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Summary

Germline mutations of BRCAL predispose women to breast and ovarian cancers. However, the
downstream mediators of BRCAL function in tumor suppression remain elusive. We found that
human BRCA1-associated breast cancers have lower levels of SIRT1 than their normal controls. We
further demonstrated that mammary tumors from BRCA1 mutant mice have low levels of SIRT1
and high levels of Survivin, which is reversed by induced expression of BRCA1. BRCAL binds to
the SIRT1 promoter and increases SIRT1 expression, which in turn inhibits Survivin by changing
the epigenetic modification of histone H3. Absence of SIRT1 blocks the regulation of Survivin by
BRCAL. Furthermore, we demonstrated that activation of SIRT1 and inhibition of Survivin
expression by resveratrol elicit a more profound inhibitory effect on BRCAL1-mutant cancer cells
than on BRCA1-wild type cancer cells both in vitro and in vivo. These findings suggest that
resveratrol treatment serves as an excellent strategy for targeted therapy for BRCA1-associated breast
cancer.
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Introduction

Breast cancer is one of the most prevalent cancers and affects 1/8 of the women during their
lifetime. About 8% of breast cancer cases are inheritable, caused by mutations of tumor
suppressor genes, such as breast cancer associated gene-1 and -2 (BRCA1 and BRCA2) and
other unidentified tumor suppressor genes (Alberg etal., 1999; Eccles and Pichert, 2005; Zhang
and Powell, 2005). BRCAL is the most frequently mutated tumor suppressor gene found in
familial breast cancers. It is estimated that BRCAL mutation carriers have a 50-80% risk of
developing breast cancer by age 70 (Easton et al., 1995; Ford et al., 1998; Struewing et al.,
1997).

BRCAL null mice died at early embryonic developmental stages due to cellular defects,
developmental retardation and genetic instability (reviewed in (Deng, 2002)). Two strains
carrying targeted truncation or deletion of BRCAL exon 11 survived to adulthood in a specific
genetic background (Ludwig et al., 2001) or a p53+/— mutation background
(Brcal141/411:n53+/7) (Xu et al., 2001). Analysis of these mutant mice and mutant cells
revealed that BRCAL plays essential roles in numerous important biological processes,
including protein degradation, cell cycle progression, apoptosis, DNA damage repair,
centrosome duplication, transcription regulation, and animal aging (reviewed in (Deng,
2006)). BRCA1 mutant mice carrying a Cre-LoxP mediated deletion of full-length BRCAL in
mammary tissues (Brcal€%/Co:MMTV-Cre) developed mammary tumors in about a year and
a half (Brodie et al., 2001; Xu et al., 1999). Of note, after deletion of one p53 wild type allele,
about 95% of the mutant mice (Brcal®%/Co; MMTV-Cre;p53*/") developed mammary tumors
before 12 months of age (Brodie et al., 2001; Xu et al., 1999). Mammary tumor cells derived
from mammary specific knockout mouse models have also been used to study
chemoprevention and therapeutic potential of various drugs (Simeone et al., 2005; Tominaga
et al., 2007).

Resveratrol, a phytoalexin found in grapes, fruits, and root extracts of the weed polygonum
cuspidatum, is an important constituent of traditional Japanese and Chinese medicine. Recent
publications have demonstrated that resveratrol has chemopreventive activity against various
cancers including leukemia (Estrov et al., 2003), DMBA induced mammary tumors in rat
(Whitsett et al., 2006), skin cancer (Aziz et al., 2005), and prostate cancer (Hsieh and Wu,
2000). It was shown that resveratrol inhibits tumor progression by inducing cell cycle arrest
and apoptosis while presenting very low cytotoxicity. Moreover, by binding to plasma proteins,
resveratrol in the blood exhibits a prolonged effect and is sufficient for anti-invasive activity.
Interestingly, low doses of resveratrol can sensitize cells to low doses of cytotoxic drugs,
therefore facilitating innovative strategies to enhance the efficacy of anticancer therapy in
various human cancers (reviewed in (Aggarwal et al., 2004; Delmas et al., 2006)). While the
underlying mechanism remains elusive, it has been shown that resveratrol has the ability to
activate SIRT1 deacetylase activity (Howitz et al., 2003) and to inhibit intracellular Survivin
level (Aziz et al., 2005).

SIRT1 is the mammalian homolog of yeast Sir2 and belongs to the 7 member family of
NAD™ dependent type 111 histone and protein deacetylases. At telomeres, yeast Sir2 is required
to establish and maintain telomeric heterochromatin (Denu, 2003; Gasser and Cockell, 2001).
Sir2 also plays important roles in DNA damage repair and in suppressing the recombination
between rDNA repeats (Guarente, 2000). The mammalian SIRT1 deacetylates many non-
histone proteins, including p53 and translational elongation factor Il. It has been shown that
SIRT1 plays a role in many important biological processes including apoptosis, neuronal
protection, adaptation to calorie restriction, organ metabolism and function, cellular
senescence, and aging (Baur et al., 2006; Haigis and Guarente, 2006). The role of SIRT1 in
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tumorigenesis, however, remains elusive due to some conflicting data obtained in different
experimental systems.

