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REPORT

SIRT6 overexpression induces massive apoptosis
in cancer cells but not in normal cells
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Emerging evidence suggests that Sirtuin 6 (SIRT6) functions as a longevity assurance gene by promoting genomic
stability, regulating metabolic processes and attenuating inflammation. Here, we examine the effect of SIRT6 activation
on cancer cells. We show that SIRT6 overexpression induces massive apoptosis in a variety of cancer cell lines but not in
normal, non-transformed cells. This cell death requires the mono-ADP-ribosyltransferase but not the deacetylase activity
of SIRT6 and is mediated by the activation of both the p53 and p73 apoptotic signaling cascades in cancer cells by SIRT6.
These results suggest that SIRT6 is an attractive target for pharmacological activation in cancer treatment.

Introduction

Sirtuin 6 (SIRT6) is a mammalian homolog of the yeast Sir2
deacetylase. SIRT6 represents an interesting connection between
longevity assurance and tumor suppression. Sirt6-knockout mice
develop a multisystemic disorder with complete penetrance that,
in many respects, resembles premature aging.! At the molecular
level, SIRTG6-deficient cells are characterized by dysfunctional
telomeres,? genomic instability,! inefficient base excision and
double-strand break repair*” as well as hyperactive NFkB sig-
naling® and aberrant glucose homeostasis.” Intriguingly, many
of the molecular deficiencies that characterize SIRT6-knockout
and -knockdown cells are also representative of cancer cells. In
particular, genomic instability and imbalanced glucose homeo-
stasis have emerged as hallmark features of many types of cancer.®
Aneuploidy®'
large number of tumors as well.'"!2

and overactive NFkB signaling are observed in a

SIRT6 has two biochemical activities: deacetylase and
mono-ADP ribosyltransferase, both of which are dependent on
the availability of NAD*. Although SIRT6 was first identified as
a mono-ADP ribosyltransferase enzyme,”® most studies to date
have focused on the deacetylase activity of SIRT6. We recently
identified PARP1 as the first substrate for SIRT6 mono-ADP
ribosylation, wherein SIRT6 mono-ADP-ribosylates PARP1 to
promote DNA double-strand break repair in response to oxida-
tive stress.’

The short lifespan of Sirt6-knockout mice has made it dif-
ficult to directly assess whether SIRT6 functions as a tumor
suppressor. However, several other studies have indicated that
SIRT6 may play a role in attenuating and even antagonizing
tumor development. The SIRT6 chromosomal locus is mutated
in a large number of acute myeloid leukemias;'* higher levels of
SIRTG expression are correlated with lower incidences of relapse

and recurrence in certain types of breast cancer,” and SIRT6
was identified as an interacting partner of the GCIP tumor sup-
pressor.’® Moreover, in the absence of SIRTG, cells transition
from aerobic respiration to glycolysis to meet the cellular energy
requirements; this changeover is reminiscent of the Warburg
effect, wherein cancer cells rely on a similar transition for sur-
vival.”7!® Lastly, in the absence of SIRTG, cells exhibit global
H3K56 hyperacetylation: a recent report indicated that the
degree of total H3K56 acetylation correlates with tumorigenic-
ity and tumor grade.”

Given that SIRTG6 appears to impact on multiple pathways
related to tumor survival and development, we hypothesized that
SIRT6 may function to suppress cancer cell growth or promote
cancer cell death. Here we report, that SIRT6 overexpression is
selectively toxic to multiple types of cancer cells and suggest that
the gene may be an attractive target for genetic or pharmacologi-
cal modulation. This killing is mediated by the mono-ADP ribo-
syltransferase activity of SIRT6 and the subsequent activation
of the p53 and p73 apoptotic signaling cascades in cancer cells.

