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Abstract

SIRT6, NAD+-dependent deacetylase sirtuin 6, has recently shown to suppress tumor growth in
several types of cancer. Colon cancer is a challenging carcinoma associated with high morbidity and
death. However, whether SIRT6 play a direct role in colon tumorigenesis and the underlying
mechanism are not understood.

Methods: To investigate the role of SIRT6 in colon cancer, we firstly analyzed the specimens from
50 colorectal cancer (CRC) patients. We generated shSIRT6 LoVo cells and xenograft mouse to
reveal the essential role of SIRT6 in cell apoptosis and tumor growth. To explore the underlying
mechanism of SIRT6 regulation, we performed FRET and real-time fluorescence imaging in living
cells, real-time PCR, immunoprecipitaion, immunohistochemistry, flow cytometry and luciferase
reporter assay.

Results: The expression level of SIRT6 in patients' specimens is lower than that of normal controls,
and patients with higher SIRT6 level have a better prognosis. Here, we identified that transcriptional
factor FoxO3a is a direct up-stream of SIRT6 and positively regulated SIRTé expression, which in
turn, promotes apoptosis by activating Bax and mitochondrial pathway. Functional studies reveal
that Akt inactivation increases FoxO3a activity and augment its binding to SIRT6 promoter, leading
to elevated SIRT6 expression. Knocking down SIRT6 abolished apoptotic responses and conferred
resistance to the treatment of BKM120. Combinational therapies with conventional drugs showed
synergistic chemosensitization, which was SIRTé6-dependent both in vitro and in vivo.

Conclusion: The results uncover SIRT6 as a new potential biomarker for colon cancer, and its
unappreciated mechanism about transcription and expression via Akt/FoxO3a pathway.
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Introduction

SIRT6 belongs to the evolutionarily conserved
histone deacetylases sirtuin family. It is widely
expressed in mammalian cells and plays crucial roles
in various biological processes, including metabolism,
aging, DNA stability and repair, proliferation and
differentiation [1-3]. SIRT6 is recently shown to be a

tumor suppressor for evident in many areas [2, 4, 5].
Reduced SIRT6 level has been observed in various
human cancers, such as liver, colon, ovarian cancer
and hepatocellular carcinoma [2, 6, 7]. Decreased
expression of SIRT6 was detected in the early stage of
human colon cancer, which maintained during tumor
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progression [2], indicating the potential role of SIRT6
in both initiation and development of colon cancer.

Using DNA microarrays and Ingenuity Pathway
Analysis (IPA), our previous studies show that except
for PUMA [8-10], SIRT6 is another pro-apoptotic
protein that decreased a lot in colon cancer (data not
shown). Furthermore, relative low level of SIRT6 was
detected in the tissue of colon cancer compared to that
of normal colon from total 50 patients. Several studies
have shown that the effect of SIRT6 on tumor
suppression is probably mediated by the regulation of
metabolism [3, 4]. While recent evidence give us some
new insights that SIRT6 serves as a tumor suppressor
by inhibiting proliferation and promoting apoptosis
in a variety of cancer cells, such as breast cancer,
cervical carcinoma and fibrosarcoma cells [11-14].
Therefore, how does SIRT6 exert its anti-tumor effects
and whether SIRT6 could induce apoptosis are
uncertain.

More importantly, the reason of SIRT6
heterogeneous expression in normal and colon cancer
tissue, and the mechanism of SIRT6 regulation are
poorly understood. There exist different factors that
involved in SIRT6 regulation. RUNX2 repressed the
expression of SIRT6 in MCF7 cells [15]. E2F1 bound to
SIRT6 promoter directly to down-regulate its
transcription, in prostate and bladder cancer cells [16].
SIRT6 expression was mediated by c-Fos in mouse
model of liver cancer [17]. Importantly, recent studies
reported a mechanism involving Akt signaling
dependent SIRT6 regulation. Study in breast cancer
cells showed that activated Akt bound to SIRT6
directly, leading the ubiquitin-mediated degradation
of SIRT6 [18]. Besides, the transcription factors
FoxO3a, a direct downstream and negative responsor
of Akt, is also shown to be involved in SIRT6
regulation in liver cells [19]. However, the exact
regulation mechanism behind is unknown.

Colon cancer is a challenging carcinoma
associated with high morbidity and death [20, 21]. It
has been known that intracellular PI3K/ Akt signaling
is essential in many cancers, including colon cancer [9,
22-24]. Death from colon cancer is frequently due to
metastases that are resistant to the conventional drugs
[25]. Our former study demonstrated that
5-FU-mediated Akt activation may be the potential
mechanism for drug resistance [8]. So inhibition of
this pathway has been an attractive therapy due to its
high activation in cancers. BKM120, a novel oral pan
PI3K inhibitor, targets all of the PI3K isoforms and
potently inhibits Akt activity [26]. It exerts anti-tumor
effects both in several cancer cell models with PI3BKCA
mutations and in xenograft models [27, 28]. BKM120
is well tolerated in Phase I clinical trials of several
solid tumors [29].