Survivin is one of the apoptosis inhibitors that has been implicated in controlling cell division
and inhibiting apoptosis (Zaffaroni etal., 2005). Survivin is also required for a sustained spindle
checkpoint arrest in response to the lack of tension at the kinetochores of sister-chromatids
(Lensetal., 2003). Because expression level of Survivin is dramatically elevated in many types
of tumors, it is believed that Survivin maintains cell viability and promotes tumor growth
(Kennedy et al., 2003; Ma et al., 2003). In support of this theory, down regulation of Survivin
triggers apoptosis and arrests growth of many types of tumor cells both in vitro and in vivo
(reviewed in (Zaffaroni et al., 2005)). A change in Survivin expression level also provides an
accessible biomarker of target validation for patients treated with inhibitors of HSP90, the
EGFR family, or CDK1 (reviewed in (Altieri, 2008)).

In this study, we have investigated relationship among BRCAL, SIRT1, Survivin, and
resveratrol. We found that SIRT1 and Survivin serve as downstream mediators of BRCAL
function in tumor suppression, and that resveratrol inhibited growth of BRCA1 mutant tumor
cells in culture and in allografted nude mice. We demonstrated that the ability of resveratrol
to inhibit BRCA1-mutant tumor growth is associated with upregulation of SIRT1 activity
followed by reduction of Survivin, triggering apoptosis of the tumor cells.

BRCAL positively regulates SIRT1 expression

To study the role of SIRT1 in BRCALl-associated tumorigenesis, we examined the expression
of SIRT1. We found that SIRT1 mRNA and protein levels were significantly lower in cell lines
derived from mammary tumors lacking full-length BRCA1 as compared to cell lines derived
from tumors without BRCA1 mutation (Fig. 1A, B). Primary mammary tumors harvested from
BrcalC/Co;MMTV-Cre;p53*/~ mice also exhibited lower levels of SIRT1 than tumors isolated
from MMTV-cNeu;p53*/ transgenic mice that were wild type for BRCA1, and wild type
mammary glands (Fig. 1C). We also detected a reduction of SIRT1 levels in two human BRCA1
mutant breast cancer cell lines, HCC1937 and L56Br-C1 than in two cell lines derived from
sporadic breast cancers, BT20 and MCF-7 (Supplementary Fig. 1A). Analyzing a public
database, we found significantly reduced SIRT1 mRNA levels in 31 breast cancer samples
with a BRCA1 mutation compared with 128 breast cancer samples without BRCA1 mutation
(Supplementary Fig. 1B), and in 18 breast cancers with a BRCA1 mutation compared with 97
breast cancers with no BRCA1 mutation (Supplementary Fig. 1C). Positive correlation between
BRCAL and SIRT1 expression was also observed from immunohistochemical staining of 45
human breast cancer samples (Supplementary Fig. 1D). These observations suggest that
BRCAL plays a role in maintaining SIRT1 expression.

To provide further evidence that BRCAL1 is indeed required for SIRT1 expression, we
compared expression levels of SIRT1 between HCC1937, a human BRCA1 mutant breast
cancer cell line, before and after BRCA1 reconstitution, and found that expression of BRCA1
upregulated SIRT1 at both protein and mRNA levels (Fig. 1D). To investigate this further, we
used UBRG60 cells, in which BRCA1 cDNA was stably transfected under the control of a tet-
off promoter (Harkin et al., 1999). In the absence of tetracycline (—Tet), the expression of
SIRT1 was increased upon induction of BRCA1 expression (Fig. 1E,Supplementary Fig. 2A).
Conversely, acute knockdown of BRCA1 using BRCAL1 specific siRNA, but not a control
SIRNA, reduced the expression level of SIRT1 (Fig. 1F,Supplementary Fig. 2B). To investigate
whether BRCAL1 regulates the SIRT1 promoter, we performed a luciferase reporter activity
assay controlled by a 2.8 kb fragment of the SIRT1 promoter that was reported previously
(Nemoto et al., 2004) in UBR60 cells. We showed that increasing BRCAL by withdrawing
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tetracycline raised the Luc activity about 2 fold (Fig. 1G). UBRG60 cells also express
endogenous BRCAL (+Tet). We showed that RNAi-mediated knockdown of BRCA1
decreased the luciferase activity about 5 fold (Fig. 1H).

To further study the regulation of SIRT1 promoter by BRCAL, chromatin immunoprecipitation
assay (ChlP) with three individual BRCAL antibodies was performed. PCR assays using the
primers that cover 5 fragments in the 5’ regulatory region of the SIRT1 promoter in UBR60
cells under inducible condition (without tetracycline) showed that BRCA1 bound to 1354—
1902 but not the other regions in the SIRT1 promoter, as revealed by regular PCR
(Supplementary Fig. 2C) and real-time PCR (Fig. 11). This data indicates that BRCAL binds
to the promoter of SIRTL.

