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SUMMARY
Mammalian sirtuin 6 (SIRT6) regulates a spectrum of vital biological processes and has long been impli-
cated in the progression of cancer. However, the mechanisms underlying the regulation of SIRT6 in
tumorigenesis remain elusive. Here, we report that the tumor-suppressive function of SIRT6 in non-small
cell lung cancer (NSCLC) is regulated by acetylation. Specifically, males absent on the first (MOF) acet-
ylates SIRT6 at K128, K160, and K267, resulting in a decreased deacetylase activity of SIRT6 and atten-
uated SIRT6 tumor-suppressive function in NSCLC. Mechanistically, MOF-mediated SIRT6 acetylation
hinders the interaction between SIRT6 and transcriptional factor FOXA2, which in turn leads to the tran-
scriptional activation of ZEB2, thus promoting NSCLC progression. Collectively, these data indicate an
acetylation-dependent mechanism that modulates SIRT6 tumor-suppressive function in NSCLC. Our
findings suggest that the MOF-SIRT6-ZEB2 axis may represent a promising therapeutic target for the
management of NSCLC.
INTRODUCTION

The mammalian sirtuin protein family includes a set of highly

conserved NAD+-dependent enzymes (sirtuins 1–7) with

different subcellular localization, substrates, and biological func-

tions. Among the seven mammalian sirtuins, sirtuin 6 (SIRT6) is

predominantly localized in the nucleus and has been shown to

regulate a spectrum of biological processes ranging from

DNA-damage repair to genomemaintenance, epigenetic regula-

tion, metabolic homeostasis, inflammatory response, stem cell

homeostasis, tumorigenesis, and aging.1–3 SIRT6 predominantly

functions as a deacetylase targeting both histone and non-his-

tone proteins. The specific histone substrates for SIRT6 deace-

tylation include acetylated histone H3 lysine 9 (H3K9ac),

H3K56ac, and H3K18ac, through which SIRT6 can regulate the

promoter accessibility of specific genes and silence their tran-

scription.4–8 Human SIRT6 contains three main structural do-

mains: the N terminus, a conserved core catalytic domain, and
This is an open access article under the CC BY-N
the C terminus. The N terminus is crucial for SIRT6 chromatin as-

sociation and histone deacetylase activity, whereas the core cat-

alytic domain is essential for the enzymatic activity of SIRT6. The

C terminus contains a nuclear localization signal (NSL) and is crit-

ical for its proper nuclear localization.9 Despite the extensive

studies focusing on the biological functions of SIRT6, it remains

largely unknown how SIRT6 activity is regulated in specific bio-

logical processes.

SIRT6 has been implicated in cancer progression by acting as

a tumor suppressor mainly through its deacetylase activity.10

Mechanistically, SIRT6 deacetylates H3K9ac and H3K56ac to

co-represses the transcriptional programs of certain transcrip-

tion factors, such as HIF1a and MYC, therefore inhibiting tumor-

igenesis in multiple types of cancer.6,7,11 Lung cancer is the sec-

ond most frequently diagnosed cancer and the leading cause of

cancer-related mortality, accounting for 18% of the total cancer

deaths worldwide in 2020.12 Non-small cell lung cancer (NSCLC)

represents the major type of lung cancer, accounting for more
Cell Reports 42, 112939, August 29, 2023 ª 2023 The Authors. 1
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than 80% of all cases. SIRT6 has been shown to exhibit tumor-

suppressive properties in NSCLC.13,14 More recently, it was

also reported that pharmacological activation of SIRT6 using

an allosteric SIRT6 activator, MDL-800, is sufficient to repress

cell proliferation of NSCLC cells and decrease in vivo xenograft

tumor formation.15 Despite the appreciable progress in our un-

derstanding of the critical role of SIRT6 in NSCLC progression,

the regulation of SIRT6 in the context of NSCLC remains elusive.

Post-translational modification (PTM) is a mechanism for cells

to enable a fast yet efficient modulation of protein function in

response to complex cellular stimuli. Several PTMs have been

identified on SIRT6, regulating a wide range of SIRT6 func-

tions.16–24 For instance, phosphorylation by JNK on serine 10

promotes the recruitment of SIRT6 to DNA breaks upon oxida-

tive stress,22 whereas phosphorylation on serine 338 promotes

SIRT6 protein degradation.21,24 On the other hand, ubiquitination

is reported to regulate SIRT6 protein stability, and deubiquitina-

tion by USP10 and USP48 protects SIRT6 from proteasomal

degradation.17,18 In addition, SUMOylation of SIRT6 at the C ter-

minus selectively impairs SIRT6 deacetylase activity toward

H3K56ac and disrupts SIRT6 interaction with transcription factor

MYC, which in turn promotes tumorigenesis.19 The acetylation of

SIRT6 on lysine 33 (K33) was reported recently to hinder its poly-

merization and recruitment to DNA breaks upon DNA damage.20

However, the responsible acetyltransferase for SIRT6 acetyla-

tion is yet to be identified. In addition, how acetylation affects

SIRT6 functions in other physiological and pathological condi-

tions remains largely unexplored.

In this study, we showed that the deacetylase activity of SIRT6

is regulated by acetylation. Specifically, males absent on the first

(MOF) can acetylate SIRT6 at three conserved lysine residues.

Acetylation of SIRT6 impairs its deacetylase activity and tu-

mor-suppressive function in NSCLC. By RNA sequencing

(RNA-seq) analysis, we identified zinc-finger E-box binding ho-

meobox 2 (ZEB2) as a downstream target of SIRT6 in NSCLC

cells. Mechanistically, we revealed that SIRT6 serves as a co-

repressor of transcription factor forkhead box protein A2

(FOXA2) to repress ZEB2 transcription. Acetylation by MOF

jeopardizes the interaction between SIRT6 and FOXA2, leading

to transcriptional activation of ZEB2 and therefore promoting

NSCLC progression. Our study not only uncovers a novel mech-

anism by which theMOF-SIRT6-ZEB2 axis regulates the NSCLC

progression but also suggests that MOF-mediated SIRT6 acety-

lation may serve as a potential prognostic indicator and thera-

peutic target for NSCLC.

RESULTS

SIRT6 is acetylated by MOF at K128, K160, and K267
To verify whether SIRT6 is an acetylated protein, we first deter-

mined the acetylation of exogenously expressed SIRT6 (Fig-

ure 1A) and endogenous SIRT6 (Figure 1B) in HEK293 cells

treated with sodium butyrate (NaB), an inhibitor of histone de-

acetylase (HDAC) family deacetylases. Using antibodies spe-

cifically against pan-acetyl-lysine, we detected the prominent

acetylation in both ectopic FLAG-tagged SIRT6 and endoge-

nous SIRT6 (Figures 1A and 1B). In addition, the endogenous

SIRT6 in HEK293 cells could be immunoprecipitated by anti-
2 Cell Reports 42, 112939, August 29, 2023
bodies against pan-acetyl-lysine (Figure 1C). Together, these

results substantiated that SIRT6 is an acetylated protein. We

next set out to identify the acetyltransferase of SIRT6. To this

end, we co-expressed a variety of candidate acetyltransferases

including MOF, p300, TIP60, and GCN5 together with FLAG-

SIRT6 in HEK293 cells and examined their ability to induce

SIRT6 acetylation. The results showed that SIRT6 acetylation

was only observed in the presence of MOF and p300, with a

more robust effect for MOF than p300 (Figure 1D). Importantly,

increased SIRT6 acetylation was only observed when express-

ing wild-type (WT) MOF but not inactive mutant MOF (Mut,

K274R) (Figure 1E). Similarly, acetylation of the endogenous

SIRT6 was also significantly increased in the presence of

Myc-MOF in HEK293 cells (Figure 1F), whereas knocking

down MOF with a specific small interfering RNA (siRNA) mark-

edly decreased the basal acetylation level of SIRT6 (Figure 1G).

Similar results were observed in A549 human non-small cell

lung carcinoma cell line (Figures S1A and S1B). Taken together,

these results suggest that MOF is an acetyltransferase of

SIRT6.

Next, we set out to determine the MOF-targeted acetylation

sites on SIRT6. To this end, FLAG-SIRT6 was co-expressed

with Myc-MOF in HEK293 cells, enriched by immunoprecipita-

tion using anti-FLAG M2 beads, and subjected to tandem

mass spectrometry (MS/MS) analysis. MS/MS analysis sug-

gested several potential acetylated lysine residues on SIRT6

including lysine 17 (K17), K128, K160, K170, K245, K267, and

K300 (for details, see Table S1). To pinpoint which lysine residue

on SIRT6 is themajor MOF-targeted site, we constructed a set of

lysine (K) to arginine (R) mutants mimicking SIRT6 acetylation-

deficient conditions by site-directed mutagenesis. WT or acety-

lation-deficient mutants FLAG-SIRT6 were then co-expressed

with Myc-MOF in HEK293 cells, respectively, followed by immu-

noprecipitation with anti-FLAG M2 beads to determine the

changes in acetylation. The results showed that cells with

ectopic K128R, K160R, and K267R mutant FLAG-SIRT6 ex-

hibited reduced acetylation compared to those with WT SIRT6,

while expressing other FLAG-SIRT6mutants did not result in sig-

nificant changes in SIRT6 acetylation (Figure 1H). Next, we con-

structed double-lysine mutants of SIRT6 with various combina-

tions of the three lysine sites and a triple-lysine mutant of

SIRT6 with all three lysine residues changed to arginine (K3R)

to determine their acetylation levels in the presence of Myc-

MOF in HEK293 cells. As shown in Figure 1I, SIRT6 acetylation

was significantly reduced in cells with either single- or double-

lysine SIRT6 mutants compared to that with the WT SIRT6.

