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Abstract The dramatically increased prevalence of
breast cancer after menopause is of great concern and
is correlated with elevated local levels of estrogens.
This is mainly due to an increase in aromatase expres-
sion driven by its proximal promoter II (PII). We have
previously demonstrated that the CREB co-activator
CRTC2 binds directly to PII and stimulates its activity
via mechanisms involving LKB1-AMPK in response to
prostaglandin E2 (PGE2). There are three members of
the CRTC family (CRTC1-3) and this study aimed to
characterize the role of other CRTCs in the activation of
aromatase PII. The expression and subcellular localiza-
tion of CRTCs were examined in preadipocytes using
qPCR and immunofluorescence. Under basal conditions,
CRTC1 expression was the lowest, whereas CRTC3
transcripts were present at higher levels. Basally,
CRTC2 and CRTC3 were mainly cytoplasmic and
PGE2 caused their nuclear translocation. Reporter assays
and chromatin immunoprecipitation (ChIP) were per-
formed to assess the effect of CRTCs on PII activity
and binding. Basal PII activity was significantly in-
creased with all CRTCs. Forskolin (FSK)/phorbol 12-

myristate 13-acetate (PMA), to mimic PGE2, resulted in
a further significant increase in PII activity with all
CRTCs, with CRTC2 and CRTC3 having greater effects.
This was consistent with ChIP data showing an in-
creased binding of CRTCs to PII with FSK/PMA. More-
over, gene silencing of CRTC2 and CRTC3 significantly
reduced the FSK/PMA-mediated stimulation of aromatase
activity. Interestingly, CRTCs acted cooperatively with
CREB1 to increase PII activity, and both CREs were found
to be essential for the maximal induction of PII activity by
CRTCs. Phosphorylation of CRTC2 at its AMPK target site,
Ser 171, dictated its subcellular localization, and the activation
of aromatase PII in preadipocytes. In conclusion, this study
demonstrates that aromatase regulation in primary human
breast preadipocytes involves more than one CRTC.

Introduction

The incidence of breast cancer cases increases dramatically
with advancing age, and 70 % of postmenopausal breast
cancers are estrogen receptor positive. This is largely due
to an increase in locally produced estrogens within the breast
adipose via the enhanced expression of aromatase. This
occurs as a result of the promoter switching from the distal
promoter I.4 to the alternative proximal promoters II (PII)
and I.3 on the CYP19A1 gene in response to tumor-derived
factors such as prostaglandin E2 (PGE2) [reviewed in 1]. The
activity of aromatase PII is largely regulated by the transcrip-
tion factor CREB1 via cAMP-dependent mechanisms [2].
CREB1 has been shown to bind to two distinct CRE-like
sequences, namely CRE1 and CRE2 (approximately 80 bp
upstream of CRE1), within the PII region of the CYP19A1
gene using the mouse 3T3-L1 preadipocyte cell line and
primary human preadipocytes, and this interaction is in-
creased in the presence of cAMP in 3T3-L1 preadipocytes
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[2]. The transactivation potential of CREB1 is largely medi-
ated by phosphorylation at Ser133, located in the kinase-
inducible domain, by protein kinase A (PKA) upon stimula-
tion with cAMP [3]. Obesity is a well-defined risk factor for
developing breast cancer [4, 5] and a body mass index
greater than 30 is found to be associated with a twofold
increased risk of breast cancer. Higher estrogen production
in postmenopausal women has been shown to account for
this obesity-associated breast cancer risk [6]. Interestingly, a
recent study has also demonstrated that the high levels of
PGE2 produced from inflamed breast tissues from over-
weight/obese women correlate with both aromatase expres-
sion and activity [7].

Nevertheless, the PKA-mediated phosphorylation of
CREB1 at Ser133 is not sufficient to stimulate the activation
of all CREB target genes [8]. A family of CREB co-activators,
termed CRTCs (CREB-regulated transcription co-activators)
and previously known as TORCs (transducers of regulated
CREB activity) has recently been identified using high-
throughput screens for modulators of CRE luciferase reporters
[9–12]. There are three members of the CRTC family, namely
CRTC1, CRTC2, and CRTC3. All three members possess an
N-terminal CREB binding domain, a central regulatory re-
gion, a splicing domain, and a C-terminal transactivation
domain [reviewed in 13]. The highly conserved N-terminal
coiled coil domain of the CRTCs is known to interact with the
bZip domain of CREB [10]. Furthermore, CRTCs have shown
to act as co-activators of CREB independent of its phosphor-
ylation status at Ser-133 [10]. CRTCs also demonstrate their
ability to increase the interaction with the TAF(II)130 compo-
nent of TFIID, which directs an increase expression of CRE
target genes [10].

