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Cyclin G2 promotes cell cycle arrest in breast cancer cells responding to fulvestrant
and metformin and correlates with patient survival
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ABSTRACT

Definition of cell cycle control proteins that modify tumor cell resistance to estrogen (E2) signaling
antagonists could inform clinical choice for estrogen receptor positive (ER+) breast cancer (BC) therapy.
Cyclin G2 (CycG2) is upregulated during cell cycle arrest responses to cellular stresses and growth
inhibitory signals and its gene, CCNG2, is directly repressed by E2-bound ER complexes. Our previous
studies showed that blockade of HER2, PI3K and mTOR signaling upregulates CycG2 expression in HER2+
BC cells, and that CycG2 overexpression induces cell cycle arrest. Moreover, insulin and insulin-like growth
factor-1 (IGF-1) receptor signaling strongly represses CycG2. Here we show that blockade of ER-signaling
in MCF7 and T47D BC cell lines enhances the expression and nuclear localization of CycG2. Knockdown of
CycQG2 attenuated the cell cycle arrest response of E2-depleted and fulvestrant treated MCF7 cells. These
muted responses were accompanied by sustained inhibitory phosphorylation of retinoblastoma (RB)
protein, expression of cyclin D1, phospho-activation of ERK1/2 and MEK1/2 and expression of cRaf. Our
work indicates that CycG2 can form complexes with CDK10, a CDK linked to modulation of RAF/MEK/
MAPK signaling and tamoxifen resistance. We determined that metformin upregulates CycG2 and
potentiates fulvestrant-induced CycG2 expression and cell cycle arrest. CycG2 knockdown blunts the
enhanced anti-proliferative effect of metformin on fulvestrant treated cells. Meta-analysis of BC tumor
microarrays indicates that CCNG2 expression is low in aggressive, poor-prognosis BC and that high CCNG2
expression correlates with longer periods of patient survival. Together these findings indicate that CycG2
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contributes to signaling networks that limit BC.

Introduction

Mitogenic signaling through either estrogen (E2) activated
estrogen receptors (ER) or human epidermal growth factor
receptor 2 (HER2, Neu/ErbB2) drives tumor cell proliferation
and growth in most primary breast cancers (BC)."* Indeed,
approximately 75% of BC patients are initially diagnosed with
ER positive (ER+) estrogen-dependent tumors.” Thus systemic
blockade of ER signaling is essential for therapeutic manage-
ment of BC in the majority of patients. Selective ER modulators
(SERMs), downregulators (SERDs) and E2 synthesis inhibitors
(aromatase inhibitors (Als)) form the cornerstone of available
endocrine therapies.* Use of the SERM tamoxifen as a first line
adjuvant therapy has significantly increased 5-year survival rates
and has become the standard of care for successful treatment of
primary ER+ BC. However, ER+ BC tumors are comprised of a
heterogeneous group of cells that will exhibit variable sensitivity
to endocrine-based therapeutics over a course of treatment.>”
Thus, despite the initial success of SERM therapy, the occur-
rence of tumor resistance to tamoxifen is observed in a signifi-
cant proportion of patients.”>” The intramuscularly (IM)
administered SERD fulvestrant has been used as a second or

third line endocrine therapy and primarily restricted to treat-
ment of ER+ metastatic breast cancer (MBC)[6]. Recent studies
have shown that high dose fulvestrant (500mg/IM) is superior
to Al therapy in improving overall survival of ER+ MBC
patients.” However tumor resistance to fulvestrant eventually
occurs in the majority of MBC patients. Altogether, the occur-
rence of de novo and acquired tumor cell resistance to SERM,
SERD and Als limits the long-term efficacy of endocrine therapy
in a significant proportion (~25-50 %) of patients.>* Hence,
identification of tumor biomarkers that can better predict tumor
responsiveness to endocrine based therapeutics and the poten-
tial for acquired resistance to these drugs are needed to improve
therapeutic outcomes and extend relapse free survival.

Estrogen stimulation of tumor growth is achieved in large
part through ER regulation of gene expression. Cyclin G2
(CycG2) is an unconventional but well conserved cyclin paralog
encoded by the estrogen-regulated gene, CCNG2.>'* CCNG2 is
negatively regulated by E2 bound ER through the recruitment of
the N-CoR co-repressor complex and histone deacetylases
(HDACs) to CCNG2 promoter region.'® In contrast to the pro-
totypical cell cycle promoting cyclins, increased CycG2
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expression is predominately associated with growth inhibi-
tion.>''""” CCNG2 transcripts are strongly upregulated during
G, and G,-phase cell cycle arrest responses to ligand activated
growth inhibitory signaling, DNA damage, and various environ-
mental stresses.*'*'”>? Elevation of CCNG2 expression also cor-
relates with the onset of cellular differentiation in a variety cell
types including oral epithelia,’> haematopoietic cells>*>** and
neurons.”>*® Furthermore, ectopic CycG2 expression triggers a
cell-cycle arrest in numerous cell types.'"'*'* Thus the findings
that basal transcription of CCNG?2 is directly repressed by E2-
bound ER interactions at the CCNG2 promoter suggests that
inhibition of CycG2 expression promotes E2-mediated stimula-
tion of BC cell proliferation."

We previously reported that CycG2 overexpression blunts
CDK?2 activity and induces a p53-dependent G;-phase cell cycle
arrest.'"'> Even moderate inducible expression of ectopic CycG2
inhibits cell cycle progression.'**”** Notably, reduced CCNG2
expression has been observed in some cancers, suggesting that loss
of CycG2 promotes cancer development or progression,'>*”*"!
Our recent work showed that shRNA-mediated repression of
CycG2 expression dampens the G,/M checkpoint arrest response
of cells to the DNA-damaging chemotherapeutic doxorubicin."”
Although CCNG2 mRNA levels are increased during the G,/S-
phase arrest response of E2-depleted ER+ BC cells,' the contribu-
tion of CycG2 to the cell cycle inhibitory effects of therapeutics
that blockade E2 signaling in BC cells is unknown.

BC resistance to endocrine therapy arises in part from cross-
talk between the ER and growth factor receptor tyrosine kinase
(RTK) signaling pathways. Elevated expression of HER2, as well
as increased signaling through the insulin (IR) and insulin-like
growth factor (IGF-1R) RTKs triggers hyperactivation of the
pro-growth PI3K/AKT/mTOR pathway and development of
endocrine therapy-resistance.” > Hyperactivation of PI3K/
AKT/mTOR signaling also induces ER phosphorylation, a modi-
fication that promotes ligand-independent ER activity.”> We and
others determined that signaling through HER2, IR and IGF-1R
RTKs inhibits CycG2 expression and that pharmacological
blockade of HER2, IR and IGF-1R signaling or direct suppres-
sion of PI3K or mTOR activity upregulates CycG2 expression
coincident with induction of a G,-phase cell cycle arrest.'*'>*>**
These findings suggest that suppression of CycG2 expression is
at the nexus of ER and RTK crosstalk and that downregulation
of CycG2 may be a contributing factor to BC growth.