Results

SIRT6 overexpression selectively kills cancer cells. To test
our hypothesis that SIRT6 expression may be antagonistic to
tumor growth and development, we overexpressed the gene in
six primary, non-transformed human cell lines and six cancerous
human cell lines. The control group of non-transformed cell lines
was comprised of primary fibroblast cell lines (HCA2, W1-38 and
IMR-90), an immortalized fibroblast cell line (HCA2-hTERT)
and primary mammary epithelial cell lines (HMEC1, HMEC2).
The cancer cell lines included a transformed cell line (GP2-293),
a cervical carcinoma (HeLa), a fibrosarcoma (HT1080), primary
breast tumor cell lines (HCC70, HCC1954) and a metastatic
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Figure 1. SIRT6 overexpression is selectively cytotoxic to multiple cancer cell lines. (A) The indicated non-cancerous and cancer cell lines were

transfected with a SIRT6-expressing vector or a control plamsid. Representative immunoblot of SIRT6 levels 24 h after transfection. SIRT6 expression
is similar in cancer and normal cells. (B) Represenative images of cells taken 72 h post-transfection. (C) Quantification of SIRT6 toxicity. Cell survival 72
h post-transfection, measured as the number of adherent cells transfected with SIRT6 expressing vector compared to the number of adherent cells
transfected with a control plasmid. (D) Quantification of SIRT6-induced apoptosis. Relative levels of apoptosis 72 h post-transfection, determined by

Annexin V staining. Experiments were repeated three times and error bars show SD.

breast tumor cell line (MDA-MB-231). Each cell line was trans-
fected with equal amounts of a SIRT6-expressing or a control
plasmid. Transgene expression was similar for each line 24 hours
after transfection (Fig. 1A). Cell survival was measured relative
to control 72 hours post-transfection.
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We observed that SIRT6 overexpression was not toxic to pri-
mary human fibroblasts and exhibited only minor toxicity in
primary human mammary epithelial cells (Fig. 1C). However,
SIRT6 overexpression induced massive cell death in each of the
cancer cell lines we tested. Between 65-90% of the cancer cells
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Figure 2. SIRT6 mono-ADP-ribosyltransferase activity is required for killing cancer cells. (A) Adherent cell count 72 h after transfection with indicated
SIRT6-encoding vector relative to a control plasmid. (B) Quantification of apoptosis levels 72 h after transfection with a plasmid expressing wild-type
SIRT6 or its mutants. (C) Pretreatment of HT1080 cells with the PARP1 inhibitor PJ-34 did not prevent SIRT6-induced apoptosis. (D) Overexpresison of
PARP1 did not induce apoptosis in HT1080 cells. Experiments were repeated three times, and error bars show SD.

receiving the SIRT6 transgene died (Fig. 1C). Annexin V stain-
ing revealed that this death was driven by apoptosis (Fig. 1D).
Cumulatively, these results indicate that SIRT6 overexpression is
selectively cytotoxic to multiple cancer cell lines but not to non-
transformed cell lines.

Mono-ADP ribosyltransferase activity is required for kill-
ing cancer cells. SIRT6 has two biochemical activities: deacety-
lase and mono-ADP ribosyltransferase. To determine which of
these activities is required to drive apoptosis in cancer cells, we
overexpressed mutant versions of SIRT6, defective for either or
both of these activities in normal fibroblasts (HCA2) and in
cancer cell lines (HeLa and HT1080). Ser56—>Tyr56 (S56Y)
lacks both activities; R65A lacks deacteylase activity but retains
mono-ADP-ribosyltransferase activity, and G60A lacks mono-
ADP-ribosyltransferase activity but retains deacetylase activity.’
Overexpression of wild-type SIRT6 or any of these mutants did
not affect viability in the non-transformed fibroblast cells. In
cancer cells, however, overexpression of R65A but not G60A was
sufficient to drive apoptosis (Fig. 2A and B). This suggests that
the mono-ADP-ribosyltransferase activity of SIRT6 is required to
drive apoptosis in cancer cells, whereas the deacetylase activity is
dispensable for this function. The only known in vivo target of
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SIRT6 mono-ADP-ribosylation is PARP1, wherein mono-ADP-
ribosylation functions to activate PARP1. Pretreating the cancer
cells with the PARP1 inhibitor PJ-34 failed to protect against
SIRT6-driven apoptosis (Fig. 2C), and overexpression of PARP1
did not drive apoptosis in cancer cells (Fig. 2D), arguing that
SIRT6 mono-ADP-ribosylates a different target protein to drive
apoptosis in cancer cells.