The nuclear translocation of CRTC proteins through their
lack of phosphorylation or dephosphorylation is a critical
and conserved step in the upregulation of CREB target
genes [11]. Moreover, this is induced by increasing intracel-
lular cAMP or calcium levels [11]. Both the nuclear local-
ization sequence and nuclear export sequence motifs are
found to be conserved within the three CRTC family mem-
bers and they tend to shuttle in and out of the nucleus under
resting conditions [12]. CRTC2 has been previously shown
to be mainly sequestered in the cytoplasm under basal con-
ditions through phosphorylation-dependent interactions
with 14-3-3 proteins [12]. In that case, dephosphorylation
of CRTC2 at Serine 171 (Ser171) in response to cAMP
agonists and calcium drives its nuclear translocation by
disrupting CRTC2:14-3-3 complexes [12]. AMP-activated
protein kinase (AMPK), which acts as a master regulator of
energy homeostasis, and salt-inducible kinase (SIK) have
been shown to directly phosphorylate CRTC family mem-
bers [12, 14–16]. Studies undertaken in kidney cells have
demonstrated that active AMPK can phosphorylate CRTC2
at Ser171, resulting in its cytoplasmic accumulation [15].

CRTC1 in Caenorhabditis elegans, with conserved phos-
phorylation sites at Ser 76 and Ser 179, has also been shown
to be a direct target of AMPK [16]. SIK1 has the ability to
phosphorylate all CRTCs [14, 15], while other studies have
shown that SIK2 can phosphorylate CRTC2 at Ser171 and
promote its association with 14-3-3 proteins [12].

We have previously demonstrated the existence of a rela-
tionship between CRTC2 and PII-driven aromatase expres-
sion in primary human breast preadipocytes in the context of
postmenopausal breast cancer [17]. In that case, FSK/PMA-
mediated repression of LKB1/AMPK led to the nuclear trans-
location of CRTC2, as well as the increased binding and
activation of aromatase promoter PII. Importantly, mutation
of the proximal CRE abolished the CRTC2-mediated induc-
tion of aromatase promoter PII activity, confirming that
CRTC2 acts primarily via CREB-dependent mechanisms.
However, it remains to be clarified as to whether other CRTCs
play a role in regulating PII-driven aromatase expression. This
study aimed to characterize the role of CRTCs in regulating
the activation of aromatase PII in response to tumor-derived
and obesity-related factor, PGE2.

Materials and methods

Plasmids The CYP19A1 PII-516 luciferase reporter plas-
mid, which contains 502 bp (−516 to −14) of the proximal
promoter PII was generated as previously described [18].
The pCMV.CREB1 plasmid was purchased from Promega
(USA). The flag-tagged CRTC-pcDNA vectors were
obtained from Mark Montminy from Salk Institute, gener-
ated as described previously [10].

Mutagenic primers for CRE mutants of PII luciferase re-
porter plasmid and phosphorylation site mutants of CRTC2
were designed using Agilent Technologies’s web-based
QuickChange Primer Design Application available at web-
site https://www.genomics.agilent.com/CollectionSubpa-
ge.aspx?PageType=Tool&SubPageType=ToolQCPD&Pa-
geID=15. Designed primer sequences were proxy CRE mut
PII F: 5 ′-TTTGGCTTTCAATTGGGAATGGAATT
CACTCTACCCACTCAAGGGC-3′, proxy CRE mut PII
R: 5′-GCCCTTGAGTGGGTAGAGTGAATTCCATTCC
CAATTGAAAGCCAAA-3′, distal CRE mut PII F: 5′-
CCTAAACAAAACCTGCTGATGGATTCACAAAAT
GACTCCACCTCT-3 ′ , distal CRE mut PII R: 5 ′-
AGAGGTGGAGTCATTTTGTGAATCCATCAG
CAGGTTTTGTTTAGG-3′, CRTC2 S171A F: 5′-CACT
TAACAGGACAAGCGCTGACTCTGCTCTTCAC-3′,
CRTC2 S 1 7 1A R : 5 ′ - GTGAAGAGCAGAGT
CAGCGCTTGTCCTGTTAAGTG-3′, CRTC2 S171D F:
5 ′ - T G C A C T TA A C A G G A C A A G C G AT G A
CTCTGCTCTTCACACA-3′ and CRTC2 S171D R: 5′-
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TGTGTGAAGAGCAGAGTCATCGCTTGTCCTGT
TAAGTGCA-3′. Site-directed mutagenesis was performed
using QuickChange® II Site-Directed Mutagenesis Kit
(Agilent Technologies, USA) according to the manufac-
turer’s instructions. Briefly, thermal cycling was used to
generate a mutant plasmid containing staggered nicks using
two synthetic primers both containing desired mutations. The
product was then treated with DpnI endonuclease to digest
parental methylated and hemimethylated DNA. Following
digestion, the nicked vector containing the desired mutations
was transformed into XL1-blue supercompetent cells.