Ectopic expression of SIRT1 inhibits BRCAl-associated cancer formation

Reduced SIRT1 expression in BRCAL mutant cancer prompted us to test if over expression of
SIRT1 in these cells could inhibit tumor formation. However, we found that stable expression
of SIRT1 in BRCA1 mutant cells inhibited cell growth (data not shown), which prevented the
establishment of a stable SIRT1-expressing cell line. To overcome this difficulty,
Brca1Co/Co:MMTV-Cre;p53*/~ tumor cells were transfected with either SIRT1 or GFP, and
24 hours later, the transfected cells were sorted to 90% purity by AutoMACS and transplanted
into nude mice. The results revealed that transfection of SIRT1 significantly inhibited the
ability of Brca1C%/Co;MMTV-Cre;p53*/~ cells to form tumors in nude mice (Fig. 2A). During
the time course, SIRT1 transfected tumor cells had much more difficulty to initiate tumor
formation. At harvest, tumor weight from the GFP transfected group (228 mg) was, on average,
4.56 fold of the weight from the SIRT1 over-expressed group (49.8 mg) (Fig. 2B). When the
same batch of cells was followed in vitro during the same time course, we found that SIRT1
transfected cells grew poorly during the first 6 days, displaying a proliferation rate that was
about 50-60% of the control (Fig. 2C). Corresponding to the reduced cell number during this
period, the SIRT1 transfected cells, which expressed high levels of transfected SIRT1 (Fig.
2D), also exhibited dramatically increased cell death compared to control after day 5 (Fig. 2E).
In contrast, ectopic overexpression of SIRT1 in a BRCA1 wild type cell line, Neu, did not
inhibit tumor formation, nor cell proliferation (Fig. 2F-J). These data indicate that over
expression of SIRT1 could inhibit BRCA1 mutant cell growth and tumor formation.

Resveratrol inhibits BRCA1 mutant tumor growth

Resveratrol is a well-known agonist of SIRT1 (Aziz et al., 2005; Howitz et al., 2003). Since
over-expression of SIRT1 was able to inhibit BRCA1 mutant tumor growth both in vitro and
in vivo, we hypothesized that resveratrol could serve as a therapeutic agent that inhibits growth
of BRCA1 mutant cancer cells. Consistently, we found resveratrol dramatically reduced the
capability of BRCA1 mutant tumor cells to form colonies in soft agar, causing about a 5 fold
decrease in colony size (Fig. 3A) and number (Fig. 3B) compared with untreated controls. Such
an inhibitory effect was not obvious for a BRCAL wild type cell line tested under identical
conditions (Fig. 3C, D). Our data further indicated that resveratrol (40 uM) induced a much
higher incidence of apoptosis in BRCA1 mutant tumor cells (69) than the BRCA1 wild type
cells (Neu) (data not shown).

To study the effect of resveratrol on tumor growth in vivo, we designed 3 sets of experiments.
In the first set, we pretreated the nude mice with resveratrol for ten days before mouse
BRCA1mutant tumor cells were implanted. After the implantation, the treatment continued
daily until the tumors were collected. We demonstrated that the treatment with either 5 ug or
10 ug of resveratrol significantly delayed tumor initiation and growth (Fig. 3E, F), whereas
treatment of BRCAL wild type tumor with 10 pg reveratrol did not inhibit tumor growth (Fig.
3G, H). In two other sets of experiments, the BRCA1 tumor cells were implanted into nude

Mol Cell. Author manuscript; available in PMC 2009 October 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al. Page 5

mice and resveratrol was applied either the next day for one set or right after the tumors became
visible for the second set to test its therapeutic effects. Our data indicated that both treatment
protocols were capable of significantly reducing tumor formation in the recipient mice (Fig.
31). In addition, we found that the resveratrol treated tumors became less proliferative as
revealed by BrdU incorporation than controls (Supplementary Fig. 3). TUNEL assay on these
tumor sections demonstrated that resveratrol treatment induced apoptosis (Supplementary Fig.
3). During the treatment, all recipient mice showed no sign of drug toxicity, weight loss and
growth abnormalities. These data suggest that resveratrol has chemoprevention potential for
tumors induced by BRCA1 mutation.

Resveratrol inhibits BRCA1 mutant tumor growth through activating SIRT1

Because resveratrol induces apoptosis in cultured cells and allografted tumors, we checked
expression of a number of genes that are involved in apoptosis. Our analysis by real-time RT-
PCR revealed a significant reduction of Survivin expression upon resveratrol treatment while
expression of Bcl2 and XIAP was also reduced but not significantly (Fig. 4A). Because
Survivin is a well-known anti-apoptotic protein, we decided to investigate further how
resveratrol treatment reduced expression of Survivin. Our data revealed that resveratrol
treatment reduced Survivin, an anti-apoptotic gene, at both protein (Fig. 4B) and mRNA (Fig.
4C) levels. In contrast, there was no obvious effect on the expression levels of SIRT1 upon the
treatment of resveratrol, which is consistent with the notion that resveratrol affects SIRT1
primarily through increasing its enzymatic activity rather than its expression. To provide
evidence that the effect of resveratrol on Survivin is indeed mediated by SIRT1, we studied
Survivin expression in resveratrol treated SIRT1*/* and SIRT1 "~ mouse embryonic fibroblast
cells (MEFs). Absence of SIRT1 completely blocked the ability of resveratrol to inhibit
Survivin transcription (Fig. 4D) providing compelling evidence that resveratrol inhibits
Survivin expression through SIRT1. We next followed expression of endogenous Survivin in
MEFs from passage 1 up to 33 passages, and found that the absence of SIRT1 resulted in up-
regulation of Survivin transcription in all passages tested (Fig. 4E), suggesting that SIRT1
inhibits Survivin expression.

To provide evidence that SIRT1 regulates Survivin expression, we performed two further
experiments. First, a SIRT1 expression vector was reconstituted into Sirtl”~ MEFs. RT-PCR
analysis revealed that reconstitution of SIRT1 in Sirt1™~ cells decreased Survivin expression
(Fig. 4F). We then analyzed Survivin promoter activity using a luciferase reporter assay (Chen
et al., 2004) after transfection of SIRT1 (Fig. 4G). We showed that over-expression of SIRT1
decreased Survivin expression by about 4 fold, indicating that SIRT1 is capable of efficiently
inhibiting Survivin promoter activity.