In this study, we analyzed, for the first time, the
regulation mechanism of SIRT6 in colon cancer, and
we found that FoxOB3a directly binds to SIRT6
promoter and activates its transcription, following
dephosphorylated by inactivated Akt. Therefore,
inhibiting Akt by BKM120 induced apoptosis in
several colon cancer cell lines, which was dependent
on SIRT6 activation. Furthermore, BKM120
synergized with Cisplatin or Regorafenib, the
common chemotherapeutic agent of colon cancer, and
exerted potent efficacy through the
Akt/FoxO3a/SIRT6 cascade in vitro and in wvivo.
Together, our study uncovered a novel cross-talk
between FoxO3a and SIRT6 and identified SIRT6 as a
new potential biomarker in colon cancer, which may
provide novel insights into colon cancer therapy.

Methods

Cell lines and tissue treatment

Human colorectal cancer cell lines (LoVo,
HCT-116, SW48, HT-29, DLD1, SW480) were ordered
from ATCC. HCT-116 p53-/- cell was a gift from Dr
Bert Vogelstein (Johns Hopkins University). Cells
were cultured in McCoy’sSA modified media
(Invitrogen™), containing 10% FBS in 37 °C incubator
with 5% CO,. For the cell treatment, various
concentrations of BKM120 (0, 0.5, 1, 2.5, or 5uM) were
mixed into the culture medium before analysis.

Surgical specimens of colon cancer were divided
into two groups: 1) Specimens were transferred after
excision into DMEM with 20% FCS, which were then
transported to the laboratory. After three times PBS
washing, each fresh tumor was minced into pieces of
approximately 10 mg. These tumor pieces were then
cultured in the presence of drugs dissolved with
DMEM medium containing 20% FCS at 37°C and 5%
COs. RNA was extract after incubation for 3 h in PCR
analysis, and protein level was analysed by Western
bloting after incubation for the indicated time. 2)
Another group of specimens were immediately put in
liquid nitrogen after excision for other analyses.

Real time imaging of caspase-3 cleavage

A genetic caspase-3 activity reporter SCATS,
which composes CFP (donor), YFP (acceptor Venus)
and a sequence of caspase-3 cleavage (DEVD), was
designed to detect the activation of caspase-3 [30].
When caspase-3 is activated, the DEVD sequence was
cleaved, leading the decrease of FRET (reflected by
Ratio=YFP (FRET)/CFP). That is, the descending
FRET ratio means caspase-3 activation.

FRET was explored on the LSM510 confocal
microscopy (Zeiss). CFP was excited by the 458 nm
Ar-Ion Laser. Emission fluorescence was recorded by
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CFP channel (470-500 nm bandpass) as well as a YFP
channel (530 nm longpass) [9].

Plasmids and adenoviral vector

Mammalian expression vectors, pcDNA3.1-GFP,
Flag-SIRT1, Flag-FoxO3a, WT-Akt, Myr-Akt, HA-Akt
DN (K179M), and SIRT6 were purchased from
Addgene. The shAkt and shFoxO3a vectors were
described previously [8, 9]. An empty vector was used
as control. The shRNA reagents for SIRT1 and SIRT6
were purchased from Dharmacon.

The constitutively active FoxO3a
(Ad-Tm-FoxO3a) is mutated at three phosphorylation
sites, so that it cannot be phosphorylated. The
dominant-negative FoxO3a (Ad-DN-FoxO3a) lacks
the C-terminus transactivation domain [31]. For
adenoviral expression, Ad-Tm-FoxO3a and
DN-FoxO3a were cloned into Kpn I-BamH I of
pShuttle-CMV-EGFP, followed by linearizing and
co-transforming into DH5a with the adenoviral virus
pAdeno (Invitrogen). The reconstituted adenoviral
DNA containing FoxO3a cDNA was then transfected
into 293 cells.

GFP-FoxO3a nuclear translocation

For real-time imaging in living cell, LoVo cells
transiently transfected with GFP-FoxO3a. The
time-course of GFP-FoxO3a distribution pattern in the
cells with/without BKM120 treatment was recorded
in single living LoVo cell. GFP fluorescence was
recorded which represents the localization of FoxO3a
in the cell as previously described [32].

Luciferase reporter assay

SIRT6 promoter region about 2000bp was
isolated from human genomic DNA. Then, we cloned
it into the basic vector pGL3 (LUC) at Sacl/Hind III
site to create a pGL3-SIRT6-LUC (forward:
5-TATGAGCTCTCAGGGTACCTGGGTAGCTC-3;
reverse: 5-ATAAGCTTAAGTT-TCCCTTGTTGAGG
CC-3"). After adenoviral infection with plasmids of
interest, cells were incubated with reporter lysis
buffer. Then, luciferase substrate was added into cell
lysates. Reporter assay was done according to the
dual-luciferase reporter system (Promega).

Antibodies and reagents

Major primary antibodies were from cell
signaling technology (CST) (Table S1).
HRP-conjugated secondary antibodies and the HRP
substrate kit were ordered from the GE Healthcare.
BKM120 and MK-2206 were bought from Selleck. Akt
inhibitor VIII was purchased from Axon Medchem.
Lipofectamine™ was bought from Invitrogen. Others
were all from Sigma unless otherwise indicated.

Cell viability, survival and apoptosis assays

Cells were grown in 96-well plate at 5 x 103
cells/well. After different treatments, the viability of
cell was determined by CCK-8 assay, as described
previously [9].

