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Abstract

A role for the cell cycle protein cyclin A2 in regulating progesterone receptor (PR) activity is

emerging. This study investigates the role of cyclin A2 in regulating endogenous PR activity in

T47D breast cancer cells by depleting cyclin A2 expression and measuring PR target genes using

q-RT-PCR. Targets examined included genes induced by the PR-B isoform more strongly than

PR-A (SGK1, FKBP5), a gene induced predominantly by PR-A (HEF1), genes induced via PR

tethering to other transcription factors (p21, p27), a gene induced in part via extra-nuclear PR

signaling mechanisms (cyclin D1) and PR-repressed genes (DST, IL1R1). Progestin induction of

target genes was reduced following cyclin A2 depletion. However, cyclin A2 depletion did not

diminish progestin target gene repression. Furthermore, inhibition of the associated Cdk2 kinase

activity of cyclin A2 also reduced progestin induction of target genes, while Cdk2 enhanced the

interaction between PR and cyclin A2. These results demonstrate that cyclin A2 and its associated

kinase activity are important for progestin-induced activation of endogenous PR target genes in

breast cancer cells.
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1. Introduction

The progesterone receptor (PR) is a hormone activated transcription factor, whose activity is

regulated not only by its ligand, but also by a number of kinases that phosphorylate the

receptor as well as its associated coactivators. We found, previously, that PR interacts with

cyclin A2 and that overexpression of cyclin A2 enhances PR activity measured using a

transiently transfected reporter [1]. This activity was dependent on its ability to interact with

its kinase partner, cyclin dependent kinase 2 (Cdk2), since a mutated cyclin A2 unable to

interact with Cdks failed to stimulate PR activity while the general Cdk inhibitor,

roscovitine, inhibited PR activity [1]. We subsequently found that both Cdk2 and Cdk1 were

required for optimal PR activity [2] and Beato’s group has shown that Cdk2 activates

PARP-1 to facilitate PR dependent transcription [3]. This raises the question of whether the

observed stimulation by cyclin A2 was due to a general increase in Cdk1/2 activity or

whether cyclin A2 bound kinase was itself effective in facilitating PR dependent activity.

Our previous studies showing that endogenous PR activity in T47D breast cancer cells

varied as a function of cell cycle with optimal activity in S phase, where cyclin A2

expression is highest [4], suggests that cyclin A2 may be particularly important for PR

activity.

Cyclin A2 mRNA and protein are overexpressed in many cancers [5], including cancers of

PR target tissues. Overexpression of cyclin A2 is associated with poor prognosis in early

stage, invasive and metastatic breast cancer [6–11] as well as endometrial cancer [12] and

ovarian cancer [13]. In normal breast tissue, PR is expressed in approximately 30–40% of

luminal epithelial cells and only in non-proliferating cells with progesterone regulation of

proliferation mediated by paracrine signaling pathways [14]. In contrast, PR is expressed in

a greater number of proliferating malignant breast epithelial cells indicating a switch to an

autocrine mode of regulation [15]. These findings led us to investigate whether cyclin A2

regulates PR function in breast cancer cells.

PR is expressed as two isoforms, PR-B and PR-A, which are translated from unique mRNAs

transcribed from alternate estrogen inducible promoters within a single gene [16]. PR-A

lacks the first 164 amino acids of PR-B but the isoforms have otherwise identical sequence.

PR-B and PR-A can regulate distinct subsets of target genes [17] while studies in knockout

mice suggest that PR-B predominantly regulates mammary gland development and PR-A is

critical for normal uterine function [18, 19].

In the classical model of gene regulation by PR, hormone binding to the receptor triggers

loss of associated heat shock and chaperone proteins, facilitating PR dimerization. The

receptor dimer binds directly to progestin response elements in the regulatory regions of its

target genes and a multi-component complex is assembled to enable transcription [20].

Additionally, PR can regulate transcription independently of direct DNA binding via

tethering to other transcription factors such as specificity protein 1 (Sp1) or activator protein

1 (AP-1) and modulating their transcriptional activity on target genes [21–28]. PR also

represses target genes. Direct repression through PR binding to a progestin response element

and recruitment of corepressor molecules [29–32], dissociation of PR and Sp4 from Sp1

sites [33] and interference with other transcription factors [34] have been described as
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mechanisms by which progestins repress transcription. In addition to its transcriptional

actions in the nucleus, ligand activated PR can regulate the Src/Ras/MAPK, Src/Jak/Stat3

and PI3 kinase/Akt cytoplasmic signaling pathways [35–42]. These extra-nuclear actions of

PR can act to stimulate the activity of other transcription factors, such as the MAPK target

Elk-1, to regulate gene expression [43]. In turn, cytoplasmic signaling pathways and kinase

cascades strongly influence PR activity in the nucleus [1, 44–46]. The collective outcome of

these various PR mechanisms of action directs cell proliferation, differentiation and tissue

maintenance and function in progestin target organs [47].

Based on our previous studies using transiently transfected reporter genes [1], we

hypothesized that cyclin A2 regulates endogenous PR function in breast cancer cells. Our

findings suggest that cyclin A2 and its associated kinase activity are required for maximal

induction of progestin responsive target genes regulated via both the nuclear and extra-

nuclear mechanisms of PR action, although cyclin A2 does not appear necessary for

repression of target genes by progestins. These studies contribute to a better understanding

of the integration of cell cycle regulation and progestin signaling in breast cancer.