Obesity and type II diabetes with hyperinsulinemia are asso-
ciated with higher risk of breast cancer and poor outcomes.” >
The increased expression of IR isoform A (IR-A) and IGF-1R
frequently observed in ER+ breast cancer tumors together with
their mitogenic potential and ability to form hybrid receptors
suggests a mechanism by which uncontrolled insulin levels
could promote tumor growth.’**" Compelling epidemiological
and pre-clinical evidence suggests that the insulin-sensitizing
biguanide metformin has anti-cancer effects.*>** In addition to
its anti-glucogenic activity, studies suggest that metformin trig-
gers inhibition of mTOR by AMP-activated protein kinase
(AMPK) and promotes cell cycle arrest.*>* Given that stimula-
tion of BC cell lines with insulin or IGF-1 blunts CycG2 expres-
sion,” and that the mTOR inhibitor rapamycin increases
CycG2 levels,'*** metformin treatment could promote CycG2
expression and its associated cell cycle inhibitory activity.
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Here we examine CycG2 expression and localization during
BC cell responses to E2 deprivation, ER antagonism by the
SERD fulvestrant and treatment with the AMPK activator met-
formin. We relate changes in CycG2 expression to the anti-mito-
genic effects of these treatments in BC cell lines and test the
consequence of CycG2 depletion to the anti-proliferative effects
induced by blockade of E2 signaling and co-treatment with met-
formin in MCF?7 cells. The effects of blunted CycG2 expression
on changes in signal transduction pathways triggered by abla-
tion of E2 signaling are evaluated, and a potential CycG2 bind-
ing partner and mechanism by which CycG2 could mediate its
growth inhibitory effects are identified. Finally, we use curated
microarray datasets from BC patient tumor samples and meta-
analysis tools to assess the potential contribution of CycG2 to
tumor growth control and patient survival outcomes. Taken
together our results strongly suggest that CycG2 contributes to
signaling networks that restrict BC cell proliferation and has
value as a prognostic biomarker for treatment of ER+ BC.

Methods
Cell culture and treatment

MCF7 and T47D cells were obtained from American Type Cul-
ture Collection. MCF7 cells were cultured in EMEM (Gibco)
supplemented with 10% heat-inactivated (HI)-FBS, 2 mM
L-glutamine (RPI), 1 mM sodium pyruvate, 100 units/mL peni-
cillin and 100 pg/mL streptomycin sulfate (Gibco), and 10
pg/mL bovine insulin (Sigma). T47D cells were cultured in
RPMI1640 (Gibco) supplemented with 10% HI-FBS, 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 units/mL penicillin
and 100 pg/mL streptomycin sulfate. All cultures were plated
at a density of 20-30% and maintained at 50-90% confluency in
a humidified chamber at 37°C with 5% CO,. For estrogen
depletion experiments, plated cells were washed twice with 1x
PBS (Gibco) and cultured for indicated periods of time in phe-
nol red free MEM medium containing 10% heat inactivated
charcoal-dextran (CD)-treated FBS, 2 mM L-glutamine, 1 mM
sodium pyruvate, 100 units/mL penicillin and 100 pug/mL
streptomycin sulfate, 10 png/mL bovine insulin and 10 mM
HEPES (Gibco). Re-stimulation of E2-starved cultures was
achieved by addition of 10 nM estradiol (E2). For ICI and
40HT treatments cells were seeded the day before treatment to
achieve approximately 70% confluency at the point of harvest.
Culture medium was replaced with ICI (100 nM) or 4OHT
(100 nM) containing regular MCF7 (E2 and phenol red con-
taining) medium for the indicated time periods.

shRNA expression constructs and establishment of stable
clones

The generation of DNA constructs for expression of GFP-epi-
tope tagged CycG2 fusion proteins (full length and truncation)
in mammalian cells have been described previously.'"'*> The HA
tagged human CDKI10 vector pReceiver-M08 was purchased
from GeneCopoeia (Rockville, MD). The generation of stable
cyclin G2 knockdown cell lines has been described elsewhere.'”
In brief, the vector pSuper.retro.puro (Oligoengine; Seattle,
WA) and oligonucleotides (Integrated DNA Technologies, IA)
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were ligated via BglII/HindIII cloning site. The shRNA oligonu-
cleotide stem-loop and restriction site overhang sequences were
previously described.'” Freshly established MCF7 cultures were
transfected with Ndel linearized vector and clonal populations
were generated by culturing with 3 pug/mL puromycin. Selected
clonal populations were tested for their ability to suppress
expression of exogenous and endogenous human CycG2 by
immunoblot analysis.

Antibodies (source and dilutions)

The following primary antibodies, mouse anti-a-tubulin
(DM1A, sc-32293, 1:20 000), goat anti-CDK10 (sc-326, 1:100),
mouse anti-cyclin D1 (sc-20044, 1:6 000) were obtained from
Santa Cruz Biotechnology, mouse anti-GAPDH (MAB374,
1:200 000) was obtained from Millipore, rabbit anti-B-actin
(#4970, 1:2 000), anti-cRaf (#9422, 1:500), anti-phospho cRaf
S338 (#9457, 1:1 000), anti-ERK (#9102, 1:2 000), anti-phospho
ERK T202/204 (#9101, 1:3 000), anti-MEK (#8727, 1:1 000),
anti-phospho MEK §217/221 (#9121, 1:3 000), anti-phospho
Rb (#9307, 1:3 000) and mouse anti Rb (#9309, 1:2 000) were
purchased from Cell Signaling, sheep anti-a-tubulin (ATNO2,
1:100) and mouse anti-y-tubulin (GTU-88, T6557, 1:400) were
purchased from Cytoskeleton (Denver, CO) and Sigma, respec-
tively, mouse anti-HA (MMS-101-P, 1:1 000) was from Cova-
nce (CA) and mouse anti-BrdU (B35141, 1:40) was from
Invitrogen. HRP conjugated secondary antibodies against rab-
bit and mouse IgG (1:5 000) were purchased from BioRad and
Jackson ImmunoResearch. Alexa 488, 568 and 660 conjugated
secondary antibodies (1:1 000) were purchased from Molecular
Probes/Invitrogen. The CycG2-specific antibodies 68232 (Abl;
1:300) and 68964 (Ab2; 1:500) produced in our laboratory were
affinity purified from rabbit anti-sera and tested for specificity
toward CycG2 fusion proteins essentially as described.''*!”

Immunoblot analysis

Cells were lysed in RIPA buffer (10% glycerol, 1% Nonidet P-
40, 0.4% deoxycholate, 0.05% SDS, 150 mM NaCl, 10 mM
EDTA, 5 mM EGTA, 50 mM Tris, pH 7.4) containing protease
inhibitors (1 pg/mL pepstatin A, 1 pg/mL leupeptin, 2 ©g/mL
aprotinin, 200 nM phenylmethanesulfonyl fluoride) and phos-
phatase inhibitors (25 mM sodium fluoride, 25 mM sodium
pyrophosphate, 1 mM p-Nitrophenyl-phosphate, 2 ©M micro-
cystin). Cell lysates were cleared by centrifugation at 10,000 x g
to remove insoluble material. Protein concentration was mea-
sured using BCA reagent (Pierce). Protein lysates were fraction-
ated by SDS-PAGE, blotted onto PVDF membranes and
subjected to immunoblotting as previously described.'"'>"”
Multiple exposures over increasing time periods were taken to
ensure that all signals were in the linear range. Immunoblot sig-
nals were quantified using Image] (National Institutes of
Health) and Adobe Photoshop CS3 software (Adobe Systems
Inc.). Statistical analysis of data from 3 or more independent
repeats was done using GraphPad Prism version 4.0 (GraphPad
Software, Inc.). Data are shown as mean =& SE. Student’s t test
was used for 2-group comparison, and analysis of variance
(one-way ANOVA with the Tukey and Bonferroni post hoc
tests) was used for comparisons of more than 2 groups.