Cell culture Primary human breast preadipocytes were iso-
lated after collagenase treatment of whole subcutaneous
adipose tissue obtained from women undergoing reduction
mammoplasty and cultured in Waymouth’s medium (Invi-
trogen, USA), as previously described [19]. The studies
have been approved by Southern Health Human Research
Ethics Committee B. COS-7 (African green monkey kidney
preadipocyte-like cell line) and 3T3-L1 (mouse preadipo-
cyte cell line) cells were obtained from the ATCC, USA and
grown in Dulbecco’s modified eagle medium (DMEM,
Invitrogen, USA) supplemented with 10 % fetal calf serum,
50 U/ml penicillin, and 50 μg/ml streptomycin at 37 °C in
5 % CO2, as recommended. Before treatments, cells were
serum starved for 24 h in DMEM containing 0.1 % bovine
serum albumin, 50 U/ml penicillin, and 50 μg/ml strepto-
mycin. Treatments included PGE2 (1 μM), FSK
(25 μM)/PMA (4 nM), and 5-aminoimidazole-4-carboxa-
mide 1-β-D-ribofuranoside (AICAR, 0.5 mM; an AMPK
activator), purchased from Sigma-Aldrich (USA).

Reverse transcription and quantitative PCR Total RNAwas
extracted from cultured primary human breast preadipocytes
in six-well plates using the RNeasy Mini Kit (QIAGEN,
Germany), treated with DNaseI (Ambion, USA) and quanti-
fied using the NanoDrop 1000 Spectrophotometer (Thermo
Scientific, USA). Of the RNA, 0.3–1 μg was reverse tran-
scribed using AMV RT Kit using oligo-dT primer (Prom-
ega, USA) as directed by the manufacturer. cDNAs were
amplified on the LightCycler using LightCycler FastStart
DNA Master SYBR Green l kit (Roche, Germany). Quantifi-
cation of human CRTC1, CRTC2, CRTC3, aromatase and
housekeeping genes, β-actin or 18s, transcript expression
was carried out using primers hCRTC1 F: 5′-CAGTCC
CAGGAATGGAAGAG-3′, hCRTC1 R: 5′-GCAGACGG
GAAGATGTTGAT-3 ′ , hCRTC2 F: 5 ′ -TGACTT
CAAC C TGGGGAATC - 3 ′ , h C RT C 2 R : 5 ′ -
GTGGGTCAAGTTCTGGTGGT-3′, hCRTC3 F: 5 ′-
ACAACTGTGGGAGACCAAGG-3′, hCRTC3 R: 5′-
GTGTTCAAGGTCCCCAAGAA-3 ′ , hArom F: 5 ′-
TTGGAAATGCTGAACCCGAT-3′, hArom R: 5′-CAG
GAATCTGCCGTGGGGAT-3′, β-actin F: 5′-TGCGTGA

C AT TA A G G A G A A G - 3 ′ , β - a c t i n R : 5 ′ -
GCTCGTAGCTCTTCTCCA-3′, 18S-F: 5′-CGGCTACCA
CATCCAAGGAA-3 ′ and 18S-R: 5 ′GCTGGAAT
TACCGCGGCT-3′. Cycling conditions were one cycle at
95 °C for 10 min followed by 40 cycles of 95 °C for 10 s,
59 °C for 5 s and 72 °C for 6 s for CRTC1 and CRTC3,
40 cycles of 95 °C for 10 s, 59 °C for 6 s and 72 °C for 6 s for
CRTC2, 40 cycles of 95 °C for 10 s, 60 °C for 5 s and 72 °C
for 10 s for aromatase and 30 cycles of 95 °C for 10 s, 59 °C
for 5 s and 72 °C for 10 s for β-actin or 18s. All the samples
were quantified using standards of known concentrations and
corrected for abundance with the housekeeping gene β-actin
or 18s.