2. Materials and Methods

2.1. Materials

General chemicals were purchased from Sigma (St Louis, MO) while cell culture reagents

were from Invitrogen (Carlsbad, CA). The synthetic progestin, R5020 (Promegestone), was

obtained from NEN Life Science (Waltham, MA). Cdk inhibitors (NU6102 and roscovitine)

were from Calbiochem (Gibbstown, NJ).

2.2. Cell culture

All cell lines were obtained from the American Type Culture Collection (Manassas, VA).

T47D cells were maintained in RPMI 1640 containing 10% fetal bovine serum (FBS) and 5

µg/ml insulin. ZR-75-1 cells were maintained in RPMI 1640 containing 10% FBS. Cells

were maintained in a 37°C humidified tissue culture incubator containing 5% CO2.

2.3. Transient transfection

For reporter gene assays, T47D cells in RPMI 1640 medium containing either 10% FBS or

charcoal stripped FBS (sFBS) were seeded in 12 well plates at a density of 150,000 cells/

well and transiently transfected with a progestin responsive luciferase reporter (GRE2-E1b-

luc, 250 ng/well) using lysine-coupled inactivated adenovirus as previously described [48].

Hormone (10 nM R5020) or vehicle was added to the medium 24 hours after transfection

and cells were harvested for analysis 18 hours later.

For small interfering RNA (siRNA) experiments, T47D cells were transiently transfected

with siRNA using Lipofectamine reagent (Invitrogen) according to the manufacturer’s

instructions for five hours in serum free medium before addition of RPMI containing 10%

FBS. For RNA and immunoblot experiments, cells were seeded in 12 well plates at a density

of 200,000 cells/well and transfected with 25 pmol/well siRNA. For cell cycle analysis

experiments, cells were seeded in 6 well plates (400,000 cells per/well) and transfected with
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50 pmol/well siRNA. Cyclin A2 siGENOME SMARTpool (Cat. # M-003205-02,

Dharmacon, Lafayette, CO) or two individual siRNAs were used (cyclin A2 ON-

TARGETplus #11, Cat. # J-003205-11, and #12, Cat. # J-003205-12). siGENOME non-

targeting siRNA pool #1 (Cat. # D-001206-13, Dharmacon) was transfected as a control.

Hormone (10 nM R5020) or vehicle (0.1% ethanol) was added to the medium 48 hours after

transfection and the cells were incubated for the indicated times before harvesting for

analysis. Triplicate wells for RNA experiments were analyzed. Protein lysates from

triplicate wells were combined for immunoblot assays. Cells from duplicate wells were

combined prior to cell cycle analysis.

2.4. Reporter gene analysis

Cells were lysed with 1× reporter lysis buffer (Promega, Madison, WI) at room temperature

for 30 minutes. Luciferase activity was measured using Luciferase Assay Reagent

(Promega) and a LuminoSkan Ascent luminometer (Thermo Scientific, Waltham, MA).

Luciferase activity was normalized to total cellular protein concentration as determined by

Bradford assay using Protein Assay Dye Reagent (Bio-Rad, Hercules, CA) and a Multiscan

Plus plate reader (Thermo Scientific).

2.5. Real-time reverse transcription (RT)-PCR

RNA was prepared using TRIzol Reagent (Invitrogen) and reverse transcribed using random

primers and SuperScript III reverse transcriptase (Invitrogen). Real-time PCR was

performed using TaqMan Universal PCR Master Mix or SYBR Green PCR Master Mix on a

StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA). Primers and

probes used for real-time PCR were purchased from Sigma-Genosys (The Woodlands, TX)

and are indicated in Table 1, along with the full name and a brief description of the function

of each target gene in the different categories investigated. Relative mRNA levels of each

target gene were determined using a standard curve and normalized to the level of 18S

rRNA (primer probe mix from Applied Biosystems).

2.6. Immunoblot assays

Cells were lysed in 1× reporter lysis buffer containing 0.4 M NaCl, 0.2 mM PMSF and 5

µg/ml each of leupeptin, antipain, aprotinin, benzamidine HCl, chymostatin and pepstatin

using four freeze-thaw cycles. Proteins were separated by SDS-PAGE and transferred to

nitrocellulose membranes using a Trans-Blot semi-dry transfer apparatus (Bio-Rad).

Primary antibodies used were: cyclin A2 (Santa Cruz Biotechnology, Santa Cruz, CA), actin

(Chemicon, Temecula, CA), PR (1294, previously described in [49]) and 6× his tag

(1162/F6, previously described in [50]). All proteins were detected using ECL (Enhanced

Chemiluminescence) Detection Reagent (GE Healthcare, Buckinghamshire, England). Band

intensity was measured using ImageJ software version 1.40g (http://rsb.info.nih.gov/ij/).

Following correction for background intensity, the value for each protein was normalized to

the value for actin.
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2.7. Cell cycle analysis

Cells transfected and treated as above were prepared for fluorescence activated cell sorting

(FACS) analysis as previously described [4]. Cell cycle distribution was analyzed using a

FACSAria II SORP (BD Biosciences, San Jose, CA) and quantified using ModFit LT

version 3.2 (Verity Software House, Topsham, ME).