Immunoprecipitation

Cleared whole lysate protein (150 to 1000 1g) was precleared
with 20 uL protein A agarose or protein G sepharose bead
slurry including non-specific IgG and incubated at 4°C for 1 h,
to remove non-specific binding. This precleared supernatant
was then incubated with 20 L bead slurry and 1 to 10 ug indi-
cated precipitation antibody for 16 h at 4°C. Preclear and
immunoprecipitation beads were extensively washed with lysis
buffer and proteins were eluted with 20 L 1.5x SDS loading
buffer and subjected to immunoblotting as described.'"'>"”

Immunofluorescence microscopy

MCF7 cells were seeded at 1.5 x 10° cells/35 mm well onto a
22 mm-square glass coverslip coated with 10 mg/mL collagen
and 1 pg/mL poly-L-lysine (Sigma) 14-18 h before treatment.
Coverslips were removed 72 h after initiation of treatment,
rinsed with PBS and immediately fixed with 4% paraformalde-
hyde in PBS for 10 min at RT or ice-cold MeOH at -20°C for
5 min. PFA fixed specimens were permeabilized with 0.4% Tri-
ton-X in PBS for 20 min at RT. Specimens were stained and
mounted and images were collected by confocal microscopy as
described." In brief, cells were blocked for 2 h in blocking solu-
tion (2% Glycerol, 50 mM NH,Cl, 5% FBS, 2% goat serum in
PBS) and stained with indicated primary antibodies diluted in
blocking solution ON at 4°C. Secondary antibodies and
Hoechst 33342 stain were diluted in TBS containing blocking
solution and incubated with the cells for 2 h at RT. Coverslips
were mounted with ProLong Antifade from Molecular Probes
on microscope slides and images were collected by confocal
microscopy.

Cell cycle analysis by flow cytometry

The DNA content in cell cultures was assessed by single and
dual parameter flow cytometry of propidium iodide stained
DNA. For single parameter DNA flow cytometry cultured cells
were fixed with 70% EtOH at -20°C, to preserve fluorescent sig-
nals, cells were 10 min prefixed with 0.5% PFA/10 mM EDTA
in PBS following fixation with 100% methanol at -20°C. Fixed
cells were washed, and stained in PBS containing 0.25 mg/mL
RNase A (Fermentas) and 50 pg/mL propidium iodide (PI,
Sigma) for 30 min at RT. DNA flow cytometry was performed
using a FACScan (BD) flow cytometer to collect at least 20,000
events as described.>”'"!” Two parameter DNA flow cytometry
of BrdU labeled DNA was used to measure the percentage of
cells in the population undergoing DNA synthesis. Here cells
were pulse labeled with 10 uM BrdU (Sigma) for 1 h at 37°C
prior methanol fixation at -20°C. DNA was denatured with
2 M HClI for 45 min at RT and neutralized by addition of 0.1 M
Sodium-Borate buffer pH 8.2. BrdU labeled DNA was stained
with anti-BrdU primary antibodies for 2h at RT followed by
incubation with Alexa488 conjugated secondary antibodies for
1h at RT. Total DNA was then stained with PI as above and
FACScan analysis was performed. Cell Cycle analysis of PldIns
or BrdU labeled DNA was performed using FlowJo 8.5 and
10.1 software. For statistical analysis, one-way analysis of
variance tests (one-way ANOVA with Tukey and Bonferroni



post-hoc tests) was done on data from at least 3 independent
experimental repeats using Prism 4.0 software (GraphPad Soft-
ware, Inc., www.graphpad.com).

Meta-analysis of CycG2 expression in breast cancer tumors

Microarray analysis of CCNG2 gene expression in tumor sam-
ples from breast cancer patients was done using publically
available data sets and the following online meta-analysis tools:
1) the GOBO - Gene expression-based Outcome for Breast
Cancer Online software’ that curates Affymetrix U133A
microarray expression data in a merged 1881-sample breast
tumor data set from 11 different publicly available data sets
(http://co.bmc.lu.se/gobo) and 2) the KM-plotter tool*® for
breast cancer (http://kmplot.com/analysis/) that assesses Affy-
metrix HG-U133A, HG-U133 Plus 2.0 and HG-U133A 2.0
microarray expression data downloaded from GEO (Affymetrix
microarrays only), EGA and TCGA databases. High and low
quantile CCNG2 expression levels in tumor samples from spe-
cific patient cohorts were compared using Kaplan-Meier sur-
vival plots, including calculations of the hazard ratio with 95%
confidence intervals and log-rank P values.

Results

Estrogen deprivation of MCF7 and T47D ER+ BC cell lines
upregulates CycG?2 levels during cell cycle arrest and
induces accumulation of CycG2 in MCF7 nuclei

As expression of the CCNG2 gene is negatively regulated by
E2-bound ER/NCoR transcription factor complexes,'® we
examined the effects of E2 deprivation and re-stimulation on
the expression and subcellular localization of the CycG2 pro-
tein in ER+ BC cell lines (Fig. 1). MCF7 and T47D cells were
cultured in non-treated (NT) and E2-depleted (DM) media for
4 d. DNA flow cytometry (Fig. 1A) showed the expected cell
cycle arrest response of MCF7 cells to E2-deprivation and
re-entry after re-stimulation with 10 nM E2. Immunoblot anal-
ysis shows a 2-fold increase in CycG2 protein levels in the
E2-depleted T47D and MCF7 cultures compared to non-
treated controls (Fig. 1B) and a 2.5-fold downregulation of
CycG2 4 h after the re-addition of 10 nM E2 to MCF7 cells
(Fig. 1C). Confocal microscopy of immunostained MCF7 cells
cultured in the presence (NT) versus absence of E2 (DM)
shows that the bulk of CycG2 upregulated upon E2-deprivation
is localized within the nucleus (Fig. 1D). Note that the basal
level of CycG2 in non-treated cells is relatively low and is
mainly cytoplasmic, except when localized at centrosomes of
mitotic spindles (yellow dot at end of mitotic spindle). Re-stim-
ulation of E2-depleated MCF7 cells with 10 nM E2 for 72 h
resulted in an obvious reduction in the nuclear CycG2
immunosignal (Fig. 1E).

Pharmacological blockade of ER signaling upregulates
CycG2 expression in MCF7 and T47D cells and increases
nuclear localization of CycG2 in MCF7 cells

Given that CycG2 expression is upregulated upon E2 depletion,
we tested the effect of BC therapeutics that antagonize ER
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signaling on CycG2 expression in ER+ BC cell lines (Fig. 2).
MCF7 and T47D cells were cultured with fulvestrant (ICI) for
up to 48 hours. Fulvestrant induced a 2-3-fold upregulation of
CycG2 expression (Fig. 2A and B) in MCF7 cells and a 2-fold
increase in T47D cells (Fig. 2B). Immunofluorescence micros-
copy showed that, as with E2 depletion, fulvestrant also
induced CycG2 accumulation within the nuclei of MCF7 cells
(Fig. 2C). Treatment of cells with 100 nM of the SERM tamoxi-
fen (TAM) also increased CycG2 protein levels (Fig. 2D),
though not to the same degree as fulvestrant. To better define
the effects of SERM and SERD-mediated antagonism of estro-
gen signaling on CycG2 expression, cells were cultured in estro-
gen-depleted media followed by stimulation with E2 in the
presence or absence of fulvestrant or tamoxifen. The increased
CycG2 expression level (1.7-fold) induced by E2 deprivation
was repressed by E2 stimulation alone while co-treatment with
fulvestrant increased CycG2 by 3.8-fold and tamoxifen co-
treatment upregulated CycG2 by 2.9-fold.

Stable RNAi-mediated knockdown of CycG2 expression
blunts the cell cycle-arrest response of MCF7 cells to
estrogen-deprivation and fulvestrant-mediated blockade
of ER signaling

To assess the contribution of CycG2 to the cell cycle inhibitory
effects of E2 signaling blockade, stable MCF7 clones expressing
2 different CCNG2-targeting shRNAs (1-B, ID3) were tested
for their ability to inhibit CycG2 expression (Fig. 3A and B)
and modify the cycle arrest response to E2-deprivation
(Fig. 3C-F). We previously established the ability of these
CCNG2-targeting shRNAs to block ectopic overexpression of
CycG2 and stably knockdown (KD) endogenous CycG2 in
MCEF?7 cells."” Cultures of MCF7 WT, and CycG2 KD as well as
non-silencing control shRNA (NSC) clones were cultured in
regular or E2-depleted media (DM) for 6 d. Immunoblot analy-
sis of lysates from these cultures verified the shRNA-mediated
silencing of CycG2 expression and blockade of E2-deprivation-
induced upregulation of CycG2 in the CycG2 KD clones
(Fig. 3A and B). Importantly, flow cytometry analysis of total
DNA content in the E2-depleted and untreated cultures indi-
cated that shRNA-mediated repression of CycG2 upregulation
significantly reduced the cell cycle arrest response to E2-with-
drawl (Fig. 3C-F). Compared to the E2-depleted MCF7 WT
and NSC control cultures, cultures of the E2-deprived
CycG2 KD clones exhibited a decreased percentage of cells
accumulated in G;-phase and a larger percentage of cells in S-
phase (Fig. 3C and D). Two-parameter DNA flow cytometry of
BrdU-pulse labeled DNA in the E2-depeted vs. non-treated cul-
tures revealed that the percentage of cells synthesising DNA
was greater in the E2-depleted CycG2 KD clone cultures com-
pared to the E2-depleted control (WT, NSC) cultures
(Fig. 3E and F).