Immunofluorescence and confocal imaging The subcellular
localization of endogenously expressed CRTC proteins in
primary human breast preadipocytes was visualized using
immunofluorescence and confocal microscopy, as previous-
ly described [20]. The cells were grown on coverslips and
treated with PGE2 for 24 h. Immunofluorescence was per-
formed using CRTC1 (2501, 1/200 dilution), CRTC2 (3826,
1/200 dilution) and CRTC3 (2768, 1/200 dilution) antibod-
ies from Cell Signaling Technology, USA and lamin B1+B2
antibody (1/1000 dilution, Abcam, USA) for nuclear stain
and visualized using secondary antibodies, alexa fluor-546
(red) and -488 (green) from Invitrogen (USA), respective-
ly, using confocal microscopy (Olympus Optical Co
Ltd, Japan). In order to visualize the subcellular local-
ization of phosphorylation site mutants of CRTC2, 3T3-
L1 cells were transfected with 2 μg of GFP-tagged
CRTC2 mutants using Amaxa Cell line Nucleofector
kit V, program T-030 (Lonza Cologne GmbH, Germany)
as directed by manufacturer.

Chromatin immunoprecipitation Chromatin immunoprecip-
itation (ChIP) was performed on primary human breast
preadipocytes treated with FSK/PMA for 45 min, to exam-
ine the endogenous binding of CRTCs to aromatase PII
using the ChIP-IT express kit (Active Motif, USA) accord-
ing to manufacturer’s guide with minor modifications [17].
Briefly, cells were fixed in PBS containing 1 % formalde-
hyde, followed by termination of reaction by adding gly-
cine. Isolated chromatin was then sheared using sonication
at 20 % amplitude, seven times for 30 s pulses. Immuno-
precipitation performed overnight with CRTC1 (sc-46270×,
Santa Cruz Biotechnology, USA), CRTC2 (sc-46272×,
Santa Cruz Biotechnology), CRTC3 (2768, Cell Signaling
Technology, USA) antibodies and IgG as a control. Immu-
noprecipitated and reverse cross-linked chromatin was ana-
lyzed by quantitative PCR and the reaction was stopped
within the linear range of amplification. The products were
then run on agarose gel and visualized by ethidium bromide
staining.
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Reporter gene assays COS-7 cells, grown in six-well
plates were transfected with either 470 ng of the wild-
type CYP19A1 PII-516 luciferase reporter construct, or
proximal, distal, or double CRE-mutated CYP19A1 PII-
516 luciferase reporter constructs, together with 35 ng
of CRTCs-pcDNA or CREB1-pcDNA. 3T3-L1 cells
were transfected using Cell line Nucleofector kit V,
program T-030 (Lonza Cologne GmbH, Germany), with

1 μg of CYP19A1 PII-516 luciferase reporter construct
and 1 μg of wild type (wt) or phosphorylation site
mutant of CRTC2, as directed by the manufacturer. β-
galactosidase control vector was co-transfected into
COS-7 cells. Transfected cells were serum starved for
24 h, followed by 24 h treatment with FSK/PMA.
Luciferase reporter assays were carried out using the
Dual-Glo Luciferase Assay System (Promega, USA)

Fig. 1 Role of CRTCs in aromatase PII activation. a Relative abun-
dance of CRTC transcripts in primary breast preadipocytes with and
without PGE2 treatment. b Confocal images of immunofluorescence
on endogenous CRTC proteins (green) in primary breast preadipocytes
with and without PGE2 treatment, lamin B1+B2 nuclear stain in red. c
Chromatin immunoprecipitation (ChIP) showing endogenous binding

of CRTCs to aromatase PII in human breast preadipocytes with and
without FSK/PMA treatment. d Reporter assays demonstrating the
effect of CRTCs on aromatase PII activity with and without FSK/
PMA treatment. vc Vehicle control; mean±SEM, n=3 for qPCR and
reporter assays; confocal images are representative of the majority of
cells examined; scale bar 20.0 μm; all experiments repeated twice
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according to the manufacturer’s guide and data was
normalized to β-galactosidase activity in COS-7 cells,
and total protein using Pierce BCA protein assay kit
(Thermo Scientific, USA) in 3T3-L1 cells.