2.8. GST pull-down assay

Sf9 cells infected with baculovirus encoding GST-cyclin A, GST-Cyclin A/Cdk2 or his-PR-

B NTD (amino acids 1–535) were lysed in 250 mM Tris pH 8.0, 0.4 M NaCl, 10% glycerol

containing protease inhibitors and subjected to Dounce homogenization. GST-cyclin A and

GST-cyclin A/Cdk2 were purified using glutathione sepharose 4B beads (GE Healthcare) as

previously described [51]. Purified GST-cyclin A or GST-cyclin A/Cdk2 and crude his-PR-

B NTD extracts were then used in GST pull-down assays performed as previously described

[1]. PR and cyclin A2 were detected by immunoblot as described above using his-tag or

cyclin A2 antibodies, respectively.

2.9. Experiment repetition and statistical analysis

All experiments were performed at least three times. Representative experiments are shown

for immunoblot assays. For Fig. 1, bars represent the average +/− standard error of the mean

(SEM) of six samples, with a representative experiment shown. For Fig. 2, 7 and 8

representative experiments are shown; data represents the average +/− SEM of triplicate

samples. For Fig. 3, 4, 5 and 6 bars represent the average +/− SEM of all nine points from

three independent experiments. Experiments performed in parallel are indicated in figure

legends. Statistical comparisons between multiple groups were analyzed by two-way

ANOVA with Tukey’s post-hoc test. Pairwise comparisons were analyzed with a two-tailed

independent samples t-test. Tests were performed using SPSS Statistics 17.0 software

(Chicago, IL) and significance was accepted at p < 0.05.

3. Results

3.1. Cyclin A2 levels are higher in T47D cells cultured in the presence of FBS compared to
cells growing in sFBS

In this study, we applied a siRNA approach to test whether cyclin A2 is required for

transcriptional regulation of target gene expression by endogenous PR in breast cancer cells.

We used T47D breast cancer cells because they are a well characterized model of PR

function. However, we were concerned with the fact that cyclin A2 levels fluctuate during

the cell cycle, peaking during the S phase, while cells growing in charcoal stripped FBS

(sFBS) often grow more slowly (due to the stripping procedure removing many growth

factors as well as steroids), causing cells to accumulate in the G1 phase of the cell cycle. We

hypothesized that cells growing under FBS conditions may have higher cyclin A2 levels and

that these conditions may be more suitable for cyclin A2 depletion experiments to examine

effects on PR function. Therefore, cyclin A2 protein levels were compared in cells growing

in medium containing FBS or sFBS. Cyclin A2 levels were at least 2.5-fold higher in FBS

conditions compared to sFBS (Fig. 1A). This suggests that serum culture conditions used for
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these experiments do indeed influence cyclin A2 levels, and that a greater effect on PR

function resulting from depleting cyclin A2 may be observed in FBS. However, as hormone-

dependent regulation of target genes is usually studied in cells growing in medium

containing sFBS, we wanted to verify that PR activity was sufficiently induced by hormone

under FBS conditions. Surprisingly, when measured on a transiently transfected progestin

responsive luciferase reporter, higher PR activity was observed in T47D cells under FBS

conditions compared to sFBS, although the fold-induction by hormone was greater in sFBS

(54-fold) relative to FBS (32-fold) (Fig. 1B). This suggests that endogenous progestin levels

in FBS are low enough to permit detection of progestin induction of target genes under these

conditions. We therefore chose to perform subsequent experiments investigating the effect

of cyclin A2 on PR activity in T47D cells grown in FBS because cyclin A2 is higher than in

cells grown in sFBS and any endogenous progestin in FBS is insufficient to mask agonist-

dependent induction of target genes by exogenous R5020.

3.2. Cyclin A2 is required for optimal progestin-induction of endogenous PR target genes

Cyclin A2 mRNA was initially depleted in T47D breast cancer cells by transient transfection

of a siRNA pool against cyclin A2. A marked reduction in cyclin A2 mRNA and protein

levels was observed in cells transfected with the cyclin A2 siRNA pool compared to control

non-targeting siRNA transfected cells (Fig. 2A and 2B). Expression of the PR target gene

SGK1 was then examined by real-time RT-PCR. SGK1 is a direct target of PR and contains

a progestin/glucocorticoid response element in the promoter region which binds PR in

response to hormone [43, 52, 53]. Depletion of cyclin A2 significantly reduced expression

of SGK1 in R5020 treated cells in comparison to control transfected cells (Fig. 2C),

suggesting that cyclin A2 is required for optimal endogenous PR activity in T47D cells. In

order to determine whether the reduced expression of SGK1 might be due to lower PR levels

in cyclin A2 depleted cells, PR protein levels were examined. Cyclin A2 depletion did not

reduce PR-B or PR-A levels and if anything slightly increased PR levels (Fig. 2B). Finally,

as cyclin A2 plays a role in regulation of the cell cycle, and because PR activity varies as a

function of cell cycle [4], the effect of cyclin A2 depletion on cell cycle distribution for the

duration of this experiment was determined. FACS analysis performed on R5020 treated

cells indicated that there was no significant change in the number of cells in the S or G2/M

phases of the cell cycle in cyclin A2 siRNA transfected cells compared to control cells (Fig.

2D), although a slight but significant decrease in G0/G1 cells was observed. As maximum

PR activity is observed during S phase [4], these results suggest that changes in cell cycle

were not responsible for reduced progestin induction of SGK1 when cyclin A2 was

depleted.