Given that knockdown of CycG2 promoted cell cycle progres-
sion of E2-deprived MCF7 cells and that fulvestrant-mediated
blockade of ER signaling strongly upregulated CycG2 expression,
we tested the consequence of CycG2 loss on fulvestrant-induced
inhibition of MCF7 cell proliferation (Fig. 4). The CycG2 KD
clones and controls were cultured 4/— fulvestrant for 48h.
Immunoblot analysis confirmed the 2-3-fold upregulation of
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Figure 1. CycG2 expression is modulated by estrogen signaling in breast cancer cells. (A) Left, Histogram overlays of DNA content in MCF7 cells grown in E2-depleted
medium (DM, dashed line) for 4 d vs. those cultured in non-treated medium (NT, light gray fill) and E2-depleted cultures re-stimulated with 10 nM E2 for an additional
48 h (DM+E2, dark gray fill). Right, One-way ANOVA statistical analysis of cumulative DNA flow cytometry data arising from experimental conditions shown at left. (B)
Immunoblot analysis of CycG2 expression in MCF7 and T47D cells depleted of estrogen (DM) for 4 d relative to control protein (GAPDH or «-tubulin and Ponceau S stain).
() Immunoblot analysis of CycG2 expression following 4 h re-stimulation of 3 day E2-depleted MCF7 cells with (+) 10 nM E2 compared to non-treated control (-). (D) Con-
focal immunofluorescence micrographs of expression and localization of CycG2 in MCF7 cells cultured in E2 containing (NT) or in E2-depleted (DM) medium for 6 d. Cells
were stained with antibodies to CycG2 (shown in green channel) and «-tubulin (Tub, red). (E) Confocal micrographs of CycG2 expression and localization following 72 h
re-stimulation of E2-starved (DM) MCF7 cells with 10 nM E2 (DM+E2). Micrographs at top show immunosignals for CycG2 (green), lamin B (Lam B, blue; nuclear marker)
and y-tubulin (yTub, red; centrosome marker); micrographs at bottom show single channel anti-CycG2 immunosignal from above images in black and white for better

contrast.

CycG2 in treated MCF7 WT and NSC control cultures and the total (Fig. 4C and D) and BrdU-labeled DNA (Fig. 4E and F)
lack of fulvestrant-mediated induction of CycG2 in the KD showed that the fulvestrant-mediated G;-phase arrest response
clones (Fig. 4A and B). Flow cytometry analysis of PI-stained and inhibition of DNA synthesis observed in MCF7 WT and
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Figure 2. Inhibition of estrogen signaling with fulvestrant upregulates CycG2 expression in ER positive breast cancer cell lines. (A, B) MCF7 and T47D cells cultured in the
presence or absence of fulvestrant (ICl, 100 nM) for 24 (A) or 48h (A, B) or absence of E2 (DM, 6 days) were assessed for changes in CycG2 expression by immunoblot anal-
ysis. (C) Confocal immunofluorescence microscopy images showing CycG2 expression (green) in fulvestrant-treated (ICl, bottom panel) and non-treated control (NT, top)
MCF7 cells. Cells were stained with antibodies against CycG2 (green), and a-tubulin (a-Tub, red). (D) Immunoblot of CycG2 in MCF7 cells cultured for 48h in the absence
(NT) or presence of the E2-signaling antagonists fulvestrant (ICl, 100 nM) or tamoxifen (TAM, 100 nM). (E) Immunoblot of CycG2 in E2-depleted (DM, 5 days) MCF7 cultures
compared to E2-depleted cultures re-stimulated for an additional 48h with E2 alone or E2 plus ICl or TAM as indicated.

NSC control cells was significantly blunted in the CycG2 KD
clones. The decreased sensitivity of the CycG2 KD cells to the
cell cycle inhibitory effects of E2-signaling blockade indicates
that E2 promotes cell cycle progression, in part, through sup-
pression of CycG2 expression.

Loss of CycG2 blunts fulvestrant-induced
dephosphorylation of the retinoblastoma protein Rb
and the MAP kinases MEK1 and ERK1/2 and
downregulation of c-RAF

E2-activated ER mitogenic signaling induces inhibitory hyper-
phosphorylation of the retinoblastoma pocket protein Rb via
G;-phase cyclin/CDK complexes, a pathway key for progression
past the G;/S-phase checkpoint and initiation of DNA synthesis
in BC cells.*>! We examined the expression of total and phos-
phorylated forms of Rb (pRb) in lysates from non- and fulves-
trant-treated MCF7 control and CycG2 knockdown cells
(Fig. 5A). As expected, fulvestrant treatment diminished

phosphorylation of Rb on S780 in WT MCEF7 cells (lane 2)
compared to pRb levels in the untreated control cells (lane 1).
In contrast, fulvestrant treatment of the CycG2 KD clones
results in a more moderate reduction in hyperphosphorylated
pRb (lanes 3 through 10) compared to treated WT. These
results are supported by the banding patterns observed in the
immunoblots for total Rb; the relative abundance of slower
migrating hyper-phosphorylated forms of the Rb doublet are
more strongly reduced relative to untreated controls in fulves-
trant-treated MCF7 WT than in the CycG2 KD clones. In addi-
tion, untreated CycG2 KD clones appeared to have an overall
higher pRb levels compared to untreated WT. Comparable
results are seen for the reduction of S780 phosphorylated pRb
in E2-depleted vs. untreated cell cultures (Fig. 5B). The S780
pRB levels in E2-deprived CycG2 KD clones did not reach the
low pRB level achieved by E2-withdrawl from WT cells.
Aberrantly elevated expression of cyclin D1 promotes early
G,-phase CDK inactivation of Rb in ER+ BC and inhibition of
ER signaling is known to decrease cyclin D1 expression.”' >’
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Figure 3. Stable silencing of CycG2 expression attenuates the cell cycle arrest response of MCF7 cells to estrogen withdrawal. (A) Immunoblot of endogenous CycG2 in
MCF7 clones expressing CCNG2-targeting shRNAs (1-B and ID3) or a non-silencing control shRNA (NSC) cultured with (+) or without (-) estrogen depletion (DM). Numbers
underneath shRNA denominators refer to clone number for the respective stably transfected cell line. (B) One-way ANOVA statistical analysis of CycG2 expression data
from > 3 replicate experiments quantified by immunoblotting as in A. (C) Histogram overlays of DNA content in MCF7 control and CycG2 KD clones cultured in E2-
depleted (black line, DM days) or normal media (gray area, NT). (D) One-way ANOVA statistical analysis of G;- and S-phase cell cycle distribution of single parameter DNA
flow cytometry data analyses similar to that shown in C. (E) Two-parameter flow cytometry analysis of BrdU-labeled DNA in E2-depleted (DM) compared to non-treated
(NT) CycG2 KD clones and controls. (F) One-way ANOVA analysis of BrdU incorporation and cell cycle distribution data as shown in £. ***p = < 0.001; **p = < 0.01;

*p =< 0.05.