Aromatase activity assay (tritiated water release assay) Pri-
mary human breast preadipocytes in six-well plates were
transfected with 2 μg of CRTCs-pcDNA using Cell line
Nucleofector kit V, program T-030 (Lonza Cologne
GmbH, Germany) or 3 μl of CRTC siRNA (CRTC1
siRNA sc-45600, CRTC2 siRNA sc-45832, CRTC3
siRNA sc-90206, control siRNA-A sc-37007 from Santa
Cruz Biotechnology) using lipofectamine transfection
reagent (Invitrogen, USA), as directed by the manufac-
turer. Preadipocytes were serum-starved for 24 h and
treated with FSK/PMA. Aromatase activity in preadipo-
cytes was measured using the tritiated water-release
assay using androst-4-ene-3, 17-dione (NET926001MC,
PerkinElmer, USA) as a substrate, as previously de-
scribed [21]. Specific activity was normalized to total
protein amount.

Statistical analysis All data are reported as mean±standard
error and analyzed by student’s t test of group means using
GraphPad Prism version 5.00 (GraphPad, La Jolla, CA,

USA). Statistical significance was defined as *, P<0.05;
**, P≤0.005; ***, P≤0.0005; and ****, P≤0.0001.

Results

CRTCs bind to and activate aromatase PII Relative levels of
CRTC transcripts and the effect of PGE2 on transcript expres-
sion of CRTCs were examined in primary breast preadipo-
cytes. Under basal conditions, CRTC3 transcript was
expressed at higher levels than CRTC2 followed by CRTC1
(Fig. 1a). CRTC2 mRNA was significantly decreased in re-
sponse to PGE2, and no change observed for CRTC1 and
CRTC3 with treatment (Fig. 1a). The subcellular localization
of endogenously expressed CRTCs was examined using im-
munofluorescence and confocal microscopy in human breast
preadipocytes after treatment with PGE2. Under resting con-
ditions, CRTC2 and CRTC3 were mainly found within the
cytoplasm and CRTC1 appeared to be predominantly perinu-
clear. Interestingly, with PGE2 treatment, a marked increase in
staining for CRTC2 and CRTC3 was observed in the nucleus,
whereas CRTC1 appeared to remain perinuclear (Fig. 1b). To
demonstrate the interaction between CRTCs and aromatase
PII, chromatin immunoprecipitation was utilized (Fig. 1c).
Treatment with FSK/PMA, a mimetic of PGE2, resulted in

Fig. 2 Role of CRTCs in
regulating aromatase expression
and activity in primary human
breast preadipocytes.
Aromatase activity assays
demonstrating the effect of
silencing (a) and
overexpressing (b) CRTCs on
the FSK/PMA-mediated
stimulation of aromatase
activity. c Effect of CRTC
overexpression on aromatase
transcript expression. Mean±
SEM, n=3, repeated twice
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an increased binding of the CRTCs to aromatase PII compared
to vehicle control, consistent with the nuclear import of
CRTCs in the presence of PGE2. In order to assess the effect
of the CRTCs on aromatase PII activity, reporter assays were

carried out in COS-7 cells (Fig. 1d). Cells transfected
with each CRTC resulted in an increase in PII activity
compared to pcDNA control vector under resting con-
ditions. Moreover, treatment with FSK/PMA caused a
further significant increase in PII activity with all three
CRTCs and CRTC2 had the highest fold induction of
PII activity with treatment compared to CRTC1 and
CRTC3, al though CRTC3 showed the highes t
induction.

CRTCs stimulate aromatase activity in preadipocy-
tes To determine the effect of CRTCs on aromatase activity,
aromatase activity assays were performed in preadipocytes
whereby CRTCs were either silenced or overexpressed.
Interestingly, the FSK/PMA-mediated stimulation of aroma-
tase activity was significantly reduced when CRTCs were
knocked down (Fig. 2a) and increased when CRTCs were
overexpressed (Fig. 2b), with CRTC2 appearing to have the
greatest effect. Furthermore, aromatase transcript expression
was significantly increased when CRTCs were overex-
pressed (Fig. 2c).