Apoptotic cells were firstly detected by
calculating cells with condensed chromatin after
nuclear staining with Hoechst 33258 [9]. The activity
of caspase-3/9 was determined by Western blot using
both cleaved- and full-length of caspase9/3
antibodies. For analysis of apoptosis by flow
cytometry, Annexin V-FITC and PI were used to stain
cells after treatment, which were then detected by
flow cytometry as described before [33].

Long-term cell survival was detected by colony
formation assay [34]. Briefly, equal numbers of cells
were seeded into 6-well plates. After two weeks
incubation, we stained the cells with crystal violet
before calculating colonies numbers.

Real-time quantitative PCR

RNA was isolated with Tri-Reagent according to
our previous report [35]. Total 3pg/RT reaction of
RNA from the colon cancer cells or tissues was usded.
Real-time quantitative PCR was done as described [9,
35]. Primers for Sirt6 are as follows: Sense: 5'-
CGTGGATGAGGTGATGTG-3! and  antisense:
5-GGCTTATAGGAACCATTGAGA-3'; Transcripts of
B-actin were used for normalization.

Subcellular Fraction analysis

To detect FoxO3a nuclear translocaion or
mitochondrial cyto c release, nuclear, cytosol and
mitochondria fractions were separated by Cell
Compartment Kit (Qproteome), followed by Western
blot analysis as described [9, 10].

Chromatin immunoprecipitation

ChIP assay was carried out by ChIP Assay kit
(Millipore) with FoxO3a antibody as described [9].
The chromatin precipitates were detected with
semi-quantitative PCR as describe above using sirt6
primers: forward: 5'- AACTCTGCGTGGCATTCAAA
-3, reverse: 5'- AAATGCGGGACACAGGCTAT -3'.

Xenograft studies

shVector (Empty vector) and shSIRT6 xenografts
were established and measured as described [9].
Six-week-old female nu/nu mice (Vital River, China)
were inoculated with 1 x 10° cells (shVector and
shSIRT6 LoVo cells) for each flank. When the tumnor
was measurable, mice were administered by oral
gavage with 40mg/kg/d BKM120 or vehicle (0.5%
methyl cellulose) for two weeks. The tumors were
measured every other day. Immunohistochemistry
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analysis was performed on paraffin sections, as
described [33].

Colorectal cancer (CRC) Patient Sample

30 and 20 surgically excised CRC patient
samples with available tissue blocks were respectively
selected from the First Affiliated Hospital of
Zhengzhou University (Zhengzhou, China) and from
the Third Xiangya Hospital of Central South
University (Changsha, China). Normal healthy colon
samples were also provided by these two hospitals.
Samples were embedded in paraffin for IHC staining,
or collected by quickly freezing in liquid nitrogen for
other analysis.

Statistical analysis

Data are given in mean * SEM. Student’s ¢ test
was applied to analyze the differences between
various treatments and control, and P <0.05 was
thought to be significant. Kaplan-Meier analysis was
used to show the survival time of the CRC patients.

Results

Clinical significance of SIRTé expression in
human colorectal cancer

To investigate the role of SIRT6 in colorectal
cancer, SIRT6 expression was firstly determined in 50
CRC (colorectal cancer) patient specimens. As shown
in Figure 1A, there was high expression of SIRT6 in
normal colon tissues. However, most colon cancer
tissue (34 among 50 samples) expressed low level of
SIRT6 or not expressed at all (72%, staining in <10% of
tumor cells) (Table 1). Western analysis also showed
decreased protein levels of SIRT6 in colon cancer
tissue than that in adjacent non-cancerous tissue or in
normal colon from healthy individuals (Figure 1A,
S1A and S1B), consistent with the results from colon
cancer cell lines and normal colon cells (Figure S1C).
Furthermore, SIRT6 mRNA level is reduced in tissues
of colon cancer compared to that of normal colon
(Figure 1B). These are consistent with the Skrzypczak
and TCGA data available from Oncomine (Figure 1C
and 1D). Interestingly, although 68% of colon cancer
tissue samples expressed extremely low (-) or low (%)
level of SIRT6, there are still some cancer tissues
showed high stain of SIRT6 in the IHC analysis
(Figure 1E). Thus, we next wonder to know whether
SIRT6 expression affect patients” clinical progression.
Kaplan-Meier analysis showed that CRC patients
with relative lower SIRT6 levels had shorter overall
survival or disease-free survival times (Figure 1F and
G).

To study the correlation of SIRT6 and p-Akt or
p-FoxO3a in patients, SIRT6 expression was analyzed
in 50 cases of CRC specimens. Representative IHC

staining showed marginally detectable SIRT6, but
high level of p-Akt and p-FoxO3a in CRC samples
(Figure 1H and 1I). Statistical analyses also
demonstrated that SIRT6 level was positively
correlated with FoxO3a activity, but inversely
correlated with Akt activation (Figure 1] and 1K,
P<0.05), supporting that aberrant expression of SIRT6
in colon cancer is regulated by Akt/FoxO3a.

Table 1. Summary of SIRT6 expression in human colon cancer
tissues by immunohistochemical analysis.