We compared cyclin D1 expression levels in control and
CycG2 KD MCEF7 cells cultured in the presence and absence of
fulvestrant (Fig. 5C). Consistent with our observations for
S780-pRb, cyclin D1 levels were diminished by fulvestrant
treatment of WT and NSC cultures (compare lanes 11 to 12

and 1 to 2) but appeared more moderately reduced in the
treated CycG2 KD clones (lanes 3 through 10). Similar results
were found for the effect of E2-withdrawal on cyclin D1 levels.
As expected E2-deprivation led to a clear reduction in cyclin
D1 levels in the NSC control, but had an overall more muted
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Figure 4. Silencing CycG2 expression reduces the cell cycle inhibitory effects of fulvestrant-mediated ER signaling blockade. (A) Immunoblots of CycG2 levels in indicated
MCF7 CycG2 KD clones and controls (NSC, WT) following 48 h culture in the presence (+) or absence (-) of fulvestrant (ICl, 100 nM). (B) One-way ANOVA statistical analysis
of CycG2 expression data from >3 replicate experiments quantified by immunoblotting as in A. (C) Representative histogram overlays of DNA content in parental MCF7
control (WT, NSC) and CycG2 KD clones cultured in normal (gray area, NT) or ICI (black line) containing medium for 48h). (D) Statistical analysis (one-way ANOVA) of G-
and S-phase DNA distribution data of flow cytometry analyses as shown in C. (E) Two-parameter flow cytometry analysis of BrdU-labeled DNA in CycG2 KD clones and WT
and NSC controls cultured with (ICl) or without (NT) fulvestrant. (F) One way ANOVA analysis of BrdU data from >3 repeats of experiments shown in £. ***p = < 0.001;

p= < 0.01;"p = < 0.05.
effect on cyclin D1 expression in the CycG2 KD clones
(Fig. 5D).

ER+ BC cell resistance to endocrine therapy often arises
from increased growth factor receptor (e.g. IGF-1R, HER2) acti-
vation of downstream PI3K/mTOR and RAF/MEK/ERK mito-
genic  signaling  pathways that ultimately promote
phosphorylation-mediated inhibition of Rb.***> As E2 signaling
activates and anti-E2 therapeutics inhibit the RAF/MEK/ERK
pathway and cyclin D/CDK4/6 phospho-inactivation of Rb is
associated with activated ERK,”'>**° we examined relative
expression of activated forms of ERK1/2 and MEK1/2 in fulves-
trant treated cultures of MCF7 WT and CycG2 KD cells. Immu-
noblot analysis of T202/Y204 pERK (Fig. 5E) as well as 5217/
221 pMEKI1 expression (Fig. 5F) indicated that MEK/ERK activ-
ity was overall higher in the CycG2 KD clones. Moreover

fulvestrant treatment did not as strongly reduce T202/Y204
PERK levels in the CycG2 KD cultures compared to WT cul-
tures (Fig. 5E). In addition S217/221 pMEK1 levels of the fulves-
trant treated CycG2 KD clones did not drop to that observed
for treated WT cells. Similar results are seen for S$217/221
PMEK1 levels in cultures of E2-depleted WT compared to
CycG2 KD cells (data not shown). Given the apparent higher
levels of phospho-activated MEK/ERK MAP kinases in the
CycG2 KD clones we looked next at the expression levels of the
proximal upstream activating kinase, cRaf in control and
CycG2 KD cell populations (Fig. 5G). Fulvestrant treatment
strongly blunted cRaf levels in control cell cultures, but did not
result in such an obvious reduction of cRaf expression in the
CycG2 KD clones. In agreement, a more reduced expression of
S338 phosphorylated (activated) cRaf was observed in the
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Figure 5. Silencing CycG2 expression blunts fulvestrant-induced dephosphorylation of Rb, inhibition of MEK/ERK signaling, and downregulation of Raf1. Immunoblot
analysis of the indicated cell cycle regulatory and MAP kinase pathway proteins in MCF7 control (WT, NSC) and CycG2 KD (1-B, ID3) clones cultured with (+) or without (-)
fulvestrant (ICl, 100 nM) for 48 h (A, C, E-H) or (B,D) E2-depletion (DM). Immunoblots for (A, B) S780 pRb and total Rb, (C, D) CycD1, E) T202/204 pERK 1/2, total ERK, (F)
$217/221 pMEK1/2 and total MEK, (G) total cRaf, and (G) S338 p-cRaf are shown atop the indicated loading controls (GAPDH, a-tubulin, or g-actin). Numbers below lanes
in blot panels indicate relative expression levels normalized to level in non-treated no-knockdown control (MCF7 WT or NSC control set at 1, marked with an *). Band
intensity quantification is relative to amount of either loading control (GAPDH (GDH), a-tubulin (Tub) or B-actin (8—Act)) or total Rb, ERK, or MEK as indicated.

fulvestrant treated control culture compared to the treated
CycG2 KD cultures (Fig. 5H). In sum, KD of CycG2 promotes
sustained inhibitory phosphorylation of Rb during blockade of
ER signaling and continued expression of cyclin D1, cRaf and
phospho-activated isoforms of ERK/MEK kinases despite
repression of ER activity.

CycG2 associates and colocalizes with the negative
regulator of c-RAF expression, CDK10

Our findings indicate that suppression of CycG2 upregulation
blunts fulvestrant-mediated downregulation of cRaf expression
(Fig. 5G and H). ER+ BC cell resistance to blockade of E2-signal-
ing has been linked to decreased expression of the cyclin-depen-
dent kinase, CDK10.” The authors found that RNAi-mediated

ablation of CDKI10 promotes cell cycle progression, activates
MAP kinase signaling and upregulates cRAF expression.”’
Though CDK10 was shown to bind to and inhibit Ets2-mediated
transcriptional activation of cRaf, no cyclin binding partner for
this CDK had been identified.”” Here we explored the possibility
that CycG2 is a CDKI0 interacting protein. First we tested
whether overexpressed CycG2 can interact with CDKI0 in
U20S cells, using this cell line because of the ease and high effi-
ciency by which it can be transiently transfected (Fig. 6). HA-
tagged CDK10 was expressed together with GFP-tagged full
length or C-terminal truncated forms of CycG2. The CycG2 con-
structs 1-187 and 1-160 are absent the C-terminus and some to
most of the predicted 5 «-helices («1’-a5’) of the cyclin fold
bundle-repeat but maintain the conserved 5 «-helices (a1-5 )
of the N-terminal cyclin box domain that contains key AA
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Figure 6. CycG2 associates with CDK10. (A) Schema showing the sequence predicted «-helical regions in the conserved Cyclin Box domain and c-terminal bundle repeat of
full length (FL) CycG2 and the relative extent of the regions remaining in each expression construct used in B. The # symbol depicts the glutamate residue in CycG2 equiv-
alent to the well conserved Glu295 of cyclin A critical for the cyclin fold and CDK interactions; * indicates the CycG2 residues conserved with the cyclin A CDK-interacting
residues Asp305 and Leu306. (B) Top, Immunoblots of whole lysates from the indicated transfected U20S cultures used for the co-immunoprecipitation studies of CycG2-
GFP and HA-CDK10 complexes. Below, Immunoblots of indicated immunoprecipitates isolated from lysates of transfected U20S cells. (C) Confocal immunofluorescence
micrographs of CycG2-GFP (green) and HA-CDK10 (red) co-expressed in transfected U20S cells and cytoskeleton marker a-tubulin (blue). Single channel micrographs of
the individual fluorescence signals are shown in black and white for better contrast while the merged 3 channel image at the bottom shows the areas of colocalization
(yellow). (D) Immunoblots of endogenous CycG2 coimmunoprecipitated from HA-CDK10 transfected U20S cells by antibodies against HA (E, F) Immunoprecipitation of
endogenous CycG2 or CDK10 from lysates of MCF7 cultures depleted of E2 for 5 d (DM), with or without E2 re-stimulation (E2) in the presence or absence fulvestrant