CREB1 shows an additive effect with CRTCs to in-
crease aromatase PII activity In order to determine the
combined effect of CREB1 and CRTCs on aromatase PII
activity, reporter assays were performed in COS-7 cells
(Fig. 3). Results demonstrated that the cells transfected with
CREB1 led to a significant increase in PII activity, and the
effect of each CRTC family member on the CREB1-
mediated aromatase PII activity was additive.

Both CREs on aromatase PII contribute to the maximal
induction by CRTCs To determine the contribution of
each CRE to the CRTC-mediated activity of aromatase
PII, reporter assays were performed using CRE mutant
reporter constructs in COS-7 cells (Fig. 4). There was a
significant reduction in promoter activity in cells trans-
fected with CRTC constructs and proximal CRE-mutated
or distal-CRE mutated PII reporter constructs compared
to wt PII reporter construct in response FSK/PMA. Inter-
estingly, the effect on PII activity was further reduced signif-
icantly in cells transfected with double CRE-mutated PII
reporter construct compared to cells transfected with CRTC
constructs and proximal or distal CRE-mutated PII reporter
constructs with FSK/PMA treatment, suggesting that both
CREs are essential for the maximal induction of PII activity
by CRTCs.

Phosphorylation of CRTC2 at Serine 171 dictates its sub-
cellular localization and the activation of aromatase pro-
moter II in preadipocytes The effect of mutating CRTC2 at
Ser171 (AMPK phosphorylation site) on its subcellular
localization (Fig. 5a) and on the activation of PII (Fig. 5b)

Fig. 3 Role of CRTCs and CREB1 in the regulation aromatase PII
activity. Reporter assays demonstrating the effect of CREB1 and a
CRTC1, b CRTC2, and c CRTC3 on aromatase PII activity with or
without FSK/PMA treatment. Mean±SEM, n=3, repeated twice
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was examined in 3T3-L1 preadipocytes using immuno-
fluorescence/confocal imaging and reporter assays, re-
spectively. Results demonstrated that the CRTC2-GFP
fusion protein was mainly localized in the cytoplasm
under resting conditions, however FSK/PMA treatment,
resulted in its nuclear translocation. The S171A mutant,
that mimics a dephosphorylated state, was nuclear under
both resting conditions and after AICAR treatment,
which stimulates AMPK activity. Conversely, the
S171D mutant, that mimics a phosphorylated state,
was cytoplasmic under both resting conditions and after
FSK/PMA treatment. PII luciferase assays revealed that
treatment of wt CRTC2-transfected cells with FSK/PMA
led to a significant increase in PII activity. Interestingly,
transfection with the S171A mutant in the absence of
FSK/PMA resulted in PII activity similar to that ob-
served in cells transfected with wt CRTC2 treated with
FSK/PMA. Conversely, the S171D mutant was unable
to cause an increase in PII activity, even in the presence
of FSK/PMA.

Discussion

This study provides evidence that all three CRTC family
members can activate aromatase PII in a CRE-dependent
manner, together with CREB1, in the context of postmeno-
pausal breast cancer. Recent advances in the treatment of
breast cancer using aromatase inhibitors (AIs) have led to
the decline in breast cancer-associated mortality; however,
inhibition of aromatase throughout the body leads to un-
wanted side effects. Understanding the cellular and molec-
ular mechanisms behind the PII-specific expression of
aromatase will allow estrogen production to be targeted
specifically within the breast, thereby circumventing any
currently observed side-effects associated with AIs. There-
fore, this study identifies the CRTC–CREB interaction as a
potential therapeutic target for the treatment of obesity-
related, estrogen-dependent, postmenopausal breast cancer.