To rule out the possibility of off-target effects of the cyclin A2 siRNA pool, two of the four

siRNAs from the pool (#11 and #12) were separately transfected into T47D cells. Fig. 3A

demonstrates that significant depletion of cyclin A2 mRNA was obtained with either siRNA

compared to control siRNA transfected cells. Both cyclin A2 siRNAs also depleted cyclin

A2 protein, while PR levels were again increased as demonstrated for the cyclin A2 pool

(Fig. 3B). However, cyclin A2 depletion at the RNA and protein levels was less effective

with the individual siRNAs compared to that obtained with the siRNA pool. Despite this, a
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significant reduction in hormone-induced SGK1 mRNA levels was observed following

cyclin A2 depletion with both siRNAs (Fig. 3C).

We also assessed the role of cyclin A2 in progestin induction of other PR target genes that

are regulated by a variety of mechanisms. FKBP5 and NDRG1 are other direct PR targets

containing PR binding sites in upstream and/or intronic regions [53–56]. Induction of both

FKBP5 (Fig. 3D) and NDRG1 (Fig. 3E) mRNA by R5020 was significantly reduced in cells

where cyclin A2 was depleted. While FKBP5 and NDRG1 have been reported to be

regulated by both PR-B and PR-A isoforms, PR-B is a stronger inducer of these genes; in

contrast, HEF1 is regulated more strongly by PR-A [17, 57]. Significantly reduced induction

of HEF1 mRNA was also observed when cyclin A2 was depleted (Fig. 3F). p27 is induced

by progestin via tethering of PR to the Sp1 transcription factor at Sp1 sites without direct

binding of PR to DNA [24, 27]. Unlike the other genes measured so far, no significant

induction of p27 was observed with four hour exposure to R5020 (data not shown). We

therefore increased the treatment time to 16 hours which resulted in significant induction by

R5020. A significant reduction of R5020 dependent p27 levels was observed following

cyclin A2 depletion, (Fig. 3G). Finally, cyclin D1, which is induced by progestin via a

combination of mechanisms involving direct PR binding to DNA, PR tethering via STAT3,

ERBB2 and AP-1 and PR extra-nuclear actions [37, 43, 58–60], was reduced to basal levels

upon cyclin A2 depletion (Fig. 3H). Together, these results suggest that cyclin A2 is

required for maximum progestin induction of target genes by both PR-B and PR-A isoforms

and through mechanisms involving direct PR DNA binding, PR tethering via other

transcription factors and extra-nuclear PR signaling.

3.3. Cyclin A2 is not required for optimal repression of endogenous target genes by PR

All tested progestin-induced genes were sensitive to cyclin A2 depletion. We next asked

whether cyclin A2 is required for repression of genes by progestin. DST and IL1R1 are two

genes that have been shown to be repressed by progestin; DST is repressed by PR-B and

PR-A while IL1R1 is repressed by PR-B only [17]. Repression of DST and IL1R1 mRNA

levels was not observed with four hour R5020 treatment (data not shown) although

significant repression of DST and IL1R1 following 16 hour exposure to R5020 was

observed in cells transfected with both control and cyclin A2 siRNA pool (Fig. 4A and 4B).

Importantly, depletion of cyclin A2 did not diminish the ability of PR to repress either gene,

suggesting that cyclin A2 is not involved in the mechanisms that regulate inhibition of target

gene expression by PR signaling. We observed a less robust transcriptional effect of cyclin

A2 depletion on some induced genes with the 16 hour R5020 treatment compared to 4 hours

(Fig. 2); a reduction in hormone-induced SGK1 mRNA levels was consistently observed

with cyclin A2 depletion (Fig. 4C) although the effect did not reach significance. However,

significantly reduced cyclin A2 (Fig. 4D) and p27 (Fig. 3G) mRNA levels were observed

with the siRNA pool, confirming efficient depletion of cyclin A2 in parallel with an

outcome for a subset of target genes in these experiments.

3.4. Depletion of cyclin A2 does not affect general transcription

One potential mechanism by which cyclin A2 depletion may cause reduced hormone-

dependent gene induction is through the inhibition of general transcription. We therefore
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looked more closely at the effect of cyclin A2 depletion on PR target genes in the absence of

hormone. While all induced genes showed reduced mRNA levels in R5020 treated cells

following cyclin A2 depletion, none of them showed significant reduction in mRNA levels

in the absence of hormone. This is especially evident for those genes which are expressed at

relatively high basal levels, such as FKBP5 and cyclin D1 (Fig. 2). Similarly, mRNA levels

for the repressed genes were unchanged by cyclin A2 depletion in the absence of hormone

(Fig. 4). These findings imply that cyclin A2 is not required for general transcription, and

that physical and/or functional interaction with PR is important for cyclin A2 effects on

progestin-dependent gene expression.

3.5. PR interaction with cyclin A2 is stronger in the presence of Cdk2

Previously, we have shown that cyclin A2 interacts with a truncated PR-B lacking the

hormone binding domain (amino acids 1–684, Fig. 5A) and that the interaction between full

length PR-B and cyclin A2 is direct [1]. We therefore wanted to investigate the effect of

Cdk2 on the interaction between cyclin A2 and PR and to determine whether the PR-B N-

terminal domain (NTD) region was sufficient to interact with cyclin A2. In GST pull-down

assays, the PR-B NTD interacted with cyclin A2 and this interaction was stronger in the

presence of Cdk2 (Fig. 5B). Cyclin A2 input levels were similar in the cyclin A2 and cyclin

A/Cdk2 samples, indicating that the increased interaction is due to the presence of Cdk2,

rather than altered levels of cyclin A2. These results indicate a direct interaction of cyclin

A2 with the PR-B NTD that is enhanced by Cdk2.