SIRT1 negatively regulates Survivin expression through epigenetic chromatin modification

Since SIRT1 is a well-known deacetylase (Blander and Guarente, 2004; Guarente, 2000), we
were interested in determining whether SIRT1 regulates Survivin expression through its
deacetylase activity. To address this, we transfected wild type SIRT1 and its mutant form,
SIRT1 (HY) that lacks the deacetylase activity, into Sirt1”~ MEFs, respectively. RT-PCR
analysis revealed that while the wild type SIRT1 construct sufficiently repressed Survivin
transcription, the deacetylase defective form of SIRT1 failed to reduce Survivin expression
(Fig. 4H). This observation provides compelling evidence that the deacetylase activity of
SIRT1 is required for suppressing Survivin transcription.

Next, we investigated whether SIRT1 affects the Survivin promoter through modification of
histone H3 lysine 9 (K9), a well-known SIRT1 deacetylase target (Shankaranarayana et al.,
2003). To explore this possibility, we carried out a ChIP assay in both wild type and SIRT1
knockout MEFs on a 2kb region of the Survivin promoter upstream of the start codon (Fig.

Mol Cell. Author manuscript; available in PMC 2009 October 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 6

5A). Within this 2kb fragment, there are 2 regions (475-1052bp and 1033-1700bp) in which
the acetylation of lysine 9 was dramatically increased in Sirt1~/~ cells (Fig. 5B). To follow this
up, we performed ChIP analysis with a SIRT1 antibody. Our data indicated that SIRT1 bound
to both fragments, with a stronger binding to the fragment from 475-1052 bp than the fragment
from 1033-1700bp in the Survivin promoter (Fig. 5C). In contrast, SIRT1 did not bind to the
fragment from 186-595 and the promoter of the Gapdh gene, both of which served as negative
controls (Fig. 5C).

Survivin plays an important role in BRCA1 associated mammary tumor formation

Survivin has been reported to be involved in tumorigenesis in many types of cancer. Since both
SIRT1 and Survivin expression level changed when BRCAL level was manipulated, we wanted
to study the role of Survivin in BRCAL-associated tumorigenesis. Survivin expression level
was examined in primary tumors isolated from Brcal€%/Co; MMTV-Cre;p53*/~ mice. As all of
these tumors had lost the remaining wild-type allele of p53 (Brodie et al., 2001; Xu et al.,
1999), we used normal mammary tissues isolated from pregnant p53~/~ and p53*/~ mice at day
14.5 as controls. Western blot analysis revealed a slight increase of Survivin in p537/-
mammary tissues in comparison with p53*/~ mammary tissues (Fig. 6A). This observation
suggests that p53 represses Survivin expression in mammary tissue, which is consistent with
a previous finding observed in cultured cells (Hoffman et al., 2002). The tumors had an average
of 10 fold more Survivin than normal mammary tissues (Fig. 6A). Similarly increased Survivin
was also observed in primary mammary tumors derived from Brcal%/Co; MMTV-
Cre;p53*~ mice compare with MMTV-Neu transgenic mice (Fig. 6B) and in cultured BRCA1
mutant cancer cells (Fig. 6C). Significantly, increased Survivin mRNA levels were also found
in human breast cancer samples with a BRCA1 mutation compared with breast cancer samples
without BRCA1 mutation (Supplementary Fig. 4). These data suggest that Survivin may play
an important role during tumorigenesis associated with BRCA1 deficiency.

Since Survivin inhibits apoptosis, we hypothesized that over expression of Survivin could
protect mammary cells from cell death associated with BRCAL deficiency. To test this, we
performed RNA interference (RNAI) in BRCAL mutant mammary tumor cells using two
specific sSiRNA oligos to mouse Survivin and two control oligos (Fig. 6D). Transfection of
Survivin RNA. triggered apoptosis in about 15-20% cells at 48h post-transfection (Fig. 6E).
Next, we transfected BRCA1 mutant tumor cells with a vector-based shRNA that was shown
to specifically knockdown Survivin mRNA (Coumoul et al., 2004). The transfected cells were
sorted to 90% purity by AutoMACS and then transplanted into nude mice. ShRNA specific
for Survivin significantly slowed the growth of BRCA1 mutant tumors in volume (Fig. 6F)
and weight (Fig. 6G), but it did not have significant effects on MMTV-Neu mediated tumor
growth (Fig. 6H). These observations suggest that Survivin plays an important role in BRCAL
associated mammary tumor formation but it is not essential for mammary tumors driven by
activation of MMTV-Neu signaling in these model systems.