The SIRT6 acetylation was barely detectable in cells expressing

triple-lysine mutant (K3R) SIRT6. The attenuated SIRT6 acetyla-

tion was not due to the impaired interaction between SIRT6 and

MOF, as both WT and K3R SIRT6 could efficiently pull down the

ectopic Myc-MOF (Figure S1C). Interestingly, K128, K160, and

K267 are residues all located in the core catalytic domain of

SIRT6 and are highly conserved in SIRT6 across different spe-

cies (Figures 1J and S1D), indicating that acetylation of SIRT6

at these residuesmay have potential important biological conse-

quences. Taken together, these results demonstrated that MOF

acetylates SIRT6 at highly conserved sites K128, K160,

and K267.



Figure 1. SIRT6 is acetylated by MOF at K128, K160, and K267

(A) HEK293 cells expressing FLAG-SIRT6 were treated with 1 mM sodium butyrate (NaB) for 24 h and subjected to immunoprecipitation (IP) with anti-FLAG

beads. The precipitates were immunoblotted (IB) with anti-acetyl-lysine (AcK) and anti-FLAG antibodies.

(B and C) HEK293 cells were treated with 1 mMNaB for 24 h and subjected to immunoprecipitation with anti-SIRT6 antibodies or control immunoglobulin G (IgG)

followed by immunoblotting with anti-acetyl-lysine and anti-SIRT6 antibodies (B) or with anti-acetyl-lysine antibody or control IgG followed by immunoblotting

with anti-SIRT6 antibodies (C).

(D) FLAG-SIRT6 was co-expressed with different acetyltransferases in HEK293 cells for 48 h followed by immunoprecipitation with anti-FLAG beads. The

precipitates were immunoblotted with anti-acetyl-lysine and anti-FLAG antibodies.

(E) FLAG-SIRT6 was co-expressed with Myc-MOF (wild-type [WT] or catalytically inactive mutant) in HEK293 cells. SIRT6 acetylation was examined by

immunoprecipitation and immunoblotting as in (D).

(F) HEK293 cells transfected with Myc-MOF or Myc-tagged empty vector were lysed 48 h after transfection, and endogenous SIRT6 proteins were immuno-

precipitated with anti-SIRT6 antibodies followed by immunoblotting with anti-acetyl-lysine and anti-SIRT6 antibodies.

(G) HEK293 cells transfected with control siRNA or siRNA specifically targeting MOF were immunoprecipitated by antibody against SIRT6. Acetylation of

endogenous SIRT6 was examined by immunoblotting.

(H and I) Myc-MOF was co-expressed with either WT or indicted mutant FLAG-SIRT6 in HEK293 cells. The acetylation of FLAG-SIRT6 was examined as in (D).

(J) (Top) Illustration of lysine residues targeted byMOF for acetylation in human SIRT6. (Bottom) Alignment of SIRT6 amino acid sequences from various species.

Red letters highlight the conserved lysines across the different species.
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Figure 2. SIRT6 interacts with MOF

(A) FLAG-SIRT6 or FLAG-tagged empty vector was expressed in HEK293 cells. Whole-cell lysates were co-immunoprecipitated (IP) with anti-FLAG beads

followed by immunoblotting (IB) with anti-MOF and anti-FLAG antibodies.

(B) Co-immunoprecipitation assays were carried out to determine the interaction between endogenous SIRT6 and ectopic MOF using a strategy similar to that

in (A).

(C and D) Endogenous SIRT6 or MOF was immunoprecipitated with anti-SIRT6 (C) or anti-MOF antibodies (D) in HEK293 cells, followed by immunoblotting with

antibodies against MOF and SIRT6.

(E) GST or GST-MOF was incubated with purified His-tagged SIRT6 and pulled down with glutathione-agarose beads. The immunoprecipitants were applied for

western blotting assay using antibodies against GST or SIRT6. The purified recombinant proteins were visualized by Coomassie blue staining.

(F) (Left) Schematic diagram of SIRT6 domains and truncated mutants used in this study. WT or truncatedmutant FLAG-SIRT6 was co-expressed with Myc-MOF

in HEK293 cells, respectively. (Right) Co-immunoprecipitation was performed with anti-FLAG beads 48 h after transfection followed by immunoblotting with anti-

Myc and anti-FLAG antibodies. FL, full-length SIRT6;DC,DN, C- or N-terminal domain deletion of SIRT6; Core, core domain of SIRT6; CTE, NTE, C- or N-terminal

extension domain of SIRT6; single asterisks indicate CTE truncated SIRT6 protein; double asterisks indicate non-specific band.
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SIRT6 interacts with MOF
Given that SIRT6 is acetylated by MOF, we next examined the

potential interaction between the two proteins. We first ectopi-

cally expressed FLAG-SIRT6 in HEK293 cells and pulled down

SIRT6 with anti-FLAG M2 beads. As shown in Figure 2A, endog-

enous MOF was pulled down together with FLAG-SIRT6. Recip-

rocally, endogenous SIRT6was co-precipitated with FLAG-MOF

by anti-FLAG M2 beads in HEK293 cells (Figure 2B). Next, to

determine whether SIRT6 interacts with MOF under physiolog-

ical conditions, we performed co-immunoprecipitation using

specific antibodies against SIRT6 and MOF, respectively, to

examine their endogenous interaction in HEK293 cells. As

shown in Figures 2C and 2D, the endogenous MOF was co-

precipitated with endogenous SIRT6 in HEK293 cells and vice
4 Cell Reports 42, 112939, August 29, 2023
versa. The endogenous interaction between SIRT6 and MOF

was further confirmed in human NSCLC cell line A549 cells (Fig-

ure S1E). To further determine whether SIRT6 is in direct associ-

ation with MOF, we performed an in vitro binding assay. Indeed,

glutathione S-transferase (GST)-MOF but not GST was able to

pull down SIRT6 in vitro (Figure 2E). These results suggest that

SIRT6 directly interacts with MOF.

To map the region of SIRT6 involved in the interaction with

MOF, we ectopically expressed different domain-deleted

SIRT6 mutants (Figure 2F, left panel) in HEK293 cells and exam-

ined their interaction with Myc-MOF. The N-terminal extension

domain (NTE) of SIRT6 was hardly detectable. Consistent with

our previous results, full-length SIRT6 could efficiently pull

down Myc-MOF. However, removing either the C- or N-terminal
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domains of SIRT6 (DCorDN, respectively) was sufficient to abro-

gate the interaction between SIRT6 and MOF. Notably, the core

domain (Core) or C-terminal extension domain (CTE) of SIRT6

alone failed to pull down Myc-MOF (Figure 2F, right panel).

These results suggest that full-length SIRT6 is required for its

interaction with MOF.

HDAC1 interacts with and deacetylates SIRT6
As acetylation is a reversible and dynamic process, we set out to

identify the deacetylase of SIRT6. We first observed that the

acetylation of ectopic FLAG-SIRT6 in HEK293 cells was mark-

edly increased in the presence of NaB, an inhibitor of HDAC fam-

ily deacetylases, rather than nicotinamide (NAM), an inhibitor of

sirtuin family deacetylases (Figure S2A). This observation indi-

cated that SIRT6 may potentially be deacetylated by HDAC fam-

ily deacetylases. We then co-expressed FLAG-SIRT6 with MOF

in the presence of different histone deacetylases (HDAC1–5) in

HEK293 cells and found that only HDAC1 could decrease the

SIRT6 acetylation level (Figure S2B). Furthermore, WT but not

activity-deficient mutant HDAC1 (Mut, H141A) decreased the

MOF-induced acetylation of SIRT6 in HEK293 cells (Figure S2C,

lanes 1–4). A previous study has shown that SIRT1, but not other

sirtuin family deacetylases, could deacetylate SIRT6.20 Howev-

er, ectopic SIRT1 failed to decrease MOF-induced acetylation

of SIRT6 in HEK293 cells and, as expected, overexpression of

an activity-deficient mutant SIRT1 (Mut, H363Y) did not affect

MOF-induced acetylation of SIRT6 (Figure S2C, lanes 5 and 6).

To further confirm that HDAC1 is a deacetylase of SIRT6, we per-

formed an in vitro deacetylation assay using recombinant His-

HDAC1 and His-HDAC2. Notably, HDAC1 but not HDAC2 effi-

ciently deacetylated SIRT6 in vitro (Figure S2D). Accordingly,

knockout of HDAC1 via the CRISPR-Cas9 system markedly

increased the acetylation of FLAG-SIRT6 in HKE293 cells (Fig-

ure S2E). These results suggest that HDAC1 is a deacetylase

of SIRT6.