3.6. Inhibition of Cdk1/2 kinase activity mimics the effect of depletion of cyclin A2 on PR
activity

To determine whether inhibition of Cdk1/2 activity mimics depletion of cyclin A2 or was

more effective in inhibiting PR activity we treated cells with two chemical inhibitors of Cdk

activity. We have previously used roscovitine to inhibit Cdk2 activity in T47D cells;

however, it has a broad specificity and inhibits many other kinases [61]. We have compared

the effects of roscovitine with NU6102, a more potent and specific inhibitor of the cyclin A2

partners Cdk1 and Cdk2 [62], on PR regulation of the target genes described above. The

concentration of each inhibitor was chosen based on previous studies that investigated their

effects on steroid receptor activity and cell growth [1, 62, 63]. NU6102 treatment suppressed

R5020-induced expression (at four hours) of SGK1, FKBP5, NDRG1, HEF1 and cyclin D1

compared to DMSO controls (Fig. 6A–E) to levels similar to that achieved with cyclin A2

depletion (Fig. 3). The results for SGK1 are similar to those reported previously [2].

Additionally, when the exposure to hormone was increased to 16 hours, reduced R5020

induction of p27 as well as p21, another gene regulated by Sp1 tethering mechanisms [21,

64], was observed in cells treated with NU6102 (Fig. 6F and 6G). In comparison,

roscovitine potently inhibited progestin induction of all target genes tested (Fig. 6),

consistent with its ability to block the activity of multiple kinases in addition to Cdk1 and

Cdk2. Immunoblot assays confirmed that neither NU6102 nor roscovitine reduced PR levels

(Fig. 6H). Similar to cyclin A2 depletion, which did not affect mRNA levels for any target

genes in the absence of hormone, inhibition of Cdk1 and Cdk2 did not affect basal mRNA

levels for most target genes measured; however, NU6102 did significantly reduce HEF1 in

the absence of hormone while roscovitine also reduced HEF1 and p21 (Fig. 6). From these
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results it appears that inhibiting kinase activity mimics the effects of cyclin A2 depletion on

PR activity.

In contrast, NU6102 did not relieve repression of DST or IL1R1 by R5020 (Fig. 7A and

7B). However, under the same conditions significant reduction of R5020-induced SGK1

mRNA levels were observed with NU6102 treatment (Fig. 7C) and this reduction was

substantially greater than that caused by cyclin A2 depletion at the same time point (Fig.

4C). While NU6102 did not significantly affect DST or IL1R1 mRNA levels in the absence

of hormone, roscovitine potently reduced basal mRNA levels of both genes such that, when

compared to mRNA levels in the presence of R5020, repression was lost. This implies that

roscovitine-sensitive kinases other than Cdk1 and Cdk2 affect basal levels of these repressed

genes. Immunoblot analysis indicates that PR protein levels were not decreased by either

NU6102 or roscovitine (Fig. 7D).

To exclude the possibility that the effects of Cdk1 and Cdk2 inhibition on PR activity are

specific to T47D cells, we also treated ZR-75-1 breast cancer cells with R5020 in the

presence or absence of NU6102. R5020 induction of both SGK1 (Fig. 8A) and NDRG1

(Fig. 8B) was significantly suppressed by NU6102. Although PR expression in ZR-75-1

cells was lower than observed in T47D cells, we still observed the expected R5020-

dependent downregulation of PR-B and PR-A. However NU6102 did not affect PR levels

relative to control cells (Fig. 8C). These results are consistent with observations in T47D

cells and demonstrate that Cdk1/2 activity is important for PR function in multiple breast

cancer contexts.

4. Discussion

We have shown that PR requires cyclin A2 and its associated kinase activity for maximal

induction of endogenous target genes regulated by a variety of different mechanisms. Our

previous studies showed that PR and cyclin A2 are recruited to the stably integrated

progestin responsive mouse mammary tumor virus promoter in T47D breast cancer cells and

that cyclin dependent kinase activity is required for maximal expression of the associated

chloramphenicol acetyltransferase reporter [1]. Therefore, we predicted that at least the

endogenous progestin target genes such as SGK1 and FKBP5, which also contain progestin

response elements that directly bind PR [52, 53, 55, 56], would require cyclin A2 and Cdk

activity for maximal progestin induction. Our results indicate that cyclin A2 and Cdk1/2, at

least in part, play an important role in PR dependent transcription of these directly regulated

genes. Furthermore, both isoforms of PR function with cyclin A2 and Cdk1/2, which is

consistent with previous studies in which cyclin A2 was able to coactivate both PR-A and

PR-B in transient transfection assays [1].