Specimens Case  SIRT6 SIRT6 Number(%) of cases expressing
(n) expression positive (%)  SIRT6

-n) +(m) <10% 49-10 7550% >75%

Cancer 50 34 16 32 34(68) 9(18) 5(10)  2(4)

Akt inhibition induced SIRTé6 expression and
apoptosis

BKM120, a novel inhibitor of PI3K, is
undergoing Phase I/II human clinical trials for solid
tumors treatment. Here, analysis of 6 colon cancer cell
lines revealed induction of apoptosis by BKM120
(Figure 2A, Table 2). SIRT6 was up-regulated by
BKM120 in all these colon cancer cell lines (Figure 2B).
Furthermore, BKM120 induced dose- and
time-dependent increase of SIRT6 in mRNA and
protein level (Figure 2C, 2D and S2A, S2B). We then
investigated the mechanism of BKM120-induced
SIRT6 expression in colon cancer cells. Constitutively
active Akt (Myr-Akt) abolished SIRT6 expression
induced by BKM120 (Figure 2E and S2C). In contrast,
knockdown of Akt by shRNA led to increased SIRT6
expression in the absence of BKM120 (Figure 2F and
52D). Additionally, similar to BKM120, dominant
negative Akt (K179M) led to positive regulation of
SIRT6 mRNA (Figure 2G). These suggested that SIRT6
induction by BKM120 due to Akt inhibition.

Recent study revealed that p53 transcriptionally
activates expression of SIRT6 [36]. Here, our data
showed that p53 level has no change in the presence
of BKM120 (Figure S2E). Deletion of p53 had no effect
on SIRT6 induction (Figure S2F), indicating p53 may
be not involved in this process. Together, these
suggested that Akt inhibition led to SIRT6 activation
and apoptosis, which is a p53-independent event.

SIRTé6 activation is mediated by FoxO3a

Foxo3a deficiency led to reduced SIRT6
expression in lipid metabolism of colon cancer cell
and in liver cells [19, 37]. To explore the exact role of
FoxO3a on SIRT6 induction, we firstly detected the
activity ~ of = FoxO3a. BKM120  decreased
phorphor-FoxO3a level in LoVo and DLD1 cells
(Figure 3A). Moreover, nuclear translocation of
FoxO3a was observed in cells treated with BKM120
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(Figure 3B), which was confirmed by exogenous

were obtained in fresh human tumor tissues (Figure

GFP-FoxQO3a real-time imaging in living cell (Figure 3E, 3F and S3A, S3B), indicating FoxO3a
3C), suggesting the activation of FoxO3a. The level of =~ dephosphorylated and activated with SIRT6
phosphor-FoxO3a (S315, T32 and S253) decreased  induction.
with SIRT6 induction (Figure 3D). Similar results
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Figure 1. Clinical significance of SIRT6 signaling in human colorectal cancer. (A-D) SIRT6 is down-regulated in colorectal cancer. (A) Immunohistochemical of SIRT6
level in colotectal cancer tissues (CA) and paired non-cancerous tissues (NCA). (100%). (B-D) Down-regulation of SIRT6 in patient samples from our hospital and from
Oncomine database (TCGA and Skrzypczak). (B) The logarithmic scale 2-AACt was carried out to show the relative SIRT6 expression of patient samples. (C and D) Box plot
of SIRT6 mRNA Log2 expression levels was evaluated in Oncomine database. (E-G) Low SIRT6 levels in CRC patients correlates with poor prognosis. (E) Representative
immunohistochemical staining in colon cancer tissues with different degree of SIRT6 expression. Number of positive cells: (-) <10%; (£) 10-30%; (+) 30-60%; (++)>60%. (F and
G) Kaplan—Meier curves of CRC patients with high versus low expression of SIRT6 (n=50; p< 0.05, log-rank test). (H-K) Inverse correlation between SIRT6 and p-Akt or
p-FoxO3a expression in human colon cancer. (H) Immunohistochemical stainings of SIRT6, p-Akt and p-FoxO3a in colon cancer tissue. Three representative cases are shown.
(1) Total IHC score of SIRT6, p-FoxO3a and p-Akt in colon cancer tissue and non-cancerous tissue (n=50). *P<0.05. (J and K) The percentages of CRC specimens with low or

high p-FoxO3a or p-Akt levels and their relationship to SIRT6é expression.
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Figure 2. Akt inhibition induced SIRT6 expression and cell apoptosis. (A-D) SIRT6 was induced by BKM120. (A and B) Various colorectal cancer cell lines were
stimulated with 24 h of 5uM BKMI120. (A) Apoptosis analysis was detected by calculating cells with condensed nucleus after Hoechst 33342 staining. (B) Western blotting
analysis of SIRT6 expression. (C and D) LoVo cells with different doses of BKM120 for 24 h. (C) Western blot analysis of SIRT6, p-Akt (Ser473), Akt, c-caspase-3 and full-length
caspase-3 expression. (D) Real-time PCR analysis of SIRT6 mRNA induction. *P<0.05, **P<0.01 vs. control. (E-G) SIRT6 was activated by Akt inhibition in LoVo cells. (E and
F) Western blot analysis of p-Akt (Ser473), Akt or SIRT6 expression in LoVo cells transfected with control vector or (E) a constitutively active Akt (Myr-Akt) or (F) shAkt#1
or shAkt#2 in the presence/absence of 5uM BKM120. (G) SIRT6é mRNA was detected in LoVo cells transfected with Myr-Akt, WT-Akt, KI79M mutant Akt in the

presence/absence of BKM120.