(ICl,) or tamoxifen (TAM) for an additional 48h. NT = non-treated control.

residues essential for cyclin-CDK interactions.**** In contrast
the 1-140 construct lacks an additional 20 amino acids extending
from the last 9 AAs in the predicted o5 helix of the cyclin box to
the first 3 AAs of al’, a key cyclin-CDK interfacing region that
includes the highly conserved glutamic acid (Glu295 in cyclin A)
critical for the cyclin fold and CDK interaction (Fig. 6A).5°%%
Anti-CycG2, -HA and -GFP antibodies were used to immu-
noprecipitate (IP) the ectopically expressed proteins and the frac-
tionated immunocomplexes were immunoblotted with the
reciprocal antibody. Immunoblotting indicated that the full
length and 1-160 and 1-187 truncated CycG2 constructs includ-
ing the entire ‘Cyclin Box’ domain co-IP’d with HA-CDK10, but
that the 1-140 CycG2 construct lacking key conserved CDK2

interfacing residues did not efficiently co-IP with HA-CDK10
(Fig. 6B). This evidence that CycG2GFP and HA-CDK10 inter-
act is further bolstered by the colocalization of these 2 proteins
in transfected cells (Fig. 6C). In contrast to the smooth nucleus-
restricted anti-HA signal seen in cells not expressing CycG2GFP
(Fig. 6C, top left corner), HA-CDKI10 coexpressed with
CycG2GFP is distributed throughout the cell, exhibiting a clear
overlap and colocalization with the CycG2GFP fluorescence sig-
nal in both the cytoplasm and at distinct foci within the nucleus
(Fig. 6C). This redistribution of a substantial fraction HA-
CDK10 from the nucleus to the cytosol upon ectopic expression
of CycG2GFP is consistent with CycG2 binding and thereby
redistributing CDK10. In addition, ectopically expressed
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CycG2GFP is mostly cytosolic under basal conditions.'""> How-
ever, when co-expressed with CDK10, CycG2GFP shows a strik-
ing colocalization with CDKI10 at nuclear foci (Fig. 6C, lower
right corner), a pattern similar to the foci observed for endoge-
nous CycG2 in E2-depleted and fulvestrant-treated MCF7 cells
(Figs. 1 and 2).

We next tested whether endogenous CycG2 could be co-pre-
cipitated with either exogenous or endogenous CDKI10
(Fig. 6D-F). Anti-CDK10 and -HA antibodies not only IP
ectopically expressed CDK10 in singly transfected U20S cells,
but also co-IP endogenous CycG2 (Fig. 6D). Next we used the
anti-CycG2 and anti-CDK10 antibodies to IP the endogenous
proteins from untreated control (NT), E2-depleted (DM) or
drug-treated MCF7 cells (Fig. 6E-F). As before (see Fig. 2),
anti-CycG2 IB revealed an upregulation of CycG2 in MCF7
cells subjected to E2-signaling blockade, but not in untreated
controls or cells re-stimulated by E2 supplementation after E2-
withdrawal (DM +E2). Importantly reprobing of the
anti-CycG2 IPs with anti-CDKI10 antibodies showed co-IP of
an ~39 kDa CDKI0 positive band only in samples from the
E2-depleted or drug treated (fulvestrant or tamoxifen) cultures.
Reciprocal IP of CDK10 from lysates of both treated and
untreated control cultures pulled down an anti-CDK10 positive
band in each sample, but reprobing with anti-CycG2 antibodies
showed co-IP of CycG2 only after inhibition of E2 signaling
(Fig. 6F). These results suggest an association between endoge-
nous CycG2 and CDK10 in MCF7 cells undergoing cell cycle
arrest in response to inhibition of E2-signaling. As knockdown
of either CycG2 (herein) or CDK10”" promotes cell cycle
progression, MAP kinase signaling and cRAF expression,
CycG2 could function in concert with CDK10 to modulate
these processes.

CycG2 expression is enhanced by metformin and required
for the metformin-enhanced arrest response to
co-treatment with fulvestrant

CycG2 expression is repressed by HER2, IGF-1R and IR mito-
genic signaling,'*** growth factor receptors known to promote
acquired resistance of ER+ BC to estrogen antagonizing thera-
peutics.”* Given that the anti-diabetic drug metformin inhibits
mTOR and antagonizes BC cell growth in vitro®** and
patients taking metformin have reduced BC recurrence,**** we
investigated the effects of metformin on CycG2 expression in
ER+ BC cell lines. As expected culture of MCF7 cells in the
presence of 1 mM metformin for 48 h inhibits DNA synthesis
and triggers a G;-phase cell cycle arrest (Fig. 7A). Moreover, a
48 h treatment with metformin induced a 3-fold CycG2 upre-
gulation, similar to (though not as high) as MCF7 cells cultured
in the absence of added insulin (Fig. 7B, right panels). We
found that culturing MCF7 with metformin for 24 h also upre-
gulated CycG2 expression to a similar extent as treatment with
fulvestrant (Fig. 7B, left panels) and inhibited cell cycle progres-
sion (data not shown), though to a lesser extent than seen with
exposure to the drug for 48 h.

Next we tested whether metformin could enhance the effects of
fulvestrant on CycG2 expression in MCF7 control cell cultures
and what consequence this co-treatment has on the cell cycle
arrest response of CycG2 KD clones compared to controls

(Fig. 7C and D). As before, culture of MCF7 WT cells for 24 h in
the presence of either metformin or fulvestrant resulted in a simi-
lar 2-fold increase in CycG2 expression (Fig. 7C). Importantly,
simultaneous co-treatment with both drugs further enhanced
CycG2 expression to ~3.5-fold over non-treated cultures in WT
cells but had minimal effects on CycG2 levels in the KD clones
(Fig. 7C and D). Consistent with these results and the idea that
CycG2 promotes cell cycle arrest, culture of MCF7 controls with
this drug combination induced a stronger cell cycle arrest response
than either drug treatment alone (Fig. 7E). In contrast, the same
level of an arrest response to these therapeutics, either alone or in
combination, is not observed in CycG2-KD cultures (Fig. 7E).

Lower CCNG2 expression is associated with aggressive
and higher grade BC, and correlates with shorter time to
relapse and distance metastasis free survival

As our results indicate that elevation of CycG2 expression pro-
motes cell cycle inhibition of BC cells responding to E2-antago-
nizing therapeutics, we investigated the clinical significance of
CCNG2 expression levels in BC tumors (Fig. 8). We used
GOBO" and KM-plotter tool*® software to search publically
available microarray databases and analyze CCNG2 expression
in BC tumor samples. Among the BC tumors stratified on the
basis of their molecular subtypes, we found that CCNG2 levels
are highest in the less aggressive Luminal A subtype while it is
lowest in the more aggressive Basal BC tumor subtype associ-
ated with poorer clinical outcomes (Fig. 8A). Similar results are
found for CCNG?2 levels in BC tumors stratified on the basis of
pathological grade, with the highest CCNG2 levels present in
the lowest grade tumors (Grade 1) associated with the best
prognosis for clinical outcome (Fig. 8B). To better estimate
how CCNG?2 transcript levels might help predict patient sur-
vival we performed Kaplan-Meier analysis. CCNG2 abundance
in resected tumors was compared to the length of distant
metastasis free (DMFS) and relapse free (RFS) survival periods
of patient populations stratified on the basis of receptor expres-
sion and treatment with E2-antagonizing therapeutics (Fig. 8
C, D). Tumors (ER+ or unclassified) from BC patient popula-
tions with the longer DMFS periods exhibit the highest quartile
level of CCNG2 expression (Fig. 8C). Among the 313 patients
with ER+ and progesterone receptor positive (PR+) disease
spread to lymph nodes (LN+), those with longer periods of RFS
had primary tumors with the highest CCNG2 mRNA levels
(HR 0.44, logrank P= 5e-04; Fig. 8D, left panel). Importantly,
analysis of expression data from ER+ tumor samples from the
1172 patients who had been treated systemically with any endo-
crine-based therapy, showed those with tumors expressing
higher levels of CCNG2 exhibited the highest probability of
long periods of RES (HR = 0.58, logrank P = 5.8e-04; Fig. 8D,
right panel). A similar cohort of endocrine therapy treated
patients whose tumors exhibit high levels of CDK10 mRNA
have a comparable likelihood of long periods of RFS (HR =
0.71, logrank P = 8.9¢-07) over the same time period (KM plot
not shown). In contrast, RFS Kaplan-Meier analyses of tumor
CCNDI and CCNEI expression in patients who received any
endocrine therapy indicate that the higher tumor levels of
either predicts poor outcomes for these patients (HR = 1.51,
logrank P = 7.4e-09 and HR = 1.62, logrank P = 1.9e-11,
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Figure 7. CycG2 contributes the cell cycle inhibitory effects induced by metformin. (A) Two parameter DNA flow cytometry analysis of DNA synthesis (BrdU incorporation)
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inhibitor AG1024. Bottom, statistical analysis of CycG2 expression in MCF7 WT cells treated for 24 hours with either metformin, fulvestrant or both agents. (D) CycG2
expression in CycG2 KD clones (1-B, ID3) treated for 24 hours with either metformin, fulvestrant or both agents compared to similarly treated MCF7 controls. (E) Statistical
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vestrant alone or in combination. ***p = < 0.001; **p = < 0.01; *p = < 0.05.