Cancer cell killing is dependent on p53/p73 activity. To gain
additional insight into the biochemical cascade that SIRTG initi-
ates to drive apoptosis in cancer cells, we assessed whether the
SIRT6-mediated killing of cancer cells was dependent on any
of the classic apoptotic pathways. In HeLa cells, the prototypi-
cal regulator of apoptosis, p53, is targeted for degradation by the
E6 oncoprotein, suggesting that an auxiliary apoptotic pathway
mediates SIRT6-driven cytotoxicity in cancer cells. One such
auxiliary apoptotic pathway operates through p73. When we co-
transfected SIRT6 with a p73 dominantnegative plasmid, we
observed that SIRT6-driven cytotoxicity was severely dampened
(Fig. 3A), suggesting that SIRT6 operates partially through p73
signaling to drive apoptosis in HeLa cells. Interestingly, we found
that blockade of p73 in HT1080 cells, which express wild-type
p53, was insufficient to prevent SIRT6-driven apoptosis. Only
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Figure 3. SIRT6 induces apoptosis via the p53 and p73 cell death
pathways. (A) Hela cells were transfected with plasmids encoding p53
dominant-negative fragment (p53DN) or p73 dominant-negative frag-
ment (p73DN). Blockade of p73 signaling is sufficient to prevent SIRT6-
induced apoptosis. (B) HT1080 cells were transfected with indicated ex-
pressing plasmids. Inhibition of both p53 and p73 signaling is required
to prevent SIRT6-induced apoptosis. Experiments were repeated three
times, and error bars show SD.

when both p53 and p73 were inhibited in HT1080 cells, were
we able to prevent SIRT6-driven apoptosis (Fig. 3B). This sug-
gests that overexpression of SIRTG is capable of driving apoptosis
through either p53 or p73 in cancer cells.

SIRT6 induces apoptosis in cancer cells via ATM pathway.
The p53 and p73 tumor suppressors are the downstream effectors
of pro-apoptotic signaling cascades. We hypothesized that SIRT6
activates an upstream signal rather than p53 or p73 directly to
initiate apoptosis in cancer cells. Two common characteristics of
cancer cells are a heightened genomic instability and a hyper-
glycemic phenotype characterized by increased glucose intake.
Because SIRT6 promotes genomic stability by catalyzing base
excision and double-strand break repair and attenuates glucose
intake through its interactions with HIFla, we hypothesized
that overexpression of SIRT6 may drive apoptosis in cancer cells
through either of these pathways. To assess whether signaling
through DNA repair and DNA damage response pathways was
required for SIRT6 to promote apoptosis in cancer cells, we exam-
ined whether the ATM kinase inhibitor wortmannin attenuated
SIRT6 cytotoxicity in cancer cells. We observed that blockade of
ATM signaling strongly reduced SIRT6-driven apoptosis in can-
cer cells (Fig. 4A), suggesting that ATM and perhaps the DNA
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damage response are involved in mediating SIRT6 cytoxicity.
Contrastingly, we did not observe a role for glucose metabolism
or intake in the mediation of SIRT6-driven apoptosis in cancer
cells. Overexpression of SIRT6 did not alter the rate of 2-NBDG,
a fluorescently-labeled glucose analog, intake in HeLa or HT1080
cells (Fig. 4B) or the rate at which glucose was depleted from the
media (Fig. 4C). In agreement with these observations, we noted
that growing HeLa cells in glucose-free media did not induce
massive apoptosis in these cells within 72 hours (data not shown).

Discussion

We have provided the first evidence that SIRT6 overexpression is
selectively toxic to cancer cell lines but not non-transformed cell
lines. This toxicity is a consequence of SIRT6-driven apoptosis.
This cancer-specific cytotoxicity is dependent on the mono-ADP
ribosyltransferase activity of SIRT6. Mechanistically, SIRT6
appears to promote apoptosis through either p53 or p73 signaling
and requires ATM to initiate this response.