To further determine the relationship of FoxO3a
and SIRT6, various FoxO3a mutants or inhibitors
were used. Transfecting with constitutive active
FoxO3a (unphosphorylatable FoxO3a, Ad-Tm-
FoxO3a), or WT FoxO3a extremely increase the level
of SIRT6 expression (Figure 3G). Whereas ectopic
expression of Myr-Akt or WT-Akt increased the level
of phosphor-FoxO3a, and blocked SIRT6 induction
(Figure S3C and S3D). Impairment of Akt activity by
Akt inhibitor activated FoxO3a and SIRT6 induction

(Figure S3D and S3E). Interesting, the acetylation
status of FoxO3a did not change with SIRT6 induction
(Figure 3H). These suggested that dephosphorylation,
but not deacetylation of FoxO3a upon Akt inhibition
contributes to SIRT6 induction in colon cancer cells.

FoxO3a binds to SIRT6 promoter directly and
activates its transcription

Kim et al. reported that SIRT1 binds and
deacetylates FoxO3a, leading the formation of SFN
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(SIRT1-FoxO3a-NRF1) complex on the SIRT6
promoter, which facilitates SIRT6 transcription and
expression [12]. Herein, our data showed that deletion
of FoxO3a completely abolished SIRT6 induction by

influence either SIRT6 promoter activity or its mRNA
level (Figure 4B, 4C and S4A-54D). Consistently,
transfection of WT or Ad-Tm-FoxO3a improved the
activity of SIRT6 promoter and SIRT6 mRNA level

BKM120 (Figure 4A and 4B), indicating the
requirement of FoxO3a for SIRT6 activation.
However, knockdown of SIRT1 or NRF1 did not

(Figure 4D). Also, ectopic expression of SIRT1 or
NRF1 had no significant effect on SIRT6 promoter
activity (Figure 4E and S4E).
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Figure 3. Activation of FoxO3a by dephosphorylation mediated SIRTé6 induction. (A-D) FoxO3a was dephosphorylated and activated by BKM120 in colon cancer
cells. (A) Western blot showing p-FoxO3a (5253) after 8 or 24 h of BKM120 treatment in LoVo or in DLDI cells. (B and C) FoxO3a translocated from cytosol to nucleus after
BKMI20 treatment in LoVo cells. (B) FoxO3a expression in both nuclear and cytoplamic fractions. LaminA/C and GAPDH were served as the marker of nucleus and cytosol.
(€) Dynamics of GFP-FoxO3a nuclear translocation after BKM120 stimulation in single living cell after 5 yM BKM120 treatment. (D) The effect of BKM120 on FoxO3a
phosphorylation at different sites. Western blot analysis of p-Akt and SIRT6 level as well as p-FoxO3a at T32, $253 and S315 sites in LoVo, DLD1 or HCT-116 cells after BKM120
treatment. (E and F) Expression of (E) SIRT6 mRNA or (F) p-FoxO3a (5253), FoxO3a and SIRT6 protein in colon tissue from normal person and in tumor tissue or adjacent
tissue from colorectal cancer (CRC) patients in response to BKM120 treatment. (G) Effects of over-expression of FoxO3a or SIRT1 on SIRTé protein level. Western blot
analysis of SIRT6 level of LoVo cells after transfection of WT, Ad-DN-FoxO3a Ad-Tm-FoxO3a, or SIRTI1. (H) Co-immunoprecipitation (Co-IP) analysis of the interaction
between FoxO3a and Akt, Ac-K or SIRT1 in LoVo cells after 0, 12 or 24 h BKM120 treatment.
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Figure 4. Effects of FoxO3a on SIRT6 expression. (A-C) Effect of FoxO3a knockdown on SIRT6 protein expression. (A) Western blot analysis of SIRT6 and FoxO3a
expression after 5uM BKM120 treatment for 24 h in LoVo cells with or without FoxO3a knockdown. (B and C) Effect of shRNA-mediated knockdown of FoxO3a, Akt and
SIRT1 on (B) SIRT6 promoter reporter activity or (C) on SIRT6 mRNA level. (D and E) Effects of overexpression of Ad-Tm-FoxO3a (constitutively active FoxO3a) or
WT-FoxO3a on (D) SIRT6 mRNA level or on (E) SIRT6 promoter reporter activity. (F) Schematic representation of human SIRT6é promoter in fragment A (between -295 to
-276) (Fig.S4F) of the SIRT6 promoter, which contained FoxO3a binding sites that is the same as predicted sites. Three mutations (MT1, MT2, MT3) were produced by mutating
the asterisks nucleotides. (G) LoVo cells were transiently transfected with luciferase reporters with WT or indicated mutant fragments (MT1, MT2, MT3) and then treated with
BKM120 for 24 h. (H) Binding of FoxO3a to the SIRT6 promoter after 0, 8 or 12 h BKM120 treatment as revealed by ChlP assay. Primers were designed to amplify regions -345
to -226 for ChlIP analysis. (I) The absence of FoxO3a blocked induction of SIRT6 mRNA by BKM120. shVector and shFoxO3a cells were incubated with/without BKM120 for 24
h. SIRT6é mRNA level was detected by Semi-Quantitative PCR. (J) Interaction of FoxO3a and SIRT1 in cultured cells with/without BKM120 treatment as revealed by
immunoprecipitation (IP). Flag pulls down both phoshor-FoxO3a and acetylated-FoxO3a. (K) Binding of FoxO3a to the SIRT6 promoter after transfection of WT,
Ad-DN-FoxO3a, Ad-Tm-FoxO3a or SIRT1 as revealed by ChlP assay.