respectively; KM plots not shown). Finally, the probability of
longer periods of DMFS for 947 endocrine therapy treated
patients who did not receive chemotherapy was considerably
better when the BC tumors had the highest CCNG2 mRNA lev-
els (HR = 0.57, logrank P = 9.7e-05, KM plot not shown).

Discussion

Consistent with previous reports that CCNG2 transcription is
directly repressed by E2-bound ER co-repressor complex," we
show here 1) that during the response to E2-withdrawal CycG2
protein expression is upregulated up to 3-fold and accumulates in
the nucleus; and 2) that re-stimulation of E2-depleted cells with
E2 reduces CycG2 expression and reverses the nuclear

accumulation (Fig. 1). Moreover, we also now show that CycG2
expression is enhanced upon pharmacological blockade of E2 sig-
naling by the SERM tamoxifen and ER antagonist fulvestrant
(Fig. 2), the latter triggering a strong overall increase in CycG2 and
accumulation within the nucleus similar to the distribution pattern
seen upon E2-depletion. This pattern of nuclear CycG2 immunos-
taining is distinctly different from the more punctual distribution
we observed upon DNA damage-induced upregulation of CycG2
within MCF10a nuclei.'” Significantly, we found that sShRNA
mediated KD of CycG2 reduces the G;-phase arrest response of
MCF?7 cells to both E2-depletion and fulvestrant-mediated antago-
nism of ER signaling (Figs. 3 and 4). In contrast to MCF7 controls,
CycG2 KD clones treated with fulvestrant or depleted of E2 exhibit
an increased number of cells with an S-phase content actively
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Figure 8. Meta-analysis of CCNG2 expression in breast cancer (BC) tumor types and its correlation with relapse free (RFS) and distant metastasis free (DMFS) survival in
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patients (numbers of sample size at top of box-plot panels). (C, D) Kaplan-Meier survival curves estimating probability of survival for patients with tumors expressing high
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using the GOBO - Gene expression-based Outcome for Breast cancer Online software (http://co.bmc.lu.se/gobo) and the KM plotter tool for breast cancer (http://kmplot.

com/analysis/). PR = progesterone receptor, LN = lymph node.

synthesising DNA. This result indicates that the growth inhibitory
properties of anti-estrogen therapeutics could be mediated, in
part, through upregulation of CycG2 expression.

As our findings indicate that elevation in CycG2 abundance is
required to enforce the G,-phase cell cycle arrest response triggered
by blockade of E2/ER signaling, loss of CycG2 expression may con-
tribute to the development of ER+ BC tumor cell resistance to these
therapeutics. This idea is further supported by our meta-analysis of
curated tumor sample microarray database sets (Fig. 8). We found
that the higher levels of CCNG2 expression correlated with lower
grade neoplasms among all BC types and in particular among the
ER+ tumors, including those from tamoxifen-treated BC patients.
Using Kaplan-Meier analysis of CCNG2 transcript levels in ER+
BC tumor samples we found both reduced relapse-free and dis-
tant-metastasis free survival time periods in patients with tumors

exhibiting lower levels of CCNG2 mRNA compared to those
patient populations whose tumors had the highest levels of CCNG2
expression (Fig. 8). Additional analysis of CCNG2 in ER+ tumors
from anti-estrogen therapy treated patients clearly showed that
those patients with higher CCNG2 expression exhibited longer
periods of RFS (Fig. 8). This increased probability of a long RFS
period is similar to that found for an equivalent patient cohort with
tumors expressing high levels of CDK10 but in stark contrast to the
low probability of a similarly long RFS period for BC patients with
tumors expressing high levels of cyclins D1 or E1 mRNAs (see
results above).

Estrogen and growth factor-induced mitogenic signaling leads
to phosphorylation and thereby inactivation of Rb by CDKs.*>**
When Rb is in the hypophosphorylated state, it binds to and
sequesters the transcription factor E2F, thereby attenuating the
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expression of E2F-regulated genes that are required for entry into
S-phase. E2 induced mitogenic signaling stimulates CDK phos-
phorylation of Rb, allowing E2F to drive the expression of prolifera-
tion promoting genes.®>*® Thus antagonism of ER signaling
inhibits phospho-inactivation of Rb.”'>* Consistent with the blunt-
ing effects CCNG2 KD on the cell cycle arrest response of MCF7
cells to blockade of ER activity (Figs. 3 and 4), Rb phosphorylation
in fulvestrant-treated and E2-deprived CCNG2 KD clones was
clearly elevated relative to the underphosphorylated state of Rb in
similarly treated WT and non-silencing shRNA control MCF7
populations (Fig. 5A and B). Rb-inactivating hyperphosphoryla-
tion is achieved through activated CDK4/6 and CDK2 kinases. E2
induces activation of these kinases in part through upregulation of
the CDK4/6 regulatory partner, cyclin D1.°>°° In some ER+ BC,
overstimulation of CDK4/6 activity results in part from aberrantly
elevated expression of cyclin D1, and in HER2+ BC, receptor stim-
ulation of PI3K/Akt and MAP kinase activity stimulates D-type
cyclin expression and concomitant Rb inactivation.””*® We found
that, in contrast to the decrease in cyclin D1 observed in WT and
shRNA controls responding to E2/ER inhibiting treatments, cyclin
D1 levels in the CCNG2 KD clones is not as potently repressed
under these conditions (Fig. 5C and D). MAPK activity induces
cyclin D1 transcription through regulation of AP1 (Fos/Jun) com-
plexes that stabilize cyclin D1 mRNA and/or protein.*” Early work
had shown that overexpression of cyclin D1 expression promotes
tamoxifen resistance by abolishing the reliance on E2 signaling,”
Since then multiple models of endocrine-resistance indicate ER-
independent stimulation of cyclin D1 expression through activa-
tion of the MAPK pathway downstream of elevated growth factor
signaling.”>”' CycG2 KD clones exhibiting diminished arrest
responses, increased Rb phosphorylation and elevated cyclin D1
protein expression despite E2/ER antagonism. In addition, KD
showed sustained expression of cRaf and phospho-activated forms
of the MAPK pathway kinases, MEK1 and ERK1/2 (Fig. 5E-H).
These results suggest that the loss of CycG2 expression promotes
the development of resistance to E2/ER antagonizing therapeutics
by allowing sustained cRaf/MEK/ERK MAPK pathway activation
of cyclin D1 expression and thus continued phospho-inactivation
of Rb.