We observed that a broad spectrum of cancer cell lines were
sensitive to SIRT6 overexpression. This may stem from the abil-
ity of SIRT6 to stimulate apoptosis redundantly, through both
the p53 and the p73 programmed cell death pathways. While
inactivating mutations in p53 are the single most common type
of genetic lesion observed in cancer, loss of function mutations in
p73 are far less common.?°

p53 and p73 are typically executors of upstream pro-apoptotic
signals. The precise mechanism by which SIRT6 overexpression
selectively activates these programmed cell death pathways in
cancer cells remains unclear, however. One hypothesis was that
SIRT6 overexpression would shut down or attenuate glycolysis
and glucose uptake in cancer cells, thereby denying the cancer
cells their primary energy source. However, we were unable to
detect significant changes in glucose intake prior to cancer cell
death after SIRT6 overexpression, suggesting that an alternative
mechanism drives apoptosis in these cells.

The dependency of killing on ATM signaling and SIRT6
mono-ADP ribosylation activity provides some hints as to how
SIRT6 overexpression may selectively induce cancer cell death.
One possibility is that SIRT6 potentiates or activates a dormant
DNA damage response (DDR) in cancer cells. The oncogene
expression and rapid proliferation that characterize many cancer
cells typically induces large amounts of DNA damage. Normally,
this type of damage is recognized by ATM and other members of
the DDR pathway, and cells enter into cell cycle arrest or undergo
either p53- or p73-dependent apoptosis. In cancer cells, how-
ever, the DDR signaling is often subverted to avoid cell death.
It is possible that SIRTG6 overexpression sensitizes cancer cells
to DNA damage. Exactly how SIRT6 would exert this type of
effect remains unclear, but it is likely that SIRT6 mono-ADP-
ribosylates a target protein to achieve these ends. To date, the
only known, in vivo, target of SIRT6 mono-ADP ribosylation is
PARPI. Our data indicates that SIRT6 overexpression induces
apoptosis independently of PARP1, however. This suggests that
there are additional targets for SIRT6 mono-ADP ribosylation
in vivo.
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Figure 4. SIRT6 induces apoptosis in cancer cells via ATM pathway.

(A) Cancer cells were pretreated with DMSO or ATM inhibitor wortman-
nin prior to transfection with the SIRT6-encoding vector or a control
plasmid. Pretreatment with ATM inhibitor attenuated SIRT6-mediated
apoptosis. (B) Glucose intake was measured in cancer cells. Transfec-
tion with SIRT6-encoding vector did not alter the kinetics of glucose
intake compared to control. (C) Glucose depletion from the media was
measured in cancer cells transfected with the SIRT6-encoding vector
or a control plasmid. No significant changes were observed within 24 h
of transfection. Experiments were repeated three times, and error bars
show SD.

Protocols that induce cancer cell death but do not harm
healthy tissues are naturally of intense scientific and medical
interest. Here, we have provided evidence that SIRT6 overexpres-
sion or hyperactivation may constitute such a therapy. Several
cellular and animal studies have indicated that dietary restric-
tion and glucose deprivation are sufficient to increase the cellular
titer of SIRT6.! Tt will be interesting to see if cancer cells exhibit
a similar response to starvation and, if so, whether the subse-
quent increase in SIRTG levels is lethal. There is evidence that
at least a subset of human cancers are sensitive to dietary restric-
tion,”? and it is possible that SIRT6 plays a role in mediating
this effect.? Chemical intervention also represents an intriguing
method for stimulating SIRT6 activity. SIRT6 is a member of
the sirtuin gene family, and several lines of evidence indicate that
the activity of the founding member of this family in mammals,
SIRT1, can be stimulated by small molecules.”” Analogously,
it may be possible to synthesize compounds that can stimulate
SIRT6 activity. Any such compounds could potentially be useful
in treating cancer and a variety of other age-related diseases. We
propose, therefore, that genetic or pharmacological activation of
SIRT6 may constitute a valuable new strategy for treating and
attenuating neoplastic disease.