Next, we assessed the potential interaction between SIRT6

and HDAC1. We first confirmed that endogenous HDAC1 was

co-precipitated with FLAG-SIRT6 in HEK293 cells (Figure S2F).

Importantly, the endogenous interaction between SIRT6 and

HDAC1 was also observed in HEK293 cells and human NSCLC

cell line A549 cells (Figures S1E, S2G, and S2H). Taken together,

these results demonstrated that HDAC1 interacts with SIRT6

and deacetylates MOF-mediated SIRT6 acetylation.

Acetylation by MOF impairs SIRT6 deacetylase activity
without affecting its nuclear localization and protein
stability
We next sought to examine whether MOF-mediated acetylation

affects SIRT6 protein property and function. To this end, we

constructed a triple acetylation-mimetic mutant SIRT6 (K3Q)

with all three MOF-targeted lysines (K) mutated to glutamines

(Q) to mimic hyperacetylated SIRT6 at these sites. As shown

in Figure S3A, immunofluorescence staining indicated that

K3R and K3Q SIRT6 exhibited nuclear localization similar to

that of WT SIRT6 in HEK293 cells. Thus, the acetylation status

onMOF-targeted sites did not affect SIRT6 nuclear localization.

As acetylation is reported to regulate protein stability,25–27 we

next examined whether acetylation by MOF also modulates
the protein stability of SIRT6. HEK293 cells expressing FLAG-

SIRT6 WT, K3R, or K3Q were treated with cycloheximide

(CHX) to inhibit protein synthesis. Cell lysates were then

collected at different time points upon CHX treatment and sub-

jected to western blotting to check the protein abundance of

FLAG-SIRT6. No significant difference in the degradation rates

was found between SIRT6 WT and mutants (Figures 3A and

3B). Consistently, no obvious change was observed in the

degradation rate of FLAG-SIRT6 in the presence or absence

of Myc-MOF in HEK293 cells (Figures S3B and S3C), thus indi-

cating that acetylation by MOF did not affect SIRT6 protein

stability.

The localization of three MOF-targeted sites in the core cata-

lytic domain of SIRT6 prompted us to speculate that the acetyla-

tion at these sites may affect SIRT6 deacetylase activity. To test

this, we transfected HEK293 cells with FLAG-SIRT6WT, HY (de-

acetylase-deficient H133Y mutant, as a negative control), K3R,

or K3Q to examine their activities toward endogenous H3K9ac

and H3K56ac histone marks, two well-established specific his-

tone substrates of SIRT6 in cells.4,28 As expected, WT but not

the HY mutant SIRT6 markedly decreased the levels of

H3K9ac and H3K56ac in cells (Figure 3C, lanes 1–4). Intriguingly,

K3R SIRT6 efficiently decreased the H3K9ac and H3K56ac,

whereas K3Q SIRT6 exhibited an attenuated deacetylase activ-

ity toward the two histone marks in HEK293 cells (Figure 3C). By

employing purified FLAG-SIRT6 WT, HY, K3R, K3Q, and ex-

tracted histones, we also performed an in vitro deacetylase

assay. Consistent with the observation in cells, WT and K3R

SIRT6, but not HY and K3Q SIRT6, efficiently deacetylated

H3K9ac and H3K56ac in vitro (Figure 3D). To explore which

MOF-targeted site contributes to the impaired SIRT6 deacety-

lase activity, we purified the FLAG-tagged K128Q, K160Q, and

K267Q SIRT6 proteins for the in vitro deacetylase assay. As

shown in Figure S3D, the K128Q SIRT6 mutant exhibited a mod-

erate inhibitory effect, whereas the K3Q mutant exhibited the

highest inhibitory effect on SIRT6 deacetylase activity. Interest-

ingly, the decreased H3K9ac and H3K56ac in HEK293 with

ectopic SIRT6 was largely restored in cells with ectopic MOF

expression, and this restoration was attenuated when HDAC1

was expressed (Figures 3E and S3E). Taken together, these

data suggested that MOF-mediated acetylation impairs the de-

acetylase activity of SIRT6 without affecting its nuclear localiza-

tion and protein stability.

Acetylation by MOF attenuates SIRT6 tumor-
suppressive activity in NSCLC cells
It has been shown that the expression of SIRT6 is decreased in

NSCLC patient tissues and cell lines, and activation of SIRT6 de-

acetylase activity was sufficient to attenuate the tumorigenic po-

tential of NSCLC cells.13–15 Interestingly, MOF has been shown

to exhibit enhanced expression in NSCLC patient tissues,29–33

indicating an oncogenic function of MOF in NSCLC. However,

whether there is a link between increased expression of MOF

and the activity of SIRT6 in NSCLC has not been examined.

Based on the above observations, we speculate that MOF-

mediated acetylation may contribute to the attenuated tumor-

suppressive activity of SIRT6 in NSCLC. To test this hypothesis,

we first established two NSCLC cell lines (A549 and H1299)
Cell Reports 42, 112939, August 29, 2023 5



Figure 3. Acetylation by MOF impairs SIRT6 deacetylase activity without affecting its protein stability

(A) HEK293 cells expressing WT, K3R, or K3Q mutant FLAG-SIRT6 were treated with 300 mg/mL cycloheximide (CHX) for the indicated times. Cell lysates were

then subjected to western blotting using antibodies against FLAG and actin.

(B) Quantification of the data as presented in (A) was carried out by ImageJ software. Data represent themean ±SEM (n = 3), calculated using two-tailed Student’s

t test. n.s., not significant.

(C) HEK293 cells were transfected with FLAG-tagged empty vector (EV), FLAG-SIRT6 WT, HY, K3R, or K3Q mutant FLAG-SIRT6. Cell lysates were subjected to

western blotting analysis using the indicated antibodies.

(D) ElutedWT, HY, K3R, or K3Qmutant FLAG-SIRT6were incubatedwith extracted histone in the presence of NAD+ followed bywestern blotting using antibodies

as indicated.

(E) HEK293 cells expressing FLAG-SIRT6 or/and Myc-MOF were subjected to western blotting using antibodies as indicated.
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stably expressing either control vector, FLAG-tagged WT, K3R,

or K3Q SIRT6. Western blotting analysis confirmed that the

expression of the different forms of FLAG-SIRT6 in the two

NSCLC cell lines was comparable (Figure 4A). The functional

consequences of different forms of FLAG-SIRT6 were tested in

the two NSCLC cell lines. While the expression of WT and K3R

SIRT6 significantly repressed the proliferation of the two

NSCLC cell lines, this was not observed in cells with acetyla-

tion-mimetic K3Q SIRT6 (Figure 4B). Similarly, WT and K3R

SIRT6, but not K3Q SIRT6, reduced the colony-formation poten-

tial of the two NSCLC cell lines (Figure 4C). In addition, cell-cycle

analysis of H1299 cells showed that expression of WT and K3R

SIRT6 led to a significant reduction in the percentage of cells in

the S and G2/M phases with a concomitant increase in the per-

centage of cells in the G0/G1 phase. However, K3Q SIRT6 ex-

hibited no effect on the cell-cycle progression in H1299 cells

(Figure 4D). Consistently, WT and K3R SIRT6, but not K3Q

SIRT6, suppressed the migration and invasion of NSCLC cells
6 Cell Reports 42, 112939, August 29, 2023
(Figures 4E and 4F). These results suggested that hyperacetyla-

tion attenuates the tumor-suppressive function of SIRT6 in

NSCLC cells.

To confirm whether the attenuated SIRT6 tumor-suppressive

activity in NSCLC cells was indeed mediated by MOF, we stably

expressedMOF in NSCLC cell lines with ectopic SIRT6. Western

blotting analysis confirmed the successful expression of MOF in

two NSCLC cell lines (Figure 5A). Consistent with the aforesaid

results, MOF expression markedly increased the acetylation of

FLAG-SIRT6 in two NSCLC cell lines (Figure 5A). SIRT6 signifi-

cantly decreased the tumorigenic properties of NSCLC cells

such as cell proliferation, colony-formation potential, and cell-

cycle progression. While MOF alone did not affect any of these

properties, the presence of both proteins markedly attenuated

the suppressive ability of SIRT6 on these tumorigenic properties

in NSCLC cells (Figures 5B–5D). In addition, the ability of SIRT6

to suppress migration and invasion in NSCLC cells was also

significantly reduced in the presence of MOF (Figures 5E and
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5F). Taken together, these results suggested that MOF-medi-

ated acetylation attenuates the tumor-suppressive function of

SIRT6 in NSCLC cells.
Acetylation by MOF attenuates SIRT6-mediated
transcriptional repression of ZEB2 in NSCLC cells
We next sought to elucidate the mechanism of how MOF-medi-

ated acetylation attenuates the tumor-suppressive function of

SIRT6 in NSCLC. Accumulating evidence suggests that SIRT6

exerts tumor-suppressive function through transcriptional sup-

pression of downstream oncogenes. Intriguingly, SIRT6 seems

to repress the transcription of specific downstream targets in

different types of cancer.7,11,34 Although SIRT6 exhibits tumor-

suppressive activities in NSCLC,13–15 the downstream targets

of SIRT6 in NSCLC cells have not been systemically determined.