To determine whether FoxO3a can bind to SIRT6  region of SIRT6 promoter. As a result, BKM120

promoter and figure out the exact binding sites, we
firstly did a prediction by using bioinformatics
analysis and obtained five potential binding sites
(Figure S4F). Then we detected the activity of different

treatment strongly activated the proximal -295bp
region of the SIRT6 promoter (fragments A in Figure
S4F). We identified a FoxO3a binding site in this
region (Figure 4F). SIRT6 promoter activation was
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completely inhibited when this FoxO3a binding site is
mutated (Figure 4G), suggesting this region is
indispensable. Furthermore, FoxO3a, but not SIRT1,
bound to the SIRT6 promoter containing the FoxO3a
binding site by ChIP assay (Figure 4H, 4I and
S4G-541). FoxO3a was activated by dephorsphoryl-
ation, but not deacetylation, upon BKM120
stimulation (Figure 4J). Thus in the absence of

BKM120, only Ad-Tm-FoxO3a (unphosphorylatable)
bound to SIRT6 promoter obviously (Figure 4K). The
fact that no binding of FoxO3a to SIRT1 protein
(Figure S4]) excluded the possibility of SFN
(SIRT1-FoxO3a-NRF1) complex on SIRT6 promoter.
Taken together, these data indicated that FoxO3a
binds to the proximal SIRT6 promoter region directly
to promote its transcription in stimulation of BKM120.
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Figure 5. SIRT6 augment the chemosensitization of BKM120. (A and B) Western blot analysis of SIRTé6 level in the presence of 2.5 uM BKM120 combined with (A)
40 uM Cisplatin or (B) 20 mM Regorafenib for 24 h in LoVo cells. (C) Akt inhibition was involved in SIRT6 induction by combinational therapy. The level of SIRT6, p-Akt,
cleaved-caspase3 was performed by western blot following 20 mM regorafenib, 40 uM cisplatin single treatment or combined with 2.5uM BKM120 for 24 h in LoVo cells. (D and
E) p53 may mediate SIRT6 expression induced by Cisplatin or combined treatment. (D) LoVo cells were treated with 2.5 yM BKM120, 40 uM Cisplatin, or their combination.
The expression levels of p53 and SIRT6 were detected by Western blot analysis. (E) The expression of p53, c-caspase-3 and SIRTé were determined in wild-type, p53-- or
shSIRT6 (SIRT6 knockdown) HCT-116 cells. (F) The role of ERK inhibition in SIRT6 induction after regorafenib or its combination treatment with BKM120. LoVo cells were
treated with either 20 mM Regorafenib, 20 mM UO126 or the combined treatment with 2.5 yM BKM120. Western blotting showing the level of SIRTé, p-ERK (Thr202/Tyr204)
and total ERK. (G) Apoptosis in DLDI cells treated with either 2.5 uM BKM120, 20mM Regorafenib or their combination therapy was detected by flow cytometry. Percentages

of early apoptosis cells were shown in two right quadrants.
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Figure 6. SIRT6 is indispensible for BKM120-induced apoptosis. (A and B) shVector or shSIRT6 LoVo cells were stimulated with BKM120 for 24 h. (A) Nuclei of cells
were stained with Hoechst 33342. upper, representative pictures with arrows indicating fragmented nuclei (400x%); lower, quantification analysis of apoptosis cells with
fragmented nuclei. (B) Apoptosis analysis detected by flow cytometry. (C-E) Real-time detection of the activation of caspase-3 in single living cell. (C) Representative
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treatment. CoxIV and a-tublin were served as the mitochondrial and cytosolic marker. (H) Colony formation of shVector and shSIRT6é LoVo cells cultured 14 days after crystal
violet staining in the presence/absence of BKM120. upper, representative photos of colonies; lower, quantification analysis of colony numbers. (I and J) SIRT6 bound to the
promoter of survivin, leading the deacetylation at its H3K9 site. (I) Western blot analysis of AcH3K9, H3 and SIRT6 expression of nuclear fraction prepared from LoVo cells with
or without SIRT6 deletion. (J) ChlP assay of the acetylation levels at H3K9 in the 5’-UTR of the survivin gene in samples extracted from shVector or shSIRT6 LoVo cells.
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SIRTé induction contributes to the synergetic
effect of combinational therapies

The aberrant activation of Akt contributes to
some classical drug assistant (Figure S5A) [8].
BKM120, a selective PI3K inhibitor, could be
combined with other chemotherapy drug for solid
tumor treatment [38]. We found that BKM120
combined with cisplatin or regorafenib expressed
relative higher SIRT6 level, than that with single drug
(Fig. 5A and 5B). Although cisplatin or regorafenib
treatment alone caused slight increase in p-Akt level,
they enhanced SIRT6 activation and cell apoptosis
(Figure 5C). It seems that these comninational
treatment mediated SIRT6 expression through
different pathways. SIRT6 induction was via
p53-dependent and -independent mechanisms after
Cisplatin and BKM120 stimulation, respectively
(Figure 5D and 5E). However, ERK inactivation was
found after UO126 (ERK inhibitor) or regorafenib
treatment (Figure 5F). Furthermore, ERK inhibition by
UO126 led to FoxO3a translocation/dephosphorlation
and SIRT6 induction (Figure S5B and S5C), whereas
lack of FoxO3a abolished this SIRT6 induction (Figure
S5D). Therefore, ERK may be involved in
FoxO3a-dependent SIRT6 up-regulation induced by
regorafenib. Importantly, the synergistic apoptosis by
combinational treatment (Figure 5G) was highly
suppressed in SIRT6 knockdown (shSIRT6) cells
(Figure S5E and Sb5F), indicating the enhanced
apoptosis was SIRT6-dependent.