A previous RNAIi screen for determinants of tamoxifen
resistance linked the orphan CDK, CDK10 to the cRaf/MEK/
ERK MAPK signaling pathway in MCF7 cells.”” CDK10 had
already been known to bind and repress the transcription factor
Ets2.” Silencing CDKI10 relieves its repressive effect on Ets2
and thereby enhances cRaf expression and downstream signal-
ing through the MEK/ERK pathway, ultimately leading to
cyclin D1 upregulation, Rb inactivation and cell cycle progres-
sion.”” Although CDKI10 exhibits clear homology to CDKs, a
corresponding estrogen-controlled regulatory cyclin in MCF7
cells had not been identified. CycG2 is a CRM1-dependent
nucleocytoplasmic shuttling protein that when ectopically
expressed is largely localized to the cytosol and centrosome,'?
whereas CDK10 is localized to the nucleus. We determined
that CycG2 associates with CDK10 and when overexpressed,
CDK10 and CycG2 co-localize in a distinct pattern within the
nucleus and to a lesser extent in the cytosol (Fig. 6A-C). This
association requires an intact CycG2 N-terminal cyclin box
region (Fig. 6A and B). Coimunoprecipitation of endogenous
CycG2 associated with endogenous CDKI10 is dependent on
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blockade of E2/ER activity. Given that both CDK10 KD*” and
CycG2 KD (Fig. 5) promotes cRaf expression and enhances
phosphorylation of MEK1/2 and ERK1/2, the impaired cell
cycle arrest response to ER inhibition by CycG2 KD could be
due to decreased CycG2 binding to and modulation of CDK10
activity. Accordingly CycG2-mediated regulation of CDK10
activity would likely be dampened in estrogen-responsive endo-
crine-therapy resistant ER+ BCs.

CycG2 is known to associate with active PP2A complexes
and requires its C-terminal region beyond the cyclin box to
bind and interact with PP2A subunits.'"'>*””> Recent work
indicates that CDK10 is the target of Pinl-mediated ubiquitina-
tion, the Pinl recognition and binding depending on phos-
phorylation of CDK10 at Thr133.”* Our preliminary studies
(data not shown) indicate that CycG2 can bind both CDK10
and PP2A at the same time. It is thus possible that CycG2
recruits PP2A to dephosphorylate CDK10 and thereby inhibits
Pinl-mediated degradation of CDKI10, ultimately leading to
suppression of cRaf. Alternatively, CycG2 may more directly
participate in CDK10 regulation of cRaf. Early work showed
that kinase dead CDK10 is able to suppress Ets2 transactiva-
tion, indicating that CDK10 mediated inhibition of Ets2 was
independent of any potential CDK10 kinase activity.”> The
authors proposed that CDKI10 interaction with Ets2 might
interfere with the transcription factors ability to interact with
the basal transcription machinery or co-activators. Ets2 activity
is positively regulated by phosphorylation of Thr72 in its N-ter-
minus, however the phosphatase that dephosphorylates this site
is not described.”>”® Thus it is possible that CycG2/CDKI10
complexes recruit PP2A to dephosphorylate and inactivate
Ets2. A recent study showed that cyclin M, a cyclin deficient in
patients with STAR syndrome, binds to and induces CDK10
kinase activity toward Ets2 in vitro.”” The authors link Ets2
phosphorylation on serines 220 and 225 to its MG132-sensitive
degradation and show increased CDK10 expression in STAR
patient-derived lymphoblastoid cells deficient in cyclin M. We
found that KD of CycG2 in MCF?7 cells subjected to blockade
of E2-signaling phenocopies the deficiency in cell cycle arrest
response, sustained hyperphosphorylation of Rb, and enhanced
expression of phospho-activated ERK1/2, MEK1/2 and total
cRaf previously reported for siRNA KD of CDK10.”” Further
work will be needed to determine whether the impact of CycG2
expression on the RAF/MAPK pathway reflects its ability to
interact with CDK10 and how this interaction influences
CDK10 modulation of Ets2 activity.

In addition to its regulation by E2-bound ERs, the CCNG2 gene
is transcriptionally activated by the FOXO family of transcription
factors and repressed by growth factor receptor stimulation of the
PI3K/AKT pathway that inhibits FOXO transcriptional activity.'”
We previously determined that dampening of HER?2 signaling in
HER2 positive BC lines via the PI3K inhibitor Ly294002, mTOR
inhibitor rapamycin, or HER2-targeting monoclonal antibody
trastuzumab results in CycG2 upregulation and accumulation
within the nucleus.'* We have also shown that stimulation of IGF-
1 and insulin receptors downregulates and that withdrawal of
insulin upregulates CCNG2/CycG2 expression in various cell lines,
including MCF?7 cells.” It is well established that IGF-1R and IR
can form hybrid receptors that bind all 3 receptor family ligands
IGF-1, IGF-II and insulin.*®**' Moreover, increased expression of
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IGF-1R and IR receptors are frequently observed in BC.”>”*”° The
IR in BC cells (including MCF?7) frequently contains the embry-
onic isoform IR-A, which is known to elicit strong mitogenic sig-
nals.*****! TR-A containing receptors bind not only insulin but
also IGF-II and pro-insulin with high affinity, IR-A exhibiting a
1.7-fold higher affinity for insulin than IR-B and faster recycling
than IR-B.” It is thought that mitogenic signaling through hybrid
IGF-IR/IR-A receptors triggered by insulin, not just IGF-I and
IGF-1I, plays a role in promoting BC growth in hyperinsulinemic
type II diabetes patients and may promote resistance to E2/ER tar-
geting in a subset of BC.*** Thus IGF-1R and IR receptor-medi-
ated repression of CycG2 expression could be a factor
contributing to the mitogenic effects of IGF-IR/IR-A hybrids in
endocrine therapy resistant BC.

Epidemiological and clinical evidence indicates that metformin
inhibits breast cancer.*** Laboratory studies indicate that metfor-
min activates the mTOR antagonizing kinase AMPK and dampens
PI3K/AKT/mTOR mitogenic signaling.***"** Thus there is con-
siderable interest in the potential use of metformin in combinato-
rial adjuvant therapy.****® We tested the effects of 1 mM
metformin on CycG2 expression and cell cycle progression of
MCF?7 cells (Fig. 7). As predicted, metformin inhibited DNA syn-
thesis, induced a G;-phase cell cycle arrest and significantly upregu-
lated CycG2 expression. Moreover, co-treatment of cells with
fulvestrant and metformin resulted in a stronger increase in CycG2
expression then treatment with either agent alone (Fig. 7C and D).
In contrast, similar treatments of CycG2 KD clones with metfor-
min did not result in a substantial increase in CycG2 expression or
as potent a cell cycle arrest. Importantly, we found that metformin/
fulvestrant combination treatment boosted the cell cycle arrest
response of MCF7 WT cells beyond what is observed for treatment
with a single agent. Moreover, the enhanced arrest response
induced by co-treatment with both agents is greatly diminished in
CycG2 KD cultures. Taken together our results suggest that assess-
ment of CycG2/CCNG2 expression levels could inform the anti-
mitogenic potential of metformin-containing combinatorial thera-
pies targeting ER+ breast cancers.

Conclusion

To improve upon stratification of clinical risk and selection of ther-
apy for ER+ BC additional prognostic and predictive tumor bio-
markers for tumor characterization are needed. Our findings point
to CycG2 as an important estrogen-controlled cell cycle inhibitory
protein that helps restrain signaling through the RAF/MAPK path-
way to Rb. As CycG2 expression is also downregulated by HER2,
IGF-1R, and IR activity but upregulated by drugs that inhibit
PI3K/AKT/mTOR signaling downstream of these recep-
tors'*'>>>** (Fig. 7), CycG2 expression could be a valuable
predictive and prognostic biomarker to help assess the potential
development of ER+ BC tumor resistance to adjuvant therapeutics
and the overall likelihood of patient long term survival outcomes.
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