Interplay among BRCA1, SIRT1, and Survivin

Since both SIRT1 and Survivin expression levels changed in BRCAL mutant cells, next we
studied the potential relationship among BRCAL, SIRT1 and Survivin. First, we investigated
whether BRCA1 can affect Survivin expression. Using UBRG60 cells, we found that induction
of BRCAL1 inhibited Survivin expression (Fig. 7A) and, conversely, acute suppression of
BRCAL using BRCAZ1 specific RNAI increased Survivin levels (Fig. 7B). To investigate
whether BRCA1 regulates the Survivin promoter, luciferase activity assays were carried out
in UBRGO cells. We showed that reducing BRCA1 by an RNAI approach elevated Luc activity
more than 5 fold. Of note, transfection of a SIRT1 expression vector significantly inhibited the
effect of BRCAL RNAI (Fig. 7C). These data suggest that BRCA1 plays a very important role
in maintaining the correct level of both SIRT1 and Survivin.
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Next, we investigated whether the inhibition of BRCAL on Survivin is mediated by SIRT1.
To address this, we compared Survivin expression levels in Sirt1~~ and Sirt1*/* MEFs after
ectopically expressing BRCAL and a GFP control vector. Our data indicated that expression
of BRCA1 could only inhibit Survivin expression in Sirt1*/* cells but not in Sirt1~~ cells (Fig.
7D, E). This observation supports the notion that Survivin mediates the inhibitory effect of
resveratrol on BRCA1 mutant cells. Consistently, tumors from resveratrol treated nude mice
contained much less Survivin than the tumors from mock treated mice (Fig. 7F). To provide
evidence that reduced Survivin is responsible for the decreased tumor growth, we transfected
cells with a vector that expresses Survivin from the SV40 promoter that cannot be regulated
by SIRT1. The data indicated that ectopic expression of Survivin reversed the lethal effect of
resveratrol treatment up to 80 uM, while reduced proliferation was observed after treatment
with higher concentrations of resveratrol (Fig. 7G). Because higher concentrations of
resveratrol could also inhibit BRCAZL wild type tumor cells (data not shown), this data indicate
that ectopical over expression of Survivin renders the BRCA1 mutant cells resistant to
resveratrol to a certain level, comparable with BRCAL wild type cells.

Discussion

We have studied the therapeutic effect of resveratrol on BRCA1 mutant breast cancer cells.
There are a number of findings that can be concluded from this study. First, we demonstrated
that BRCAL is involved in modulating expression of SIRT1 and Survivin. The absence of
BRCAL1 results in low levels of SIRT1 and high levels of Survivin. Second, we found that
resveratrol treatment decreases expression of Survivin through increasing SIRT1 activity. We
further demonstrated that SIRT1 negatively regulates Survivin expression through its
deacetylase activity, which epigenetically modifies the Survivin promoter and turns the
promoter into a transcription silent configuration. Third, we demonstrated that resveratrol is a
potent inhibitor for the initiation and progression of BRCAL mutant cancer both in vitro and
in vivo. These findings suggest that resveratrol may serve as an excellent reagent for targeted
therapy for BRCAL associated breast cancers.

It has been shown that BRCA1 acts as a transcription factor that positively or negatively
regulates expression of many important genes, including p21, Gadd45, Mad2, and IGF axis
members (Harkin et al., 1999; Shukla et al., 2006; Wang et al., 2004). Here we found that
BRCAL is involved in maintaining SIRT1 expression as reflected by reduced expression of
SIRT1in BRCAL1 mutant MEFs, cultured cancer cells, and primary tumors. We further revealed
that BRCAL positively regulates SIRT1 promoter activity. Currently, several factors have been
reported to affect SIRT1 expression, including p53, HIC1 and Foxo3a (Chen et al., 2005b;
Nemoto et al., 2004). The potential relationship between BRCAL and these factors in relation
to SIRT1 expression is unclear, and remains to be addressed in future studies.

Inyeast, Sir2 isinvolved in aging and longevity (Guarante, 2005); in mice, SIRT1 is responsible
for an increased physical activity caused by caloric restriction (Chen et al., 2005a). Our
previous study reveals that BRCA1 mutant mice undergo premature aging and suffer from high
risk of spontaneous tumor formation (Cao et al., 2006; Cao et al., 2003; Cao et al., 2007). Thus,
reduced SIRT1 expression upon BRCAL deficiency is consistent with the premature aging
phenotype exhibited in the BRCA1 mutant mice. On the other hand, the role of SIRT1 in cancer
formation is currently under active discussion. It was shown that activation of SIRT1 down-
regulates stress-induced p53 and Foxo pathways and protects cells from apoptosis (anti-
apoptosis) (Brunet et al., 2004; Motta et al., 2004). In contrast, it was shown that activation of
SIRT1 by resveratrol treatment inhibits NF-kappaB activity and sensitized cells to TNFa-
induced apoptosis (pro-apoptosis) (Yeung et al., 2004). Based on the fact that SIRT1
deacetylates p53 to decrease its activity, it was hypothesized that increased SIRT1 activity may
elevate the risk of cancer in mammals (Chen et al., 2005b). However, recent studies revealed
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that SIRT1 might serve as a tumor suppressor for certain tumor types in mice (Firestein et al.,
2008, Wang et al. 2008).

These observations, which are contradictory on the surface, suggest that SIRT1 may play
different or opposite roles in different populations of cells. This perhaps is because SIRT1 can
affect multiple pathways with different biological functions, whereas the availability of these
pathways in different cells may cause different phenotypes upon activation of SIRT1. For
example, the previous finding that activation of SIRT1 might reduce p53 activity and therefore,
elevate the risk of cancer in mammals (Chen et al., 2005b) should not be a concern in our study
as virtually all BRCA1 mutant cancer cells are p53 deficient (Brodie et al., 2001; Xu et al.,
1999). This may account for the reason that activation of SIRT1 does not cause proliferation,
but rather induces apoptosis through inhibition of Survivin expression. More importantly, we
showed that ectopically over-expression of SIRT1 in BRCA1 mutant cells inhibits tumor
formation in nude mice and reduces cell growth in cultured cells. Thus, our data indicate that
SIRT1 serves as a tumor suppressor in the context of BRCA1 deficiency, although it remains
elusive whether SIRT1 has a general tumor suppressor role of SIRT1 in other types of tumors.