The expression and regulation of CRTCs in preadipo-
cytes has previously not been characterized. In this study,
we demonstrate that CRTC3 transcript is highly abundant
and CRTC1 is relatively low. In response to PGE2, known to
be elevated within breast tissue in obesity and cancer,
CRTC2 transcripts were significantly reduced, but no sig-
nificant effect on CRTC1 and CRTC3 transcript expression
was detected. Further studies will be required to elucidate
the mechanisms behind this observation. Moreover,
FSK/PMA, to mimic PGE2, resulted in a significant increase
in binding of each CRTC to aromatase PII as well as an
increase in PII activity in CRTC transfected preadipocytes.
The effect of CRTC2 and CRTC3, however, were more
pronounced than that of CRTC1, consistent with changes

Fig. 4 Role of CREs in the activation of aromatase PII. Reporter
assays demonstrating the effect of proximal and distal CREs with a
CRTC1, b CRTC2, and c CRTC3 on aromatase PII activity with or
without FSK/PMA treatment. Mean±SEM, n=3, repeated twice
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in subcellular localization of the CRTCs observed in re-
sponse to PGE2. These results are also consistent with
previous findings by Wang et al., who demonstrated that
CRTC2 is recruited to the CREs on the PEPCK promoter in
response to FSK treatment [22].

CREB1 is found to be overexpressed in breast cancer,
prostate cancer, non-small-cell lung cancer and acute leuke-
mia [23]. CREB1 transcript expression has been shown to
be almost five times higher in adipose tissue of breasts
containing a tumor as compared to normal breast adipose
[2]. A study by Chhabra et al. reported that CREB1 is
expressed in both tumor and normal breast adipose
tissues, with higher levels in tumor tissues [24]. CREB1
transcript expression is also found to be higher in ductal
carcinoma as compared to lobular and other breast car-
cinoma, node-positive tumors compared to node-
negative tumors, and patients with a poor prognosis
and with metastasis compared to cancer-free patients
[24]. Moreover, breast cancer patients with higher
CREB1 levels are shown to have significantly shorter
disease-free survival [24]. In the current study, we have
demonstrated for the first time that CREB1 and each
CRTC act additively to induce aromatase PII. Given the
importance of overexpression of CREB1 in cancer de-
velopment and progression, this additive effect of
CREB1 and CRTCs helps to further clarify the mecha-
nism of action and the effects behind it.

Proximal and distal CREs within aromatase PII have
been previously reported to play a pivotal role in
CREB-mediated PII activation [2]. Interestingly, the cur-
rent report shows that both proximal and distal CREs

are essential for the maximal induction of aromatase PII
by CRTCs using reporter assays with mutated proximal
and distal CRE sites. This result differs from our pre-
vious findings demonstrating that mutation of the prox-
imal CRE was sufficient to abolish the CRTC2-mediated
induction of PII [17]. This may be due to differences in
the level of stimulation of PII by CRTC2 or to the
different cell types used in each experiment. Neverthe-
less, it is clear that CRTCs act via CREs on PII.

Site-directed mutagenesis and reporter assays also
revealed that the phosphorylation of CRTC2 at Ser171
dictates its subcellular localization and directly affects
its ability to activate aromatase PII. Taken with previous
results demonstrating that PGE2 leads to a decrease in
AMPK activity and as a consequence the increased
nuclear localization of CRTC2 [17], this study identifies
the LKB1/AMPK/CRTC2 pathway as a potential target
for breast cancer treatment. Moreover, the overexpres-
sion of LKB1 has been shown to be associated with
cytoplasmic sequestration of CRTC2, and knockdown of
LKB1 resulted in the nuclear translocation of CRTC2
[17].

In summary, we have identified that all three mem-
bers of the CRTC family contribute to an increase in
PII activity, in conjunction with CREB1, in a CRE-
dependent manner, suggesting a critical role for CRTCs
in regulating aromatase expression in human breast pre-
adipocytes. However, additional studies are required to
test the possibility of targeting CRTC–CREB interac-
tions to treat and possibly to prevent obesity-related,
postmenopausal breast cancer.

Fig. 5 Effect of
phosphorylating CRTC2 at
Ser171 on its subcellular
localization and the activation
of aromatase PII in
preadipocytes. a Confocal
images on overexpressed GFP-
tagged wt, S171A and S171D
of CRTC2 (green) and
immunofluorescence on lamin
B1+B2 nuclear stain in red,
with or without FSK/PMA or
AICAR treatment. b Reporter
assays demonstrating the effect
of wt, S171A and S171D of
CRTC2 on aromatase PII
activity with or without FSK/
PMA treatment. vc Vehicle
control, RLU relative luciferase
units, β-gal β-galactosidase
activity. Mean±SEM, n=3 for
reporter assays, confocal
images are representative of the
majority of cells examined,
scale bar represents 50.0 μm,
all experiments repeated twice
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