In contrast, p21 and p27, and cyclin D1 are regulated, at least in part, by PR tethering to

Sp1, STAT3 or AP-1 general transcription factors [24, 27, 59, 60, 64]. Our results suggest

that cyclin A2 and Cdk1/2 activity are also involved in this process. Although cyclin A2 has

previously been shown to interact directly with Sp1 and enhance its activity [65], Cdk2 has

been shown to suppress STAT3 activity [66]. However direct modulation of general

transcription factor activity by cyclin A2 may not be responsible for the reduced progestin
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induction of p21, p27 and cyclin D1 following cyclin A2 depletion or Cdk1/2 inhibition as it

might be expected to result in reduced target gene expression in both the absence and

presence of hormone, whereas we only observed a difference in mRNA levels for these

genes in R5020-treated cells. PR tethering to Sp1 sites also requires phosphorylation of PR

serine 345 but not of PR serine 294 [21]. Although neither of these sites are Cdk2 targets

[51], it is possible that the interaction between PR and cyclin/Cdk complexes leads to

phosphorylation of other sites in PR that may be required for tethering to Sp1 sites and

subsequent regulation of p21 and p27 expression.

Because cyclin A2 and its associated kinase activity were shown to be required for optimal

induction of all progestin responsive genes examined, we wanted to rule out the possibility

that general transcription mechanisms were affected. Our data on mRNA levels for all target

genes measured in the absence of hormone suggest that this is not the case and that cyclin

A2 is specifically required for transcriptional mechanisms involving PR. Similarly, basal

levels of most genes measured were not affected by inhibition of Cdk1/2 activity although

we did observe that HEF1 was reduced in cells treated with NU6102; this may result from

differential sensitivity of certain genes to this compound and/or more potent inhibition by

the inhibitor compared to cyclin A2 ablation. The absence of an effect on general

transcription is also consistent with a recent study investigating Cdk2 effects on PARP-1 and

PR activity which interestingly showed that a small subset of progestin responsive genes,

induced or repressed, were not sensitive to Cdk2 inhibition [3]. While that study investigated

global gene expression by microarray analysis rather than only selected genes, it differs

from our current work in that it used a different Cdk2 inhibitor which has a higher IC50 than

NU6102 and may therefore have weaker inhibitory effects on PR activity in certain contexts.

Furthermore, inhibitor and hormone treatment times differed between our work and that of

Wright et al. Cdk2 is reported to transiently occupy progestin responsive promoters [67]. At

four hours of R5020 treatment, cyclin A2 ablation and Cdk1/2 inhibition resulted in effects

of similar magnitude on PR target genes (Fig. 3 and 6). This suggests that cyclin A2 may be

the predominant cyclin regulating PR activity, at least at early time points where the primary

transcriptional activity of PR is likely to be the predominant mechanism regulating levels of

PR target genes. In contrast, at 16 hours of hormone treatment, where post-transcriptional

mechanisms of regulation play a larger role, the impact of cyclin A2 depletion, but not Cdk2

inhibition, is diminished (Fig. 4 and 7), suggesting that cyclin A2 and Cdk1/2 activity may

have different effects on post-transcriptional regulation of PR target genes. Furthermore, the

capacity to recruit the cyclin A2/Cdk1/2 complex may be most important for optimal

initiation of transcription, but other Cdk2 and/or Cdk1 complexes, such as cyclin E/Cdk2 or

cyclin B/Cdk1, can ultimately compensate for a lack of cyclin A2. These observations

highlight the complexity of PR-cyclin A2/Cdk1/2 functional interactions and prompt further

investigation into the specific role of cyclin A2 on the PR cistrome and transcriptome in

breast cancer cells.

Kinase independent actions of cyclins have previously been reported for estrogen receptor

and androgen receptor [68, 69]. However, we observed that both cyclin A2 and its

associated kinase activity are required for PR activity, which is consistent with our previous

studies showing that a cyclin A2 mutant unable to bind Cdks could not coactivate PR [1]

and that PR recruits cyclin A and Cdk2 to target promoters [67]. Other studies from our
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laboratory suggest that at least one of the mechanisms by which this can occur is via

recruitment of PR and cyclin A2 to progestin-induced promoters followed by

phosphorylation of steroid receptor coactivator-1 (SRC-1) by the associated Cdk1/2 and a

subsequent increase in transcription ([1, 2]). Further evidence for the involvement of SRC-1

in this process comes from our results with the progestin-repressed genes which likely do

not require SRC-1 and are not sensitive to cyclin A2/Cdk1/2 ablation. Although the

mechanisms governing repression of target gene expression by PR are not well understood,

our results suggest that cyclin A2/Cdk1/2 are not critical in this process, at least for these

particular targets.

Cyclin A2 protein levels were increased in T47D cells growing in FBS, which proliferate

quickly, compared to cells in sFBS, which proliferate more slowly. These results are

consistent with clinical studies showing overexpression of cyclin A2 in breast cancer

compared to non-malignant tissue and an association with poor prognosis [5–11]. The

specific co-expression of cyclin A2 and PR in malignant breast epithelial cells and not in

proliferating epithelial cells of the normal breast suggest an important, yet poorly

understood, association between cyclin A2 and PR. While the current study has shown that

neither cyclin A2 depletion nor inhibition of Cdk1/2 activity completely abolished overall

progestin dependent PR activity, significant effects (>50% in most cases) were observed

even without complete depletion. Our results suggest that cyclin A2 is a key regulator of

progestin action in breast cancer cells, capable of influencing PR function mediated by

multiple mechanisms and facilitating the association between PR activity and cell

proliferation pathways.
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Highlights