BKM120 induced SIRTé6-dependent apoptosis

To explore the function of SIRT6, shSIRT6 cells
were used. Apoptosis caused by BKMI120 was
inhibited in shSIRT6 cells in comparison with
shVector cells. Flow cytometry result also showed less
apoptosis in shSIRT6 cells after BKM120 treatment
(Figure 6B). Lack of SIRT6  abolished
BKM120-induced mitochondrial apoptotic events,
such as cyto-c release and caspase-9/3 activation
(Figure 6C-G, S6A and S6B). Apoptosis was abrogated
in Bax/- HCT-116 cell (Figure S6C), further
confirming the mitochondrial pathway of apoptosis
by BKM120. Furthermore, shSIRT6 cells had
improved cell viability (Figure S6D and S6E) and
long-term survival compared with shVector cells after
BKM120 treatment (Figure 6H). These indicated
SIRT6 is indispensible for BKM120-induced
mitochondrial apoptosis and colon cancer cell growth
suppression.

SIRT6 is an NAD-dependent histone deacetylase
and a tumor suppresser [1-3], thus it might be
recruited to the anti-apoptotic factor like survivin
gene promoter to serve as a transcriptional factor. To
assess this possibility, histone acetylation and

survivin  expression = were  detected.  SIRT6
overexpression remarkably reduced acetylation of
H3K9 (Figure S6F) and survivin expression (Figure
S6G). In addition, decreased mRNA level of survivin
was observed in SIRT6 overexpressed cells or in
BKM120 treated cells (Figure S6H and S6I).
Conversely, SIRT6 deficiency led to an increase of
acetylation of H3K9 (Figure 61) and high affinity to the
5-UTR of survivin gene (Figure 6]). Therefore, SIRT6
promoted apoptosis probably through inhibiting
survivin transcription by deacetylation of histone at
H3K9 site in the promoter region.

SIRTé6 shows potent anti-tumor effect in vivo

To determine the antitumor effect of SIRT6 in
vivo, shVector or shSIRT6 LoVo cells were
subcutaneously injected into each flank of nude mice
to established xenograft tumors. The results showed
that BKM120 therapy suppressed the growth of
shVector tumors by ~75%. In contrast, shSIRT6
tumors were almost insensitive to BKM120 treatment
compared with shVector tumors (Figure 7A-C).
Moreover, Kaplan-Meier analyses showed that
shSIRT6 mice had shorter survival than shVector mice
in BKM120 treated groups (Figure 7D). These
indicated that lack of SIRT6 abolished the antitumor
activity of BKM120. Consistent with our in vitro data,
decreased phospho-Akt and enhanced SIRT6
expression were observed after BKM120 treatment
(Figure 7E and 7F). Comparing to shVector tumors,
shSIRT6 tumors showed augment of Ki67 but reduced
cleaved-caspase3 expression (Figure S7A and S7B),
which confirmed pronounced increased proliferation
and reduced apoptosis in response to BKM120.
Collectively, our results demonstrated that BKM120
suppressed tumorigenesis through SIRT6-dependent
manner.

Together, to explore the regulation mechanism
of SIRT6, we studied the relation among Akt, FoxO3a
and SIRT6 in tumors from patients and got similar
results as that in xenograft model. BKM120 activated
FoxO3a by dephosphorlyation upon Akt inhibition
(Figure 7G). Subsequently, FoxO3a bound to the
promoter of SIRT6 (Figure 7H) to transcriptionally
up-regulate SIRT6 expression (Figure S7C), which
inhibited the expression of downstream survival
protein survivin by deacetylated the histone at H3K9
site in the promoter region (Figure 71).

Discussion

Our previous studies show that Akt inhibition is
the key factor to overcome chemoresistance for colon
cancer therapy. BKM120, a novel pan-class I (a, B, y, 0)
PI3K inhibitor, is now in Phase I/1II clinical trial. In
this study, we identified SIRT6 as a brand new
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transcriptional target of FoxO3a for the first time, and
demonstrated Akt/FoxO3a/SIRT6 axis plays a crucial
role in pro-apoptisis and colon cancer therapy by
BKM120 both in vitro and in vivo. Lack of SIRT6
caused the resistance of colon cancer to BKM120 and
combinational therapy. Mechanically, Akt is inhibited
by BKM120, then separates and dephosphorlates
FoxO3a, leading increased level of FoxO3a on SIRT6
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The function of SIRT6 in tumorigenesis is
controversial. SIRT6 is downregulated in various
human cancers, which is related with poor survival
prognosis [2, 6, 7], like in ovarian cancer, pancreatic
cancer, colorectal cancer, hepato-cellular carcinoma.
However, SIRT6 is highly expressed and serves as an
oncogene in some other cancer types, like prostate
cancer, skin cancer and breast cancer [13, 39]. Even in
the same cancer type, like non-small cell lung cancer,
opposite roles of SIRT6 were reported [12, 40]. Here,
50 specimens of colorectal cancer tissues or paired
normal colon tissues from CRC patients were
analyzed and similar results were observed. Most of
the colon cancer tissues expressed low or extremely
low level of SIRT6, accompanied by high level of Akt
activation or FoxO3a inhibition (Figure 1 and S1,
Table 1). Meantime, patients with lower SIRT6 levels
had shorter overall survival or disease-free survival
times (Figure 1F and G). Therefore, SIRT6 may serves
as a tumor suppressor in colorectal cancer.