To identify the SIRT6 target genes in NSCLC cells, total RNA

from NSCLC cells expressing either control vector, FLAG-

SIRT6 WT, K3R, or K3Q were extracted for RNA-seq analysis.

The transcriptomic profiles were then compared between con-

trol and cells expressing different SIRT6 mutants. The differen-

tially expressed genes are presented in Table S2. Interestingly,

ZEB2 was found among the top five differentially downregulated

genes inWT or K3R SIRT6-expressing cells compared to control

cells. However, the decreased expression of ZEB2 was not

observed in cells expressing K3Q SIRT6 compared to control

cells (Figure 6A). This suggests that ZEB2 is potentially targeted

by SIRT6 in NSCLC cells and might be regulated by the acetyla-

tion status of SIRT6.

ZEB2 has been shown to implicate in NSCLC, and the sup-

pression of ZEB2 could inhibit the tumorigenic properties of

NSCLC cells.35–41 The reduced transcription of ZEB2 in WT

and K3R SIRT6-expressing NSCLC cells was further validated

by qPCR, whereas such transcriptional repression of ZEB2

was significantly attenuated in acetylation-mimetic K3Q SIRT6-

expressing cells (Figure S4A). In line with this, acetylation-

mimetic K3Q SIRT6 displayed a reduced ability in repressing

ZEB2 protein expression in NSCLC cells (Figure S4B). In addi-

tion, we observed that the mRNA and protein levels of ZEB2

were significantly restored when MOF was introduced into

NSCLC cells with stable SIRT6 expression, although expressing

MOF alone has no impact on the expression of ZEB2

(Figures S4C and S4D). Moreover, analysis of mRNA expression

using The Cancer Genome Atlas LUAD and LUSC (lung adeno-

carcinoma and lung squamous cell carcinoma) data cohorts re-

vealed a significant negative correlation between SIRT6 and

ZEB2 expression (Figure S4E). To test whether SIRT6 indeed

suppresses tumorigenic properties of NSCLC cells through re-

pressing ZEB2, we established A549 and H1299 NSCLC cells
Figure 4. Acetylation-mimetic mutation of SIRT6 attenuates its tumor-

(A) Cell lysates from A549 and H1299 NSCLC cells with stable expression of contro

antibodies against FLAG and actin.

(B and C) A549 and H1299 cells with stable expression of indicated plasmids were

represent mean ± SEM (n = 3), calculated using two-tailed Student’s t test. *p <

(D) H1299 cells with stable expression of indicated plasmids were subjected to cel

Student’s t test. **p < 0.01.

(E and F) A549 (E) and H1299 (F) cells with stable expression of indicated plasm

images. Scale bars, 200 mm. (Right) Data represent the mean ± SEM (n = 3), calc
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with stable knockdown of ZEB2 (Figure S5A). Intriguingly,

depleting ZEB2 abolished the SIRT6 ability in repressing the col-

ony-formation potential in NSCLC cell lines (Figure S5B). In addi-

tion, reconstitution of ZEB2 in SIRT6-expressing NSCLC cells

partially restored the proliferation, colony formation, cell migra-

tion, and cell invasion of NSCLC cells suppressed by SIRT6

(Figure S6A–S6H). These results indicated that SIRT6 exerts its

tumor-suppressive function, at least partially, through the tran-

scriptional repression of ZEB2 in NSCLC cells.

Taken together, these findings suggested that ZEB2 is a

downstream target of SIRT6 in NSCLC cells and thatMOF-medi-

ated acetylation attenuates SIRT6-repressive activity against

ZEB2 transcription.
Acetylation by MOF dampens the interaction between
SIRT6 and FOXA2 and decreases SIRT6 recruitment to
the promoter of ZEB2
We next sought to determine how SIRT6 suppresses the tran-

scription of ZEB2 in NSCLC cells and the role of MOF-mediated

acetylation of SIRT6 in this process. It was previously reported

that SIRT6 interacts with transcriptional factor FOXA2 and re-

presses ZEB2 transcription in hepatocellular carcinoma cells.42

However, the underlying mechanism regarding how SIRT6 co-

operates with FOXA2 to repress ZEB2 transcription and how

MOF regulates such a process remain elusive. To test whether

acetylation by MOF affects the interaction between SIRT6 and

FOXA2, we performed co-immunoprecipitation assays to

examine the interaction between FLAG-tagged WT, K3R, or

K3Q SIRT6 with endogenous FOXA2 in A549 cells. As shown

in Figure 6B, K3Q SIRT6 exhibited a reduced binding capability

with endogenous FOXA2 compared to that of WT and K3R

SIRT6. The interaction between FLAG-SIRT6 and endogenous

FOXA2 in A549 cells was largely impaired in the presence of

MOF, accompanied by enhanced acetylation of FLAG-SIRT6

(Figure 6C). Interestingly, expression of HDAC1 counteracted

the reduced interaction between SIRT6 and FOXA2 induced by

MOF (Figure S7A). These results indicated that MOF-mediated

acetylation of SIRT6 jeopardizes the interaction between SIRT6

and FOXA2 in NSCLC cells.

It is well established that SIRT6 acts as a co-repressor of

several transcriptional factors such as NF-kB,5 c-Myc,7

HIF1a,6 and c-Jun,43 facilitating the repression of downstream

target genes by deacetylating H3K9ac and H3K56ac at the pro-

moter regions. As SIRT6 interacts with FOXA2, it is plausible that

SIRT6 may act as a co-repressor of FOXA2 and thus suppress

ZEB2 transcription by a similar mechanism. To test this hypoth-

esis, we first performed chromatin immunoprecipitation (ChIP)

analysis with anti-FLAGM2 beads followed by qPCR to evaluate
suppressive activity in NSCLC cells

l vector, WT, or various mutant SIRT6 were subjected to western blotting using

examined for cell viability over 5 days (B) and in vitro colony formation (C). Data

0.05, **p < 0.01, ***p < 0.001.

l-cycle analysis. Data represent mean ±SEM (n = 3), calculated using two-tailed

ids were examined for cell migration and cell invasion. (Left) Representative

ulated using two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.



Figure 5. Acetylation by MOF attenuates SIRT6 tumor-suppressive function in NSCLC cells

(A) Cell lysates from A549 and H1299 cells with stable expression of indicated plasmids were subjected to immunoprecipitation with anti-FLAG beads; the

precipitates and the whole-cell lysates were applied to western blotting analysis using indicated antibodies.

(B and C) A549 and H1299 cells generated in (A) were subjected to cell viability assay over 5 days (B) and in vitro colony-formation assay (C). Data represent

mean ± SEM (n = 3), calculated using two-tailed Student’s t test. *p < 0.05.

(legend continued on next page)
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the binding of Flag-tagged WT and K3Q SIRT6 proteins to the

promoter regions of ZEB2 in A549 cells (Figure 6D). As shown

in Figure 6E, while WT SIRT6 efficiently bound to the ZEB2 pro-

moter region, the acetylation-mimetic K3Qmutation significantly

attenuated the association of SIRT6 with this locus, suggesting

that acetylation of SIRT6 impairs its recruitment to the ZEB2 pro-

moter in NSCLC cells. As expected, the expression ofWT or K3R

SIRT6 markedly reduced H3K9ac and H3K56ac levels at the

ZEB2 promoter region (Figure 6F). In contrast, K3Q mutation

significantly attenuated the reduction in H3K9ac and H3K56ac

at the same locus (Figure 6F), most likely as a consequence of

the reduced association of K3Q SIRT6 with the ZEB2 promoter.

In line with these observations, the association of SIRT6 with the

ZEB2 promoter was markedly attenuated in the presence of

exogenous MOF (Figure 6G), accompanied by a significant in-

crease of H3K9ac and H3K56ac levels at the same locus (Fig-

ure 6H). These data demonstrated that MOF-mediated acetyla-

tion impairs the binding of SIRT6 to the ZEB2 promoter, leading

to reduced deacetylation of H3K9ac and H3K56ac at ZEB2 pro-

moter regions.

Taken together, these results suggested that SIRT6 functions

as a co-repressor of FOXA2 to suppress ZEB2 transcription in

NSCLC cells by deacetylating H3K9ac and H3K56ac at the

ZEB2 promoter region. MOF-mediated acetylation impairs the

interaction between SIRT6 and FOXA2, leading to the decreased

association of SIRT6 at the promoter of ZEB2, which in turn ac-

tivates ZEB2 transcription.

MOF-mediated acetylation impairs the tumor-
suppressive efficacy of SIRT6 in vivo

We next sought to determine whether MOF-mediated acetyla-

tion decreases SIRT6 tumor-suppressive efficacy in vivo in

NSCLC. To this end, H1299 cells stably expressing control vec-

tor, FLAG-tagged WT, K3R, or K3Q SIRT6 were inoculated sub-

cutaneously into nudemice to allow tumor formation for 40 days.

As shown in Figures 7A–7C, expression ofWT or K3R SIRT6 sub-

stantially decreased the xenograft tumor formation in mice.