Methods

Plasmids. SIRT6 was cloned into the backbone of pDsRed2-N1
as described previously in reference 5. The S56Y, G60A and
R65A mutant SIRT6 plasmids were produced via site-directed
mutagenesis,” and confirmed with sequencing’ The control
pMaxGFP plasmid was obtained from Amaxa. The PARP1
plasmid was purchased from Origene (SC119157). The p53 and
p73 dominant-negative plasmids were purchased from Addgene
(16436, 22978).24%

Cell culture. All cell lines were grown in monolayer at 37°C in
3% O,, 5% CO, and 97% relative humidity in HERA Cell 240
incubators on treated polystyrene cell culture plates (Corning).
Human fibroblast cell lines were maintained in MEM (ATCC)
supplemented with 15% FBS; FBS, (Gibco) and 1x Pen/Strep
(Gibco). Human mammary epithelial cells were maintained in
in MEBM (Lonza) and supplemented with MEGM SingleQuots
(Lonza), which contains BPE, hEGF, insulin, hydrocortisone and
GA-1000. Human cervical carcinoma, fibrosarcoma and trans-
formed GP2-293 cell lines were maintained in DMEM (Gibco)
supplemented with 10% FBS (Gibco), 1x Pen/Strep (Gibco) and

1x nonessential amino acids (Gibco). Breast carcinoma cell lines
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were maintained in MEBM (Lonza) and supplemented with
MEGM SingleQuots (Lonza), which contain BPE, hEGF, insu-
lin, hydrocortisone and GA-1000. Cells were split regularly using
standard tissue culture techniques.

Protein gel blots. Exponentially growing cells were transfected
with either a control plasmid or a SIRT6-expressing plasmid 24
hours prior to harvesting. Once harvested, the cells were resus-

pended in PBS pH 7.4 (Gibco) with Complete Protease Inhibitor
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Mixture (Roche) and lysed by mixing with Laemmli sample buf-
fer (BioRad) containing 5% 2-mercaptoethanol (J.T. Baker) fol-
lowed by boiling for 10 min with vortexing every 5 min. The
protein concentration of each sample was determined using the
DC protein assay (BioRad). Equal amounts of protein were
loaded for each sample. The proteins were separated on a 10%
SDS/PAGE and then blotted onto a nitrocellulose membrane
(Biorad) and blocked in TBST-T with 1.25% dried milk. The
membranes were probed with antibodies against SIRT6 (Abcam)
and Tubulin (Abcam).

Transfections. Cells were split to 5 x 10° cells per 10 cm plate
24 hours prior to transfection with 5 g of either a control or
SIRT6-expressing plasmid. Human fibroblasts, mammary epi-
thelial cells and breast carcinoma cells were transfected using
Amaxa Nucleofactor II electroporation. HCA?2 cells were trans-
fected using the U-20 program and NHDF solution; IMR-90,
program X-001 and NHDF solution; W1-38, program V-001 and
solution NHDF; HCA2-hTERT, program U-20 and solution
NHDEF; HMEC1/2, program Y-001 and solution V; HCC1954,
program A-023, solution V; HCC70, program X-013, solution V;
MDA-MB-231, program X-001, solution V. HelLa, HT1080 and
GP2-293 cells were transfected using Fugene (Roche).

Cell survival and apoptosis assays. Cells were split to a density
of 5 x 10° cells per plate 24 hours prior to transfection with either
a control or SIRTG6-expressing plasmid. Cell survival was mea-
sured 72 hours after transfection by counting the adherent cells in

each group using a Z2 particle counter (Beckman Coulter). The
ration of SIRTG transfected cells to cells transfected with a control
plasmid represents the raw survival. These values were then nor-
malized for transfection efficiency as described previously in ref-
erence 26. Apoptosis was measured by pooling the adherent and
floating cells 72 hours after transfection, staining the cells with
FITC-Annexin V and PI stain; the cells were sorted using FACS.

Glucose uptake assays. To measure glucose uptake, cells
were grown for 24 hours under normal conditions, after which
100 pM 2-NBDG (Invitrogen) was added to the media for 2
hours. Fluorescence was measured in a FACSCalibur Analyzer
(BD). The depletion of glucose from the media was measured
with an enzymatic assay (Sigma). Cells were grown under nor-
mal conditions and at the indicated time points the media was
decanted, remaining cells and debris were removed by centrifu-
gation and glucose concentration was quantified as prescribed by
the manufacturer’s protocol.
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