• Cyclin A2 depletion compromises progestin induction of PR target genes

• Cdk1/2 activity is also required for maximum PR transactivation function

• Cyclin A2/Cdk1/2 are not absolutely required for gene repression by PR

• Cyclin A2 interaction with PR is stronger in the presence of Cdk2
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FIG. 1. Cyclin A2 levels and PR activity are higher in cells growing in FBS than sFBS
(A) T47D cells were seeded in RPMI containing 10% FBS or sFBS. After 72 hours, cells

were treated for another four hours with vehicle (0.1% ethanol) or 10 nM R5020 and protein

extracts were analyzed for cyclin A2 and actin levels by immunoblot. (B) T47D cells were

seeded as described in (A). After 24 hours, cells were transiently transfected with the GRE2-

E1b-luc reporter construct and 24 hours later treated with vehicle or 10 nM R5020 for

another 18 hours. Cells were lysed and luciferase activity (measured in relative light units,
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RLU) was measured and normalized for total protein concentration. Numbers above the bars

indicate fold-induction relative to vehicle-treated samples under the same serum conditions.
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FIG. 2. Cyclin A2 depletion diminishes PR activity without affecting cells in S phase
T47D cells growing in RPMI with FBS were transfected with control non-targeting (NT)

siRNA or cyclin A2 siRNA pool for 48 hours and treated with vehicle or 10 nM R5020 for 4

hours. (A) Relative cyclin A2 mRNA levels were determined using real-time RT-PCR. (B)

Cyclin A2, PR and actin protein levels were detected by immunoblot assay. (C) Relative

mRNA levels for the progestin responsive target gene SGK1 were determined using real-

time RT-PCR. (D) The percentage of cells in each phase of the cell cycle in R5020 treated

cells was determined by FACS analysis. Data for (A), (C) and (D) are presented as the

average +/− SEM of triplicate samples from representative experiments. Parts (A) and (C)

are from one experiment (with confirmation of cyclin A2 protein depletion determined by

immunoblot of cells processed in parallel, data not shown) while parts (B) and (D) were

from a separate experiment, with cell cycle analysis and immunoblot assay performed in

parallel. * p < 0.05 Two-way ANOVA, NT vs. cyclin A2 siRNA. # p < 0.05 Two-tailed t-

test, NT vs. cyclin A2 siRNA.
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FIG. 3. Cyclin A2 depletion diminishes progestin induction of PR target genes
T47D cells growing in RPMI with FBS were transfected with control non-targeting siRNA

or cyclin A2 individual siRNA #11 or #12 for 48 hours and treated with vehicle or 10 nM

R5020 for 4 hours. (A) Relative cyclin A2 mRNA levels were determined using real-time

RT-PCR. (B) Cyclin A2, PR and actin protein levels were detected by immunoblot assay.

Relative mRNA levels for (C) SGK1, (D) FKBP5, (E) NDRG1 and (F) HEF1 were

determined using real-time RT-PCR. (G) T47D cells growing in RPMI with FBS were

transfected with control non-targeting siRNA or cyclin A2 siRNA pool for 48 hours and
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treated with vehicle or 10 nM R5020 for 16 hours. Relative mRNA levels for p27 were

determined using real-time RT-PCR. This experiment was performed in parallel with RT-

PCRs shown in Fig. 4D, which indicates the extent of cyclin A2 mRNA depletion. (H)

Measurement of cyclin D1 mRNA levels, performed in parallel with samples from panels

3A-3F. PCR results are expressed as averages from three separate experiments, each

performed in triplicate, while the immunoblot assay confirming cyclin A2 depletion is a

representative of three experiments. * p < 0.05 Two-way ANOVA, NT vs. cyclin A2

siRNA.
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FIG. 4. Repression of gene expression by PR does not require cyclin A2
T47D cells growing in RPMI with FBS were transfected with control non-targeting siRNA

or cyclin A2 siRNA pool for 36 hours and treated with vehicle or 10 nM R5020 for a further

16 hours. Relative mRNA levels for the repressed genes (A) DST and (B) IL1R1 were

determined using realtime RT-PCR. (C) Relative SGK1 and (D) cyclin A2 mRNA levels in

the same experiments were determined using real-time RT-PCR. # p < 0.05 Two-way

ANOVA, significant repression by R5020 vs. vehicle. * p < 0.05 Two-way ANOVA, NT vs.

cyclin A2 siRNA.
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FIG. 5. Cdk2 enhances the interaction between PR and cyclin A2
(A) Schematic diagram showing full length PR-B and the PR-B NTD fragment (1–535) used

in GST pull-down assays. (B) GST, GST-cyclin A2 or GST-cyclin A/Cdk2 were bound to

glutathione sepharose beads then incubated with crude his-PR-B NTD extract. Following

washing and elution from the beads, samples were run with 1% input on SDS-PAGE and PR

and cyclin A2 were detected by immunoblot assay with his-tag or cyclin A2 antibodies,

respectively.
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FIG. 6. Cdk1/2 activity is also required for induction of progestin responsive genes
T47D cells growing in RPMI with FBS were pre-treated with vehicle (DMSO), 10 µM

NU6102 or 30 µM roscovitine (Rosco) for one hour before addition of vehicle (ethanol) or

10 nM R5020 for another 4 (A–E, H) or 16 (F, G) hours. Relative mRNA levels for (A)

SGK1, (B) FKBP5, (C) NDRG1, (D) HEF1, (E) cyclin D1, (F) p27 and (G) p21 were

determined using real-time RT-PCR. (H) PR and actin protein levels were determined by

immunoblot of cell extracts prepared in parallel following 4 hours exposure to R5020