However, acetylation-mimetic K3Qmutation attenuated such tu-

mor-suppressive effects of SIRT6. Interestingly, depletion of

MOF was able to enhance the ability of exogenous SIRT6 in re-

pressing the colony-formation potential in vitro and the tumor-

formation potential in vivo of the NSCLC cells (Figures S7B,

S7C, and 7D–7F). These results indicated that MOF may affect

the tumor-suppressive efficacy of SIRT6 both in vitro and in vivo

in NSCLC through acetylation. Importantly, in agreement with

the results in vitro, we also observed that depletion of ZEB2 is

sufficient to abolish the tumor-suppressive efficacy of exoge-

nous SIRT6 in vivo (Figures 7G–7I). Together, these results

demonstrated a role for the MOF-SIRT6-ZEB2 axis in regulating

NSCLC progress.

In line with the data obtained from NSCLC cell lines, elevated

SIRT6 acetylation with concomitant MOF expression was also

observed in human NSCLC tumor samples (Figure 7J). In addi-
(D) H1299 cells generated in (A) were subjected to cell-cycle analysis. Data r

***p < 0.001.

(E and F) A549 (E) and H1299 (F) cells generated in (A) were examined for cell migra

Data represent mean ± SEM (n = 3), calculated using two-tailed Student’s t test,
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tion, preliminary results showed that increased acetylation of

SIRT6 and MOF expression were observed in NSCLC tumor

samples when compared with adjacent normal tissues (Fig-

ure 7K). These data provided further evidence for the critical

role of SIRT6 in the development and progression of NSCLC

through MOF-mediated acetylation, although further studies

are necessary to systemically examine the potential correlation

between the acetylation of SIRT6 and NSCLC progression.

DISCUSSION

In this study, we unveiled a novel mechanism by which SIRT6 tu-

mor-suppressive function in NSCLC cells is regulated through

MOF-mediated acetylation. Apart from MOF, p300 also induced

SIRT6 acetylation to a lesser extent based on western blotting

analysis (Figure 1D). However, whether p300 targets the same

residues on SIRT6 remains unknown. Indeed, in addition to

K128, K160, and K267, our mass spectrometry analysis sug-

gested several other potential acetylated residues on SIRT6

such as K17, K170, K245, and K300. Therefore, it is plausible

that p300 may target other residues on SIRT6 for acetylation.

Interestingly, a previous report showed that SIRT6 is acetylated

at K33.20 However, K33 was not identified as an acetylated res-

idue on SIRT6 by MOF in the present study. Therefore, this res-

idue may not be the target of MOF or a major acetylation site of

SIRT6 by MOF. Alternatively, p300 or other acetyltransferases

not included in this study may potentially be responsible for

SIRT6 K33 acetylation, which warrants further investigations.

On the other hand, although SIRT1 was shown to deacetylate

SIRT6 at K33,20 our results show that SIRT1 failed to affect

MOF-mediated acetylation of SIRT6. In contrast, we observed

that HDAC1 could efficiently deacetylate MOF-mediated SIRT6

acetylation both in the cells and in vitro. These results indicated

that different deacetylases may catalyze SIRT6 deacetylation at

specific sites. Likewise, different acetyltransferases may target

specific sites on SIRT6 for acetylation. These intriguing observa-

tions suggest that complex yet precise regulatory mechanisms

may exist in cells to modulate SIRT6 activity and function in

response to diverse cellular stimuli.

Higher nuclear expression of SIRT6 was reported to be asso-

ciated with elevated overall survival rate in NSCLC patients.44,45

However, contradictory results were also reported in a study

comprising 12 NSCLC patients.46 The fact that acetylation

dampens SIRT6 tumor-suppressive function as observed in

this study suggests that the level of SIRT6 expression alone

may not necessarily reflect the functionality of SIRT6 in tumor

growth and progression. The PTMs of SIRT6 should also be

taken into consideration. On the other hand, even though many

types of cancer have been observed to have reduced expression

of MOF, increased expression of MOF has been shown in

NSCLC31–33 and likely promotes NSCLC development through

direct regulation of SKP2 transcription.33 Based on the results

from the current study, we propose a novel mechanism by which
epresent mean ± SEM (n = 3), calculated using two-tailed Student’s t test.

tion and cell invasion. (Left) Representative images. Scale bars, 200 mm. (Right)

***p < 0.001.
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MOF acetylates and attenuates SIRT6 tumor-suppressive func-

tion in NSCLC. Specifically, MOF-mediated acetylation compro-

mises the interaction between SIRT6 and FOXA2, resulting in

increased H3K9ac and H3K56ac at the ZEB2 promoter, which

in turn transcriptionally activates ZEB2, thereby promoting the

tumorigenic properties of NSCLC cells (Figure 7L). Thus, our

findings uncovered an alternative mechanism by which MOF po-

tentiates NSCLC progression through post-translational modu-

lation of SIRT6.

Accumulating evidence indicates that SIRT6 may transcription-

ally inhibit specific downstream genes in specific cancer types to

achieve its tumor-suppressive function.7,11,34 Surprisingly, the

downstream targets of SIRT6 in NSCLC cells have not been sys-

temically determined. In this study, we identified ZEB2 as a poten-

tial downstream target of SIRT6 in NSCLC cells. Compared toWT

SIRT6, acetylation-mimetic K3QSIRT6 exhibited a reduced ability

to repress ZEB2 transcription in two NSCLC cells lines, suggest-

ing that the repressive effect of SIRT6 on ZEB2 is regulated by its

acetylation status. It is worth noting that reconstitution of ZEB2

only partially eliminated the SIRT6 tumor-suppressive function in

NSCLC cells, indicating that SIRT6 may suppress NSCLC pro-

gression by modulating genes other than ZEB2. Indeed, our

RNA-seq analysis also identified several other genes that may

potentially be repressed by SIRT6 in NSCLC such as CSF1, the

downregulation of which has been shown to inhibit NSCLC cell

proliferation and in vivobone invasion.47 Future studies are neces-

sary to determine whether SIRT6 can modulate other genes

including CSF1 in NSCLC cells.

In this study, we showed that SIRT6 interacts with FOXA2 and

acts as a co-repressor to repress ZEB2 transcription in NSCLC

cells. Acetylation by MOF dampened the interaction between

SIRT6 and FOXA2, thereby activating ZEB2 transcription. Acet-

ylation is known to disrupt protein-protein binding as seen in the

regulation of p53-SET interaction.48 Therefore, acetylation may

block the interacting surface of SIRT6 with FOXA2 by neutral-

izing the positive charge of K128, K160, and K267 on SIRT6,

thus hindering the interaction between the two proteins. The ul-

timate elucidation of the mechanism underlying the disrupted

interaction between SIRT6 and FOXA2 requires structural anal-

ysis of the complex. FOXA2 is a transcriptional factor that plays

a regulatory role in multiple biological processes such as early

development, metabolism homeostasis, and tumor metas-
Figure 6. MOF-mediated acetylation dampens SIRT6 binding with FOX

scription

(A) Volcano plots showing global transcriptomic changes in WT vs. control (Ctrl),

lines. The top five differentially expressed genes (DEGs) were labeled. The full D

(B) Co-immunoprecipitation assay examining the interaction between FLAG-SIR

were pulled down with FLAG antibodies, and the immunoprecipitants were subje

(C) Co-immunoprecipitation assay examining the interaction between FLAG-SIRT

MOF using a strategy similar to that in (B).

(D) Schematic representation of the ChIP-qPCR primer design within the human

(E and F) ChIP-qPCR analysis of the occupancy of WT and K3Q mutant FLAG-S

ZEB2 gene in H1299 cells stably expressing the indicated plasmids. Data represe

***p < 0.001.

(G) ChIP-qPCR analysis of the occupancy of FLAG-SIRT6 in the presence or abse

Data represent mean ± SEM (n = 3), calculated using two-tailed Student’s t test.

(H) ChIP-qPCR analysis of H3K9ac and H3K56ac enrichment at the promoter reg

cells expressing FLAG-SIRT6. Data represent mean ± SEM (n = 3), calculated us
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tasis.49,50 As SIRT6 is also implicated in these processes and

may act as a co-repressor of FOXA2, it will be of great interest

to investigate whether SIRT6 also synergistically cooperates

with FOXA2 to regulate the transcription of FOXA2-targeted

genes in other biological processes.

In the current study, we observed increased SIRT6 acetylation

with concomitant higher MOF expression in NSCLC patient tu-

mor samples compared to the adjacent normal tissues (Fig-

ure 7K). These results, though preliminary, indicated that poten-

tial increased SIRT6 acetylation and higher expression of MOF

may promote NSCLC development. Together with the data ob-

tained fromA549 andH1299 cell lines, these resultsmay suggest

a potential therapeutic implication. For instance, the levels in

MOF expression and SIRT6 acetylation may serve as a prog-

nostic indicator for NSCLC. On the other hand, interference in

the interaction between MOF and SIRT6 by small molecules

may provide an effective therapeutic strategy in the treatment

of NSCLC, especially in patients with high MOF-expression

levels. Thus, the MOF-SIRT6-FOXA2-ZEB2 axis may represent

a promising target in drug screening for NSCLC.

Taken together, the results of this study demonstrated that

MOF is an acetyltransferase for SIRT6. MOF-mediated SIRT6

acetylation significantly inhibited SIRT6 deacetylase activity

without affecting its nuclear localization and protein stability.