Survivin is a well-known anti-apoptotic protein (Zaffaroni et al., 2005). We demonstrated that
all BRCA1 mutant primary tumors and cultured tumor cell lines express Survivin at levels
significantly higher than controls. Thus, we concluded that escaping apoptosis is one of the
major events that BRCAL tumor cells adapt to survive and proliferate. This is primarily because
loss of BRCAL triggers apoptosis due to extensive DNA damage and abnormal cell cycle
progression (reviewed in (Deng, 2006)). Apparently, an increase in Survivin raises the
apoptotic threshold, providing a suitable environment for cells with genetic instability to
proliferate. This may explain why inhibition of Survivin kills BRCA1 mutant cells more
profoundly than cells driven by activated ErbB2/Neu signaling tested in this study. We further
demonstrated that resveratrol treatment could significantly decrease levels of Survivin, reduce
cell growth and increase apoptosis. Our data indicates that SIRT1 binds to the Survivin
promoter and inhibits Survivin expression. Furthermore, it was recently reported that NF-kB
also plays a positive role in Survivin expression (Kawakami et al., 2005). Therefore, the
decreased levels of Survivin upon resveratrol treatment could be due to a direct inhibitory role
of SIRT1 on Survivin and/or an indirect role of SIRT1 through decreased NF-kB activity. In
all three protocols tested, the resveratrol treatment clearly delays the onset of tumor initiation
and retards their progression. We also noticed that the resveratrol treatment alone does not
completely block tumor development. This may be due to the fact that BRCAL associated
cancers have undergone many additional molecular/genetic alterations (Brodie et al., 2001).
Furthermore, some other factors, besides SIRT1, may also regulate Survivin expression (Sato
et al., 2006; Xia et al., 2006). These observations suggest that targeting Survivin specifically
in addition to a combination of traditional chemotherapeutic drugs is needed to eliminate the
cells with genetic mutations for tumorigenesis and minimize the frequency of tumor re-
occurrence.

In conclusion, our data indicates that BRCA1 plays an important tumor suppressor function
through maintenance of SIRT1 expression, which in turn inhibits expression of Survivin
directly and/or indirectly (Fig. 7H). The absence of BRCA1 causes reduced levels of SIRT1
and increased expression of Survivin, allowing BRCAL deficient cells to overcome growth
defects and apoptosis and finally undergo malignant transformation. Our analysis reveals that
resveratrol strongly inhibits the growth of BRCA1 mutant tumors both in vitro and in vivo.
This is accomplished through up-regulating SIRT1 activity followed by reduction of Survivin
expression, leading to growth arrest and apoptosis of BRCA1 deficient cancer cells (Fig. 7H).
This provides a basis for the use of resveratrol on chemoprevention and therapeutic treatment
of BRCA1 associated cancer patients.
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Experimental procedures

Cell culture and in vitro resveratrol treatment

Mouse BRCA1 mutant cell lines (69, 525 and 780, derived from mammary tumors of
Brca1Co/Co:MMTV-Cre;p53*/~ mice containing a targeted deletion of full-length BRCA1) and
BRCAL1 wild type cell lines (Neu and Ras, derived from mammary tumors of MMTV-cNeu
and MMTV-Ras mice, respectively) (Brodie et al., 2001) were cultured in DMEM with 10%
FBS and supplemented with glutamine, non-essential amino acids, and antibiotics (Invitrogen,
CA). L56Br-C1 (Johannsson et al., 2003), HCC1937, and HCC1937 reconstituted with wild
type BRCAL (Yu et al., 2003) were cultured following description. SIRT1 wild-type and
mutant MEFs were derived from E12.5 embryos. UBRG60 cells (Harkin et al., 1999) are
maintained in 2 pg/ml tetracycline medium. For the MTT assay, cells were seeded into 24-well
plates at 2x104 cells/well for overnight before resveratrol (Calbiochem) was added. Then the
cells were either incubated with different concentrations of resveratrol for 3 days or with a
fixed resveratrol concentration at the IC50 for 7 days. Cells were stained with MTT (Sigma)
and read at OD560. For soft agar assay, 35-mm dishes were first layered with 1% agarose
solution with 10% FBS. The agarose was allowed to solidify. Cells were trypsinzed and
resuspended at 1000 cells/ml. Top agarose layer contains 0.6% agarose, 10% FBS, and 500
cells with different concentrations of Resveratrol. Two sets of triplicates were done for each
cell line and concentration. The colony number was counted under microscope.

In vivo study

69, 780, Neu and Ras cells were implanted sub-cutaneously into nude mice at 1x10° cells/
100ul/spot. Each group contained ten female nude mice, each mouse carried two implanted
spots. In total, each group contained 20 implanted spots. The day of implantation was
designated as day 0. The mice were injected with either resveratrol (dissolved with DMSO,
diluted with PBS) or carrier (DMSO+PBS) through i.p daily at dosage of 5 or 10 png/30g body
weight. The entire experiments lasted about 3 weeks when the tumors in control group reached
2 cm that required harvesting or there were tumor ulcerations.

