC1, Cdk2, and
Ciz1 proteins form a complex. By GST-pull down assay, we showed
that by adding increasing amounts of Ciz1 in the presence of a
constant amount of Cdk2 to the GST-DLC1 leads to an increasing
amounts of Cdk2 pulled down with GST-DLC1 (Fig. 5D). These
findings suggest that DLC1, Ciz1, and Cdk2 can coexist in a
trimeric protein complex.
Ciz1 modulates the G1-S transition and Cdk2 kinase activity.

To determine the importance of Ciz1 in cell cycle regulation, we
next knocked down the expression of endogenous Ciz1 using
specific siRNA in ZR-75, MCF-7, and Ishikawa cells and examined
the status of the cell cycle. Reduced Ciz1 expression resulted in a
modest but reproducible reduction of the S-phase progression
(Fig. 6A). However, we noticed a substantial reduction in the level
of Cdk2 activity in the breast cancer cells that had reduced Ciz1
expression (Fig. 6B). Overall, these results suggest that Ciz1 plays a
role in G1-S cell cycle progression presumably by influencing the
regulation of Cdk2 activity.
DLC1 promotes G1-S transition by sequestering p21WAF1. A

previous study suggested that Ciz1 is capable of translocating
p21WAF1 to the cytoplasm (14), and we determined in this study
that both cell cycle progression and Cdk2 activity are regulated by
DLC1 and Ciz1; as a result, we reasoned that DLC1 might also
play a role in the regulation of p21WAF1 functions by Ciz1. Thus,
we next determined the amount of p21WAF1-positive nuclei in ZR-
75/DLC1 and ZR-75/pcDNA cells and found that the relative
proportion of p21WAF1-positive nuclei was significantly lower in
the ZR-75/DLC1 cells than in control ZR-75/pcDNA cells (e.g.,
40.2% versus 25.5%; P = 0.036; Fig. 6C). These results suggest that
DLC1 is involved in targeting p21WAF1 for sequestration or
degradation in the nuclear compartment, which allows cells to
progress through the G1-S phase by freeing the cyclin E-Cdk2
complex. The level of p21WAF1 in the ZR-75/DLC1 cells remained
the same as that in the ZR-75/pcDNA cells (Fig. 6E). These
observations suggest that the DLC1-Ciz1 interaction facilitates the
translocation of p21WAF1 to the cytoplasm. In summary, we found
that DLC1 up-regulation in breast cancer cells accelerates G1-S
progression presumably because of the regulatory interactions of
DLC1 with Cdk2 and Ciz1. These findings allowed us to propose a
working model wherein DLC1 brings Ciz1 to the nucleus, where it
binds Cdk2 and p21WAF1, whereas DLC1 and Ciz1 translocation
and sequestration of p21WAF1 to the cytoplasm lead to increased
Cdk2 activity (Fig. 6E).

Discussion

The results of these experiments show that DLC1 facilitates cell
cycle progression in breast cancer cells; this leads us to propose a
working model in which DLC1 facilitates p21WAF1 sequestration
and rapidly induces cyclin E-Cdk2 complex activity. Although
previous studies have suggested that p21WAF1 is redistributed
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without alterations in its level (2), the mechanism by which this
Cdk2 inhibitor is redistributed and its relationship to inactive and
active kinase complexes has remained unclear until now. In this
context, results here have delineated a new role of DLC1 in
facilitating the G1-S progression of breast cancer cells.
Another notable finding is that DLC1 overexpression in breast

cancer cells sensitizes the cells to estrogen, thereby accelerating
G1-S progression and increasing Cdk2 activity and the growth-
stimulatory effects of estrogen. Because DLC1 is a coactivator of
the transactivation function of ER and promotes the proliferation
of breast cancer cells stimulated by estrogen (8), our findings may
shed light on why the expression level of cyclin D1, an estrogen-
responsive gene, is elevated in ZR-75/DLC1 cells even without
estrogen stimulation. Our findings, combined with the above-
discussed results of other studies, suggest that elevated levels of
DLC1 in ER-positive cells confer a growth advantage on those cells
because of the acceleration of G1-S progression and the increased
expression of ER-responsive genes.
The finding that DLC1- and Ciz1-mediated cell cycle progression

of breast cancer cells depends on estrogen signaling (Figs. 2A and
6A) is important because estrogen stimulation has been shown to
inhibit the status of p21WAF1 by inducing c-Myc protein expression
(17). However, in this study, we discovered another way that the
levels of nuclear p21WAF1 are reduced, which involves interaction
between DLC1 and Ciz1 and the sequestration of p21WAF1 by Ciz1.
Such regulation may be essential for cells to progress to the S phase
because a timely reduction in the level of nuclear p21WAF1 allows
the Cdk2 complex to function and the G1-S transition and DNA
synthesis to take place (4). In addition to the reduced expression of

p21WAF1 by c-Myc in the early S phase, the DLC1-Cdk2 complex can
sequester the kinase inhibitor p21WAF1 from the cyclin E-Cdk2
complex, allowing this complex to act on its substrates. Because
many of these events, including DLC1 expression, are stimulated by
estrogen, all of these regulatory steps are likely contributing factors
in making breast cancer cells hypersensitive to the action of
estrogen.
In ER-positive breast cancers, cell cycle deregulation is one of the

known mechanisms by which tumors develop. Because DLC1 is
widely deregulated in breast cancer (7) and is an estrogen-
responsive gene (8), the accelerated G1-S progression in breast
cancer cells that overexpress DLC1 may reflect the regulation of
Cdk2 activity by DLC1 that we found. Possibly, therapeutic agents
could be developed to target DLC1 to inhibit cell cycle progression
in ER-positive breast cancer cells. This possibility is supported by
our findings that a reduction in the level of DLC1 by siRNA is
accompanied by an inhibition of Cdk2 activity. Because DLC1 is
controlled by estrogen signaling and is a coactivator of ER
transactivation (8), this combination of events may have physio-
logic significance in widely noticed cell cycle deregulation in breast
cancer.
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