Functionally, acetylation by MOF attenuated SIRT6 tumor-sup-

pressive activity in NSCLC by compromising the binding of

SIRT6 with FOXA2, thus activating ZEB2 transcription. Our find-

ings provide insights into the development of new therapeutic

strategies by targeting SIRT6 acetylation in NSCLC.

Limitations of the study
To identify the upstream acetyltransferase of SIRT6, we only

tested the ability of MOF, p300, TIP60, and GCN5 on inducing

SIRT6 acetylation in cells. However, there are more acetyltrans-

ferases apart from the tested ones and we cannot exclude the

possibility that other untested acetyltransferases may also be

able to acetylate SIRT6. Future studies may test whether other

acetyltransferases also induce SIRT6 acetylation at other sites

and investigate its biological functions. On the other hand, we

only employed limited pairs of NSCLC patient tissues to check

the MOF and SIRT6 acetylation levels. This is because the

endogenous SIRT6 acetylation is extremely difficult to detect in
A2 and attenuates SIRT6 co-repressive activity against ZEB2 tran-

K3R vs. Ctrl, and K3Q vs. Ctrl determined by RNA-seq in A549 and H1299 cell

EG dataset is listed in Table S2.

T6 WT, K3R, or K3Q and the endogenous FOXA2 in A549 cells. FLAG-SIRT6

cted to western blotting analysis using indicated antibodies.

6 and the endogenous FOXA2 in A549 cells in the presence or absence of Myc-

ZEB2 promoter region. TSS, transcription start site.

IRT6 (E) or H3K9ac and H3K56ac enrichment (F) at the promoter region of the

nt mean ± SEM (n = 3), calculated using two-tailed Student’s t test. **p < 0.01,

nce of MOF expression in the promoter region of the ZEB2 gene in H1299 cells.

**p < 0.01.

ion of the ZEB2 gene in the presence or absence of MOF expression in H1299

ing two-tailed Student’s t test. *p < 0.05, **p < 0.01.



(legend on next page)

Cell Reports 42, 112939, August 29, 2023 13

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
the patient tissues, and to maximally ensure that the results

reflect the real in vivo situation, the tumor and the adjacent

normal lung tissue samples were all freshly obtained from

NSCLC patients who had just undergone surgery and were

immediately applied to experiments. This largely limited the

sample availability. Future studies should include more tissue

samples to systemically test the potential correlation between

the acetylation of SIRT6 and MOF expression and their relation-

ship with NSCLC progression.
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SuperSignal West Pico PLUS ECL Substrate Thermo Fisher Cat#34580

RNAiso Plus Takara Cat#9109

TB Green Premix Ex Taq Takara Cat#RR420A

Lenti-X Concentrator Takara Cat#631232

Resazurin Sodium Salt Powder Sigma-Aldrich Cat#R7017

Fluorescence Mounting Medium Dako Cat#S3023

Propidium Iodide Solution BioLegend Cat#421301

RNase A Sigma-Aldrich Cat#R4875

Critical commercial assays

High-Capacity cDNA Reverse Transcription Kit Applied Biosystem Cat#4374966

QuikChange II XL Site-Directed Mutagenesis Kit Agilent Technologies Cat#200522

SimpleChIP� Enzymatic Chromatin IP Kit Cell Signaling Cat#91820

Deposited data

Raw RNA-sequencing data this study GEO: GSE212057

Experimental models: Cell lines

HEK293 ATCC CRL-1573

A549 ATCC CCL-185

H1299 ATCC CRL-5803

Experimental models: Organisms/strains

Mouse: BALB/C-NUDE SLAC Strain# BALB/cASlac-nu

Oligonucleotides

Human MOF siRNA Santa Cruz Cat#SC-37129

Human MOF shRNA: CGAAAT

TGATGCCTGGTATTT

This paper N/A

Human ZEB2 shRNA: CCCAC

CATGAATAGTAATTTA

This paper N/A

Human HDAC1 sgRNA-1:

CACCGCGACATGTTATCT

GGACGGA

This paper N/A

qRT-PCR Primer: Human ZEB2

Forward: AACCATGAGTCCTCCCCACA

This paper N/A

qRT-PCR Primer: Human ZEB2

Reverse: GTCTTCCTTCATTTCTTCTGGACC

This paper N/A

qRT-PCR Primer: Human Actin

Forward: ACAGAGCCTCGCCTTTGC

This paper N/A

qRT-PCR Primer: Human Actin

Reverse: ATCATCCATGGTGAGCTGGC

This paper N/A

ChIP-qRT-PCR Primer: Human ZEB2

Promoter Region 1 Forward:

GAAGGGAGGGAGGTGGAATTT

This paper N/A

ChIP-qRT-PCR Primer: Human ZEB2

Promoter Region 1 Reverse:

CGCCAAGTTTCTCTCTGGGAA

This paper N/A

ChIP-qRT-PCR Primer: Human ZEB2

Promoter Region 2 Forward:

ACTATCTGGATTGAGGACCCG

This paper N/A

ChIP-qRT-PCR Primer: Human ZEB2

Promoter Region 2 Reverse:

TGGCATCATTATCCTCATCACT

This paper N/A

Recombinant DNA

FLAG-SIRT6 North et al.51 Addgene plasmid # 13817

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FLAG-SIRT6 H133Y Tennen et al.9 N/A

FLAG-SIRT6 domain deletion mutants

(DC, DN, core, CTE, NTE)

Tennen et al.9 N/A

FLAG-SIRT6 mutation (K17R, K128R,

K160R, K170R, K245R, K267R, K300R,

K128/160R, K128/267R, K160/267R, K3R, K3Q)

This paper N/A

Myc-MOF This paper N/A

Myc-MOF K274R This paper N/A

FLAG-HATs (MOF, Tip60, GCN5) This paper N/A

HA-p300 This paper N/A

His-HDAC1 This paper N/A

FLAG-HDACs (HDAC1-5) This paper N/A

FLAG-HDAC1 H141A This paper N/A

HA-SIRT1 This paper N/A

HA-SIRT1 H363Y This paper N/A

GST-MOF This paper N/A

pET–28a (+) Novagen Cat#69864

His-SIRT6 This paper N/A

His-HDAC1 This paper N/A

His-HDAC2 This paper N/A

pLenti-CMV-GFP-Neo Campeau et al.52 Addgene plasmid #17447

pLenti-CMV-GFP-Zeo Campeau et al.52 Addgene plasmid #17449

pLenti-CMV-SIRT6-Neo This paper N/A

pLenti-CMV-MOF-Zeo This paper N/A

pLenti-CMV-ZEB2-Zeo This paper N/A

PX459 Ran et al.53 Addgene plasmid #62988

PX459-HDAC1-KO This paper N/A

pLKO.1 Stewart et al.54 Addgene plasmid #8453

pLKO.1-shMOF This paper N/A

pLKO.1-shZEB2 This paper N/A

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com

Other

None None None
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Zhongjun

Zhou (zhongjun@hku.hk).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
d The raw RNA-sequencing data have been deposited at the Gene Expression Omnibus (GEO) and are publicly available with the

accession number GSE212057.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

NSCLC patient samples
All NSCLC tissues and paired normal tissues were obtained fromGuangdong Provincial People’s Hospital & Guangdong Academy of

Medical Sciences, Guangzhou, China. All patients are male. Informed written consent was obtained from all patients. Our study was

approved by the Ethics Committee of Guangdong Provincial People’s Hospital (Guangzhou, China).

Cell lines
HEK293, A549, and H1299 cells were obtained from American Type Culture Collection (ATCC). HEK293 cells weremaintained in Dul-

becco’s modified Eagle medium (Gibco, 12-800-017), A549 and H1299 cells were maintained in RPMI-1640 (Sigma-Aldrich, Cat:

#R6504) and. All culture mediums were supplemented with 10% fetal bovine serum (Gibco, Cat: 10270106) and cells were cultured

at 37�C with 5% CO2.

HDAC1 knockout HEK293 cells were generated by transient transfection of PX459-HDAC1-KO plasmid followed by selection with

puromycin. A549 and H1299 cells stably expressing FLAG-SIRT6WT, FLAG-SIRT6 K3R, FLAG-SIRT6 K3Q, Myc-MOF or ZEB2 were

generated by infecting with lentivirus followed by selection with geneticin or zeocin.

METHOD DETAILS

Plasmid constructs and siRNA
pcDNA3.1-SIRT6-FLAG (#13817) was purchased from Addgene. FLAG-tagged SIRT6 catalytically inactive mutant and domain dele-

tionmutant constructs of SIRT6were kindly provided byDr. Katrin Chua (Stanford School ofMedicine, USA). Myc-MOFwasmade by

cloning the human MOF coding sequence into the pcDNA3.1-Myc-His vector. FLAG-MOF, FLAG-GCN5, and FLAG-Tip60 were

made by cloning indicated coding sequence into pcDNA3-FLAG vector. HA-p300 was a gift from Dr. Zhenkun Lou (Mayo Clinic Col-

lege of Medicine, USA). FLAG-SIRT6, Myc-MOF, and FLAG-HDAC1 mutants were constructed by site-specific mutagenesis using

QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies, #200522) according to the manufacturer’s instructions. HA-

tagged wild-type and catalytically inactive SIRT1 were made by cloning human SIRT1 coding sequence into pcDNA3.1-HA vector.