To investigate functions of SIRT1 in tumor formation in vivo, pUSE-SIRT1 (Upstate) or GFP
was eletroporated into BRCA1 mutant tumor cells (Nucleofector, amaxa, MD) together with
pMACS KK.II (Miltenyl Biotec). Twenty-four hours post transfection, the cells were collected
and sorted with AutoMACS (Miltenyl Biotec) to over 90% purity. Then the sorted cells were
implanted into nude mice and tumor growth was monitored daily. The same batch of cells was
also followed up in tissue culture for cell growth and cell death during the same time course.

All animal experiments were approved by the Animal Care and Use Committee of National
Institute of Diabetes, Digestive and Kidney Diseases (ACUC, NIDDK).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

BRCAL positively regulates SIRT1 expression. (A, B) Levels of SIRT1 in mouse mammary
tumor cells lines, Neu and Ras, derived from BRCAL wild type (MMTV-cNeu and MMTV-
ras transgenic mice, respectively), and 69 and 780, derived from BRCA1 mutant
(BrcalCo/Co;MMTV-Cre;p53*/~) mice measured using 3 pairs of SIRT1 primers by Reatime
RT-PCR (A) and Western blot (B). The intensity of bands was measured by Quantity One
Software (Bio-Rad) and normalized using intensity of p-actin. The quantified numbers are
shown at the bottom of the picture. (C) Western blot showing SIRT1 levels in normal mammary
glands of wild type mouse, and primary mammary tumors derived in MMTV-cNeu;p53*/~ and
BrcalC/Co;MMTV-Cre;p53*/~ mice. (D) Expression of SIRT1 in vector and wild type BRCA1
reconstituted HCC-1937 cell lines by Western blot and Realtime RT-PCR. (E) Increased
BRCAL in UBRG6O cells (by tetracycline withdrawal, —Tet) up-regulates endogenous SIRT1
asrevealed by Realtime RT-PCR. (F) Acute knockdown of BRCA1 in UBRG60 cells by BRCA1
specific, but not scrambled, siRNA decreased SIRT1 expression, revealed by Realtime RT-
PCR. (G,H) BRCAL1 positively regulates the SIRT1 promoter. UBR60 cells were transfected
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with a SIRT1 luciferase reporter (S-2852) and SIRT1 promoter activity was measured 24 hours
post transfection in the presence (+Tet), absence (—Tet) of over-expressed BRCAL (G), or
acute knockdown of endogenous BRCAL (H). Two sets of scrambled siRNA and BRCA1
SiRNA were used, and BRCA1 protein levels were shown below the panels. (1) ChIP assay by
Realtime PCR showing that BRCAL1 binds to SIRT1 promoter from position 1354-1770 bp.
Data in D-1 are presented as average+SD.
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Figure 2.

Oser-expression of SIRT1 inhibits growth of Brca1©%/C%; MMTV-Cre;p53*/~ tumor cells. (A,
B) Over-expression of SIRT1 inhibits the allografted tumor growth of BrcalCo/Co;MMTV-
Cre;p53*~ tumor cells (cell line: 69) compared with GFP transfected cells as reflected by
average tumor volume (mm3) +SE (A) and average weight (mg) +SE (B). The tumor size was
measured daily starting one week post transplantation, and the tumor weight was recorded
when animals were sacrificed. P is a student t-test value and represents the comparison between
the GFP and SIRT1 tranfected tumors. (C-E) Over-expression of SIRT1 reduced growth of
69 cells (C) and induced cell death at the same time. Cell death at day 6 is shown. (E). (D)
Western blot to measure the expression level of SIRT1 in SIRT1 transfected 69 cells at 1 to
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12 days after sorting. (F, G) Over-expression of SIRT1 did not inhibit the allografted tumor
growth of MMTV-Neu;p53*/~tumor cells (cell line: Neu) compared with GFP transfected cells
by volume (F) and weight (G). (H-J) Over-expression of SIRT1 did not affect the growth
(H) and cell death of Neu cells. Cell death at day 6 is shown. (J). (I) Western blot analysis to
monitor the expression of SIRT1 in SIRT1 transfected Neu tumor cells at 1 to 12 days after
sorting. For the nude mice study, each group of data was collected from 10 individual mice,
bearing 2 inoculated tumors each. Data is presented as average+SD if it is not specifically
mentioned.
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Figure 3.

Regsveratrol inhibits Brca1©%/Co; MMTV-Cre;p53*/~ tumor cell growth in vitro and in allograft
tumors. (A, B) Resveratrol reduces Brcal©%/Co; MMTV-Cre;p53*/~ tumor cell colony
formation in soft agar in both size (A) and number (B). (C, D) Resveratrol does not affect
MMTV-Neu;p53*~ tumor cell colony formation in soft agar in both size (C) and number (D).
In (B) and (D), data are average + SD. (E) Nude mice were pretreated with carrier (control),
5ug, or 10ug revesveratrol per 30g body weight daily by IP injection for 10 days. The
BrcalCo/Co; MMTV-Cre;p53*/~ tumor cells were implanted subcutaneously and resveratrol
treatment was provided daily. The tumor size was measured daily starting 1-week post
transplantation (E). Data shown is mean +SE. The tumor weight was recorded when animals
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were sacrificed (F). Data is Mean+SE. P is a Student t-test value and represents the comparison
between the control and two treated groups. (G, H) Resveratrol treatment did not inhibit
allografted MMTV-Neu;p53*/~ tumor cells in volume (G) and weight (H). In (G) and (H), data
are MeanzSE. (1) Brca1C/Co;MMTV-Cre;p53*/~ tumor cells were innoculated
subcutaneously into nude mice and resveratrol treatment started at 51g/30g either next day
(Day1+Res) or until the tumor was visible (Tumor+Res). For all in vivo resveratrol treatment,
data for each group of allografted tumors was collected from 10 individual nude mice, bearing
2 tumors each. The data is presented as Mean+SE.
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Figure 4.