(parallel immunoblot data for the 16 hour time point is shown in Fig. 6D). * p < 0.05 Two-
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way ANOVA, significant reduction in inhibitor treated cells compared to DMSO controls in

the same hormone group.
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FIG. 7. Repression of target genes by progestin does not require Cdk1/2 activity
T47D cells growing in RPMI with FBS were pre-treated with vehicle (DMSO), 10 µM

NU6102 or 30 µM roscovitine for one hour before addition of vehicle (ethanol) or 10 nM

R5020 for a further 16 hours. Relative mRNA levels for (A) DST, (B) IL1R1 and (C) SGK1

were determined using real-time RT-PCR. (D) PR and actin protein levels were determined

by immunoblot of cell extracts prepared in parallel. # p < 0.05 Two-way ANOVA,

significant repression by R5020 vs. vehicle. * p < 0.05 Two-way ANOVA, significant

reduction in inhibitor treated cells compared to DMSO controls in the same hormone group.
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FIG. 8. Cdk1/2 activity is also required for progestin induction of target genes in ZR-75-1 cells
ZR-75-1 cells growing in RPMI with FBS and 10 nM E2 were pre-treated with vehicle

(DMSO) or 10 µM NU6102 for one hour before the addition of vehicle (ethanol) or 10 nM

R5020 for a further 24 hours. Relative mRNA levels for (A) SGK1 and (B) NDRG1 were

determined using real-time RT-PCR. (C) PR and actin protein levels were determined by

immunoblot of cell extracts prepared in parallel. n.s. = non-specific band. * p < 0.05 Two-

way ANOVA, significant reduction in inhibitor treated cells compared to DMSO controls in

the same hormone group.
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TABLE 1

Primers, probes and descriptions of the different classes of PR target genes amplified by QPCR.

Full name (other
names)

Function Primer and probe sequences

SGK1 (regulated by PR-B and PR-A via genomic mechanisms)

serum/glucocorticoid regulated
kinase 1

ion channel activation, kinase
signaling pathways and transcription
[70]

sense 5’-TGACCCCGAGTTTACCGAAG-3’
antisense: 5’-CCTTGACGCTGGCTGTGAC-3’
probe 5’-
FAMCCTGTCCCCAACTCCATTGGCAAGTTAMRA-3’

FKBP5 (regulated by PR-B > PR-A)

FK506 binding protein 5 immunophilin with functions in
protein folding and steroid receptor
trafficking [71]

sense 5’-GGATATACGCCAACATGTTCAA-3’
antisense 5’-CCATTGCTTTATTGGCCTCT-3’

NDRG1 (regulated by PR-B > PR-A)

n-myc downstream regulated
gene 1

stress responsive gene involved in cell
proliferation, differentiation, growth
arrest and hypoxia, thought to have
tumor suppressor functions [72]

sense 5’-CTACCATGACATCGGCATGAA-3’
antisense 5’-CGTGGCAGACGGCAAAGT-3’

HEF1 (regulated by PR-A > PR-B)

Enhancer of Filamentation 1
(NEDD9 or Cas-L)

scaffold protein strongly associated
with tumor metastasis [73]

sense 5’-GAGAGGAGCTGGATGGATGACT-3’
antisense 5’-AGCTCTTTCTGTTGCCTCTCAAA-3’

cyclin D1 (regulated by classical and extra-nuclear mechanisms)

key regulator of progression through
G1 of the cell cycle and overexpressed
in many cancers [74]

sense 5’-GTCCTACTACCGCCTCACACG-3’
antisense 5’-GGGCTTCGATCTGCTCCTG-3’

p21 (regulated via PR tethering to Sp1)

CDKN1A Cdk inhibitor regulating G1 phase of
the cell cycle [75]

sense 5’-CCTGTCACTGTCTTGTACCCTTGT-3’
antisense 5’-GCCGTTTTCGACCCTGAGA-3’

p27 (regulated via PR tethering to Sp1)

CDKN1B Cdk inhibitor regulating G1 phase of
the cell cycle [75]

sense 5’-AGCAATGCGCAGGAATAAGG-3’
antisense 5’-TCTGTTGGCTCTTTTGTTTTGAGT-3’

DST (PR-repressed gene, regulated by PR-B and PR-A)

Dystonin (BPAG1) spectraplakin that interacts with
cytoskeletal elements [76]

sense 5’-GATCTTACAGCTCTGCCAGTGTGT-3’
antisense 5’-AGTAGCTTCTTTGGCATCATTGAA-3’

IL1R1 (PR-repressed gene, regulated by PR-B > PR-A)

interleukin receptor 1, type 1 membrane receptor that mediates
interleukin signaling in immune and
inflammatory responses [77]

sense 5’-AATTGATGAAGATGACCCAGTGC-3’
antisense 5’-GCAGGATTTTCCACACTGTAATAGTCT-3’

cyclin A2 (siRNA target)

Activator of Cdk1 and Cdk2, regulator
of G1/S and G2/M cell cycle
transitions [78]

sense 5’-CGCTCCAAGAGGACCAGGA-3’
antisense 5’-GGTCCGCGGTTGTTGGAC-3’
probe 5’-FAMAATATCAACCCGGAAAAG-TAMRA-3’
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