FLAG-HDAC1-5 weremade by cloning human HDAC1-5 coding sequence into pcDNA3-FLAG vector. GST-MOFwasmade by clon-

ing the corresponding MOF DNA fragments into the pGEX-6p-1 vector. His-SIRT6, His-HDAC1 and His-HDAC2 were made by clon-

ing the corresponding DNA fragments into the pET–28a (+) vector. pLenti-CMV-GFP-Neo (#17447), pLenti-CMV-GFP-Zeo (#17449)

were obtained from Addgene. FLAG-SIRT6, Myc-MOF, and ZEB2 plasmids for lentivirus production were made by cloning the cor-

responding DNA fragments into pLenti-CMV-GFP-Neo or pLenti-CMV-GFP-Zeo vector by replacing the coding sequence of GFP.

PX459-HDAC1-KO plasmid was made by cloning the target DNA sequence of human HDAC1 into a PX459 vector. All the generated

vectors were verified by Sanger sequencing. Small interfering RNA (siRNA) directed against MOF was obtained from Santa Cruz (sc-

37129). All shRNA sequences were retrieved from the GPPWeb portal (Broad Institute), annealed and cloned into the pLKO.1 vector.

Co-immunoprecipitation and Western bolt
To analyze the interaction between SIRT6 and MOF, FLAG epitope-tagged SIRT6 or MOF was transfected into HEK293 cells using

polyethyleneimine (PEI, Polysciences). Cells were harvested and lysed 48 h after transfection with pre-chilled lysis buffer (50 mM

Tris pH 7.5, 1 mM EDTA, 350 mM NaCl and 1% NP40) supplemented with phosphatase inhibitor and protease inhibitor cocktail

(Roche, Cat: 04693132001). The cell lysates were then transferred to a 1.5 mL Eppendorf tube and briefly sonicated at 25% ampli-

tude for 20 s followed by centrifugation at 15,000 rpm for 15 min at 4�C. After centrifugation, the supernatants were transferred to

a new 1.5 mL Eppendorf tube and 10% of the total lysates were saved as input control. The remaining supernatants were sup-

plemented with 40 mL of anti-FLAG M2 beads (Sigma-Aldrich, Cat: #M8823) and rotated overnight at 4�C. Beads were then

collected and washed thrice with lysis buffer. Immunoprecipitated proteins were eluted with lysis buffer containing 2 mg/mL

FLAG peptide (GL Biochem Cat: 180688). The supernatant containing the immunoprecipitated proteins were then collected

and protein samples subjected to western blotting analysis were obtained by adding 43 Laemmli sample buffer (BioRad) into

the supernatant and boiled for 10 min. For the analysis of the endogenous interaction between SIRT6 and MOF, 2 mg of corre-

sponding antibodies were added to the supernatant and collected after sonication. The remaining steps followed the same pro-

cedures as described above.

For western blotting, cells were washed twice with PBS to remove residual culture medium. Cells were then lysed by directly add-

ing 23 Laemmli sample buffer (BioRad) containing protease inhibitor cocktail (Roche, Cat: 04693132001) into the culture dish and

then lysed for 10 min on a rotator at 4�C. The cell lysates were then transferred to a 1.5 mL Eppendorf tube and boiled at 100�C
for 15min followed by centrifugation at 13,000 rpm for 1min. A desired amount of cell lysates was resolved by SDS-PAGE, whereafter

the resolved proteins were then transferred onto PVDF membranes (Millipore, Cat: IPVH00010). After overnight incubation, mem-

branes were washed three times with PBST and then incubated with secondary antibody at room temperature for one hour. Mem-

branes were then washed three times with PBST and target proteins were visualized on X-ray films using SuperSignal West Pico

PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, Cat: #34580).
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In vitro binding assay
To examine the direct interaction between SIRT6 and MOF, 20 mL of Glutathione Sepharose beads (GE Healthcare) were first incu-

batedwith approximately 2 mg of recombinant GST proteins or GST-fused humanMOFproteins in binding buffer (50mMTris-HCl, pH

8.0, 150mMNaCl) at 4�C for 1 h. The beads were then washed thrice with binding buffer and approximately 2 mg of recombinant His-

SIRT6 proteins were added into both tubes. The tubes were then placed on a rotator at 4�C to allow binding overnight. Beads were

washed three times with binding buffer and boiled for 10 min to allow the elution of the proteins in 100 mL of Laemmli Loading Buffer

(Bio-Rad). The proteins recovered from the beads were then resolved by SDS-PAGE and analyzed by western blotting.

Mass spectrometry-based identification of SIRT6 acetylation sites by MOF
To identify the MOF target acetylation sites on SIRT6, HEK293 cells cultured in 15 cm-dish were co-transfected with Myc-MOF and

FLAG-SIRT6 for 48 h. Cells were then lysed with lysis buffer (50 mM Tris pH 7.5, 1 mM EDTA, 500 mM NaCl, and 1% NP40) supple-

mented with protease inhibitor cocktail, followed by a brief sonication to release all the nuclear proteins. After centrifugation at

12,000 rpm for 15 min at 4�C, the supernatants containing the whole cell lysates were incubated with anti-FLAG beads (Sigma-

Aldrich, Cat: #M8823) overnight at 4�C. The beads were then washed with lysis buffer five times. The enriched FLAG-SIRT6 proteins

were eluted from the beads with lysis buffer containing 2 mg/mL FLAG peptide. The immuno-purified FLAG-SIRT6 were then

resolved in 10% SDS-PAGE gel and stained with Coomassie blue solution. The bands corresponding to SIRT6 were cut down

and subjected to LC–MS/MS for analysis.

Protein purification
For histone purification from cells, cells were lysed in histone extraction buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% Triton

X-100) supplemented with protease inhibitor cocktail for 10 min at a 4�C on a rotator. Cell lysates were centrifuged at 2, 000 rpm for

10 min at 4�C and the supernatant was aspirated. The pellets were washed once with pre-chilled histone extraction buffer and re-

suspended in 200 mL of 0.2 N HCl to extract histone overnight. The samples were then centrifuged at 2, 000 rpm for 10 min at

4�C and the supernatant containing the extracted histone was collected and stored at �80�C.
The construction of plasmids used for protein purification was as described above. The plasmids were transformed into Escher-

ichia coli strain Rosetta DE3 (Novagen) and the expression of recombinant proteins was induced by 0.3 mM IPTG at 16�C overnight.

The bacteria were collected by centrifugation at 4, 000 rpm for 30 min and re-suspended in Buffer A (20 mM Tris, 150 mM NaCl, pH

7.4). After brief sonication (in the presence of lysozyme and PMSF), the supernatant containing the recombinant proteins was

collected by centrifugation at 18, 000 rpm for 40 min at 4�C. Purification of recombinant proteins was achieved by incubating the

supernatant with glutathione agarose beads (Thermo Scientific, #16101) or Ni-NTA Agarose (Thermo Scientific, R90115) at 4�C
for 1 hour. The beads were then washed thrice and the recombinant proteins were eluted in Buffer B (20 mM Tris, 150 mM NaCl,

50 mM glutathione or 250 mM imidazole, pH 7.4) at 4�C for 30 min. The eluted protein was concentrated with Amicon Ultra-4 filter

(Millipore, UFC801024) and a final concentration of 25% glycerol was added for storage at �80�C.

In vitro deacetylation assay
For histone deacetylation assay, approximately 5 mg of eluted wild-type or mutated FLAG-SIRT6 was incubated with 2 mg of purified

histones fromHEK293 cells in deacetylation assay buffer (50mMTris-HCl, pH 8.0, 150mMNaCl, 4mMMgCl2, 2mMNAD+ and 1mM

DTT) to make the final volume 50 mL for 4 hours at 30�C. After incubation, 43 Laemmli sample buffer (BioRad) was added to the sam-

ple. The samples were then boiled for 15 min and directly subjected to western blotting analysis. The eluted SIRT6 was obtained by

overexpressing FLAG-tagged wild-type or mutated SIRT6 in HEK293 cells followed by a FLAG pull-down using anti-FLAG beads

(Sigma-Aldrich, Cat: #M8823). The FLAG-tagged SIRT6 proteins were then eluted with 2 mg/mL FLAG peptide (GL Biochem Cat:

180688).

For the SIRT6 deacetylation assay, FLAG-SIRT6 was co-expressed with Myc-MOF in HEK293 cells followed by elution with FLAG

peptide and used as the substrate for the assay. Eluted FLAG-SIRT6 was incubated with about 2 mg of purified His-HDAC1 or His-

HDAC1 in the deacetylation assay buffer (10 mM Tris–HCl pH 8.0, 10 mM NaCl) at 30�C for 4 hours. The reaction mixtures were then

resolved by SDS-PAGE and analyzed by western blotting.