Resveratrol down-regulates Survivin through SIRT1 at the transcriptional level. (A)
Resveratrol treatment significantly inhibited expression of Survivin and also reduced
expression of Bcl2 and XIAP in 69 cells. “*” represents p < 0.05 by Student T-test. Data is
averagexSD.(B) Resveratrol treatment reduced Survivin protein level but did not change
SIRT1 level in BrcalCo/Co;MMTV-Cre;p53*/~ tumor cells three days after the treatment. (C)
Resveratrol inhibits Survivin expression from mRNA level in BrcalC%/Co;MMTV-
Cre;p53*/~ tumor cells (69 and 780) as assessed by RT-PCR. (D) In Sirt1™~ cells, resveratrol
cannot reduce Survivin mRNA level. (E) In Sirtl~~ MEFs, Survivin expression was increased.
Data from MEFs of different passages (P) are shown. (F) Reconstituting SIRT1 in Sirt1 ™~
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cells was able to reduce Survivin mRNA expression. (G) SIRT1 down-regulates Survivin
promoter activity. Insert shows the levels of SIRT1 after transfection with increasing amount
of DNA. Data is average+SD. (H) Deacetylase activity of SIRT1 is required for inhibition of
Survivin mRNA expression by SIRT1. SIRT1 knockout MEFs were transfected with plasmids
either carrying wildtype SIRT1 (SIRT1) or catalytic site mutated SIRT1 (SIRT1-HY).
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Figure 5.

186-595 bp

Gapdh
+741-+807bp

SIRT1 displays important epigenetic regulation of the Surivivn promoter. (A) Diagram of the
2kb region of the mouse Survivin promoter, showing the NF-kB and CEBP binding sites. (B)
Loss of SIRT1 increases the acetylation level of histone H3 lysine 9 on two fragments of the
Survivin promoter, 1033-1700 bp and 475-1052 bp, revealed by ChIP assay. (C) SIRT1 binds
to the Survivin promoter on fragment 475-1052bp strongly, and on 1033-1700 weakly as
revealed by ChIP. SIRT1 does not bind to the fragment 186-595 in Survivin promoter, and the
promoter of the Gapdh gene, which was used as negative controls.
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Figure 6.

BrcalC/Co;MMTV-Cre;p53*/~ tumors show increased Survivin expression. (A-C)
BrcalC/Co;MMTV-Cre;p53*/~ primary tumors (A,B) and tumor cell lines (C) express higher
Survivin as revealed by Western blot and mRNA level. (D) Western blot analysis showing
knockdown efficiency of two mouse Survivin specific siRNA oligos. (E) Transfection with
mouse Survivin siRNA oligos induced apoptosis in Brcal€%/Co: MMTV-Cre;p53*~ tumor
cells. (F-H) Survivin shRNA significantly inhibited tumor formation of Brca1C%/Co;MMTV-
Cre;p53*~ tumor cells in nude mice allograft as reflected by volume (F) and weight (G), but
did not reduce tumor formation of MMTV-cNeu;p53*/~ tumor cells (H) in nude mice. The RT-
PCR on the bottom shows Survivin expression (upper panel) from 2 individual tumors of each
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treatment. Lower panel is Gapdh level as internal control. From (E) to (H), data are presented
as average + SD.
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Figure 7.

BRCAL regulates Survivin through SIRT1. (A—-C) BRCAL negatively regulates Survivin
expression. Over-expression of BRCAL decreases the level of Survivin (A), while down-
regulation of BRCAL by siRNA up-regulates Survivin as revealed by Realtime PCR (B). (C)
Down-regulation of BRCAL results in about a 5 fold increase in Survivin promoter activity,
while over-expression of SIRT1 on top of siBRCA1 significantly reduced the activity. Two
BRCAL siRNA exhibited similar results and data from one siRNA was shown. (D, E) Over-
expression of BRCA1 only reduces Survivin in SIRT1 wild type cells, but not in SIRT1 7/~ cells
as revealed by RT-PCR (D), and by Realtime RT-PCR (E). (F) Resveratrol treatment reduced
Survivin expression in Brcal©/Co;MMTV-Cre;p53*/~ allografted tumors in nude mice.
Tumors from 3 pairs of individual nude mice were analyzed. (G) Ectopic overexpression of
Survivin significantly reversed the lethality caused by resveratrol. (H) A model showing a
BRCAL-SIRT1-Survivin axis signaling pathway involved in tumor cell survival and
proliferation. Our data indicates that resveratrol treatment induces deacetylase activity of
SIRT1, which inhibits Survivin and potentially other factors leading to reduced cell
proliferation and increased apoptosis. Data in (A-B), (C), (E-G) are average = SD.
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