Besides Akt, p53 has also been reported to
regulate SIRT6, which could transcriptionally activate
the expression of SIRT6 [36]. Our results showed that
BKM120 induced apoptosis with increased SIRT6
expression but reduced Akt phosphorylation, in WT,
p537/- or pb3 mutant cells (Figure S2E and S2F),
indicating p53-independent but Akt
inhibition-mediated SIRT6 induction and apoptosis.
Some studies show that BKM120 induced
pro-apoptotic effects and showed an increased
response only in PIBKCA mutated or PI3K activating
cells [8, 20]. Our results indicated that, after BKM120
treatment, SIRT6 expression and apoptosis increased
in both wide-type (LoVo, SW48, HT29, SW480) and
PIK3CA mutant (HCT-116, DLD1) colon cancer cells
(Figure 2A, 2B, S2B-2E, Table 2). Moreover, BKM120
inhibited Akt activation with no difference between
LoVo cell (PIK3CA wild type) and HCT-116 cells
(PIKBCA mutant) (Figure 2C and S2F).

Table 2. The information of different colon cancer cell lines that
used in our experiments.

Cell lines Mutation LoVo HCT-116 SW48 DLD1  HT29 SW480
p53 - - - + + +
PIK3CA - + - + - -
KRAS + + . ¥ R N

Since Akt aberrant activation is responsible for
the resistant of many classic chemotherapy drugs like
5-FU, inhibiting Akt activity by combinational
treatment come to our consideration. BKM120
showed clinical activity in patients with solid tumors,
either as a single drug or in combination with other
agent [38]. Our data indicated that the synergistic
effect of cisplatin and BKM120 can be mediated by
concurrent SIRT6 expression in both p53-dependent

and -independent manners (Figure 5A and 5C-E).
Regorafenib, another novel drug, induced
FoxO3a-dependent SIRT6 expression by inactivating
ERK (Figure 5B, 5C, 5F, S5B and S5C). Together, the
chemosensitization effect of BKM120 is dependent on
SIRT6 (Figure 5 and Figure S5B-5C), and involves
concurrent SIRT6 induction through different
pathways.

There are several regulators that might be
involved in SIRT6 expression in different models
[17-19]. RUNX2 was found to suppress both SIRT6
transcription and translation. E2F1 could directly bind
to SIRT6 promoter and inhibit its promoter activity. In
addition, c-Fos induced SIRT6 transcription to
mediate liver cancer cell apoptosis. While in this
study, our data from patients and colon cancer cell
lines suggested that Akt inhibition led to FoxO3a
activation and SIRT6 induction (Figure 2C-2G and
3A-3D), and we hypothesized that FoxO3a
up-regulated SIRT6 expression in our model. Kim et
al. found that SIRT1 binds and deacetylates FoxO3a,
leading the increased level of SEN
(SIRT1-FoxO3a-NRF1) complex on SIRT6 promoter to
facilitate its transcription [12]. There also exist other
different opinions, regarding that SIRT6 regulates
FoxO3a by  deacetylation  [13,  41] or
dephosphorylation [42].

To explore the mechanism of SIRT6 regulation,
firstly, we revealed that only FoxO3a but not SIRT1, or
NRF1 is involved in SIRT6 induction. Knockdown of
FoxO3a blocked SIRT6 promoter activity, mRNA level
and protein expression in the stimulation of BKM120
(Figure 4A-4C and S4A-54B). Whereas, knockdown of
SIRT1 or NRF1 did not affect SIRT6 induction (Figure
4B-4C and S4A-54B, 54D). Furthermore, the level of
phosphor-FoxO3a decreased (Figure 3A, 3D and 3F),
while the level of FoxO3a acetylation did not change
after Akt inhibition (Figure 3H and 4]J), indicating the
activation of FoxO3a by dephosphorylation, but not
by deacetylation. Next, we further investigate the
exact mechanism of SIRT6 regulation by FoxO3a. Five
FoxO3a binding sites were predicted on the promoter
of SIRT6 (Figure S4F), and ChIP assay results show
that one of these binding sites directly interacts with
activated FoxO3a (Figure 4F). This FoxO3a binding
site is different from NRF1 binding site that Kim et al.
reported [14]. ColP result further confimed that SIRT1
did not interact with FoxO3a after Akt inhibition
(Figure S4J), excluding the complex system of SIRT1,
FoxO3a and NRF1 during SIRT6 induction. Together,
we uncover a new mechanism of SIRT6
transcriptional regulation by FoxO3a. FoxO3a was
dephosphorylated upon Akt inhibition, and this
activated FoxO3a translocated from cytosol to nucleus
to bind with SIRT6 promoter, leading to
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transcriptional expression of sirt6. This activated
FoxO3a is indispensable and sufficient to induce
SIRT6 expression.
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