Establishment of stable knockout cells using the CRISPR/Cas9 system
Single guide RNA (sgRNA) target sequences ofHDAC1were cloned into the PX459 vector system after annealing. HEK293 cells were

transiently transfected with PX459-HDAC1-KO plasmid and treated with puromycin 24 hours post-transfection to allow the selection

of successfully transfected cells for 48 hours. Cells were then seeded in a very low density to allow single colony formation. Single

colonies were then picked and cell lysates were collected subject to western blotting to check the HDAC1 protein level.

RNA-sequencing
Total RNA was prepared using RNAiso Plus (Cat: #9109) following the manufacturer’s instructions. After library construction, the li-

brary were sequenced using illumina HiSeq X Ten platform and 150 bp paired-end reads were generated. The library construction

and the RNA-sequencing were conducted by NOVOGENE (HK) COMPANY LIMITED.
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Bioinformatics pipeline
Raw reads were first checked for quality with FastQC (Babraham Bioinformatics) followed by trimming of the adapters (12 bp) with

Cutadapt.55 Thereafter, alignment to the Human Genome Reference Consortium Human Build 38 (GRCh38) was carried out with

STAR.56 Then, transcript abundance was summarized at the gene level with featureCounts57 to generate an expression matrix.

Only genes with a total of at least three reads across all the samples were considered for differential expression analysis with DE-

Seq2.58 Genes with an adjusted p-value <0.05 and |log2(fold change)|>log2(1.5) = 0.58 were considered as differentially expressed.

The top five DEGs were ranked by the adjusted p-value.

Quantitative PCR
The total RNA from cells was prepared using RNAiso Plus (Cat: #9109) following the manufacturer’s instructions. For reverse tran-

scription, 1 mg of total isolated RNA was used to generate cDNA using High-Capacity cDNA Reverse Transcription Kit (Applied Bio-

systems Cat: #4374966). quantitative-PCR (qPCR) reactions were performed with the StepOnePlus Real-Time PCR System in a

96-well format. The reaction mixture was made with TAKARA TB Green Premix Ex Taq (Cat: #RR420A). For each sample, triplicate

reactions were performed and the expression level of interested markers was normalized to actin levels.

Immunofluorescence staining
For immunofluorescence staining, cells were plated on glass coverslips and cultured in 24-well plates. After aspirating the culture

medium, cells were fixed with 4% paraformaldehyde in PBS at room temperature for 15 min. Cells were washed twice with PBS

and permeabilized with 0.1% Triton X-100 in PBS at room temperature for 10 min. Cells were then blocked in 5% bovine serum al-

bumin (BSA) in PBS for 1 hour at room temperature. The immuno-staining was achieved by incubating the cells with anti-FLAG anti-

body diluted in 5% BSA in PBS overnight at 4�C. After washing three times with PBS, cells were incubated with the secondary anti-

body coupled to AlexaFluor 488 at room temperature for 1 hour. Cells were then washed three times with PBS followed by adding

Hoechst 33342 for 1 min at room temperature to observe the nuclei. Cells were then washed three times with PBS followed by

mounting with Dako Fluorescence Mounting Medium (Cat: #S3023). The coverslips were then transferred to glass slides and sealed

with nail polish. The slides were kept in the dark prior to confocal imaging by Carl Zeiss LSM 780 Confocal Microscope.

Chromatin immunoprecipitation (ChIP) assay
Chromatin Immunoprecipitation (ChIP) assaywas performedusing SimpleChIP Enzymatic Chromatin IPKit fromCell Signaling (#91820)

(hereinafter referred to as the ‘‘Kit’’) with some modifications. For one ChIP reaction, half of the 15 cm dish of cells were used. Briefly,

cells were crosslinked by incubating in 1% formaldehyde at room temperature for 10 min and quenched in 0.125 M glycine for 5 min.

After washing twice with ice-cold PBS, the crosslinked cells were scratched out from the culture plate, re-suspended and lysed in ChIP

lysis buffer (20 mM Tris-HCl pH 7.5, 85 mM KCl, 1% NP40). Chromatin were digested by directly adding the appropriate amount of

micrococcal nuclease (NEB, #M0247) into the cell lysates and incubated in a 37�C water bath for 30 min. A pre-test experiment was

carried out to determine the optimized amount of micrococcal nuclease added for one ChIP reaction. In the current experiment,

0.75 mL of micrococcal nuclease was added to digest chromatin from half 15-cm dish of cells. Digestion was stopped by adding

10 mM final concentration of EDTA on ice. Antibodies (2 mg) directed against H3K9ac or H3K56ac and beads (as provided in the Kit)

were then added and the immunoprecipitation was performed overnight at 4�C on a rotator. On the following day, beads were washed

twice with ChIP lysis buffer and high salt washing buffer (ChIP lysis buffer with 500mMNaCl). Protein-boundDNAwas eluted by adding

150 mL of Elution Buffer (provided in the Kit) and incubated at 65�C on a tube shaker with vortexing (12, 000 rpm). The supernatant was

saved and reverse crosslinking was performed by adding 2 mL of proteinase K (20 mg/mL) and thereafter incubated at 65�C overnight.

Finally, DNA was purified using the columns as provided by the Kit and subjected to qPCR analysis.

Resazurin cell viability assay
Briefly, A549 and H1299 cells were seeded in 24-well plates at a density of 13 104 cells per well. Resazurin solution (44 mMof working

concentration was prepared by diluting stock resazurin solution with culture medium) was added to the well every 24 hours followed

by incubation at 37�C for 4 hours. After incubation, the medium containing the resazurin solution was transferred to a 96-well plate

and the relative fluorescent units (RFU) were measured by employing a plate reader using default settings. To make the 203 stock

resazurin solution, 1 g of resazurin sodium salt powder (Cat: #R7017) was resolved in 50 mL PBS whereby the solution was sterile

filtered before use.

In vitro colony formation assay
Briefly, A549 andH1299 cells were plated in 6-well plates at a density of 500 cells per well and cultured for 10–14 dayswith the culture

medium changed every three days. The medium was then aspirated and the colonies were stained with 0.1% crystal violet solution.

The total number of colonies in each well was determined with ImageJ and used for further analysis.

Propidium iodide staining and cell cycle analysis
Briefly, cells were harvested and washed twice with ice-cold PBS. Cells were then fixed by adding 1 mL 70% cold ethanol dropwise

into the tube while vortexing to ensure a complete fixation of all cells and incubated at 4�C for 1 hour. After fixation, cells were
22 Cell Reports 42, 112939, August 29, 2023



Article
ll

OPEN ACCESS
collected by centrifugation at 850g for 2 min followed by washing twice with PBS. Cells were then stained with 500 mL PI staining

solution (50 mg/mL PI, 10 mg/mL RNase in PBS) in the dark at room temperature for 30 min. The cell cycle analysis was performed

with the BD FACSCantoII Analyzer.

Trans-well migration and invasion assays
For cell migration assay, 1 3 105 A549 cells or 2.5 3 104 H1299 cells were seeded in chambers with 8 mm pore size polycarbonate

filters containing 0.5 mL serum-free RPMI1640 medium. The chambers were then placed into each well of a 24-well plate containing

0.75 mL full culture medium. Cells were cultured in a 37�C incubator for 24 hours until cell migration was detectable. Cells were then

fixed in 4% paraformaldehyde in PBS and stained with 2% crystal violet for 10 min. Cotton tips were then used to remove the un-

migrated cells in the upper layer of the filter. The cell number and density representing cell migration ability weremeasured and calcu-

lated by the image analyzer ImageJ. For cell invasion, 2.5 3 104 A549 or H1299 cells were seeded and the steps in the above-

described cell migration assay were similarly carried out with the exception that the culture chambers were coated with 10%Matrigel

in serum-free RPMI 1640 medium at 37�C overnight. At least three independent experiments were performed to calculate cell migra-

tion and invasion rates.

In vivo xenograft tumorigenic assay
Briefly, H1299 cells (53 106) were suspended in sterile PBS, mixed with Matrigel (2:1) and then subcutaneously injected into the right

flank of 6-week-old female nude mice (n = 10 per group). Tumor sizes were measured every three days using vernier caliper and the

tumor volumes were calculated using the formula: volume = (wide2 3 length)/2. Mice were sacrificed 40 days upon injection and the

final tumor weight and volume were measured. The protocols in this project were approved by the Committee on the Use of Live

Animals in Teaching and Research of the University of Hong Kong and all animal experiments were carried out under the Animals

(Control of Experiments) Ordinance of Hong Kong.

Patient tumor samples
To analyze the SIRT6 acetylation levels in NSCLCpatient tissues, tumor samples were freshly obtained fromNSCLCpatients that had

received surgery at Guangdong Provincial People’s Hospital. The adjacent normal lung tissue samples were obtained simultaneously

from the same patients. The tissue samples were immediately collected after surgery, lysed in a homogenizer and subjected to immu-

noprecipitation assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

The experiment results were analyzed with GraphPad Prism 6 software. The data were quantified and presented asmean ± SEM and

two-tailed Student’s t-test was performed to assess the statistical significance between the two group means. All images or statis-

tical results were based on at least three independent experiments. P-values <0.05 were considered as being statistically significant

for all experiments. * represents P< 0.05, ** represents P< 0.01, and *** represents P< 0.001.

ADDITIONAL RESOURCES

Figures S1–S7 can be found at the Supplemental information file related to this paper.
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