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Combined intermittent fasting and ERK inhibition
enhance the anti-tumor effects of chemotherapy
via the GSK3B-SIRT7 axis

Xiaolong Tang 12 Guo Li3, Lei Shi?, Fengting Su', Minxian Qian1'2, Zuojun Liu"2, Yuan Meng1, Shimin Sun’,
Ji Li® & Baohua Liu@ 24>

Dietary interventions such as intermittent fasting (IF) have emerged as an attractive strategy
for cancer therapies; therefore, understanding the underlying molecular mechanisms is
pivotal. Here, we find SIRT7 decline markedly attenuates the anti-tumor effect of IF.
Mechanistically, AMP-activated protein kinase (AMPK) phosphorylating SIRT7 at T263
triggers further phosphorylation at T255/5259 by glycogen synthase kinase 3p (GSK3p),
which stabilizes SIRT7 by decoupling E3 ligase UBR5. SIRT7 hyperphosphorylation achieves
anti-tumor activity by disrupting the SKP2-SCF E3 ligase, thus preventing SKP2-mediated
K63-linked AKT polyubiquitination and subsequent activation. In contrast, GSK3p-SIRT7 axis
is inhibited by EGF/ERK2 signaling, with ERK2 inactivating GSK3p, thus accelerating SIRT7
degradation. Unfavorably, glucose deprivation or chemotherapy hijacks the GSK3p-SIRT7 axis
via ERK2, thus activating AKT and ensuring survival. Notably, Trametinib, an FDA-approved
MEK inhibitor, enhances the efficacy of combination therapy with doxorubicin and IF. Overall,
we have revealed the GSK3pB-SIRT7 axis that must be fine-tuned in the face of the energetic
and oncogenic stresses in malignancy.
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olid tumor cells are inevitably exposed to energy stress

during disease progression as a result of rapid proliferation

and abnormal intratumoral vasculature!. For instance,
poorly vascularized areas of tumors are almost completely
deprived of glucose compared to normal tissues2. To survive,
cancer cells have evolved multiple mechanisms to protect against
stress-induced damage. AMP-activated protein kinase (AMPK)
and AKT are among the modulators of the effects of metabolic
stress®. Glucose deprivation (GD) activates AMPK to promote
catabolic metabolism for energy production?. In contrast, AKT
enhances anabolic metabolism for energy restoration in tumor
cells®. AKT is overactivated in many cancer types and dictates
cancer cell survival, metastasis, and chemoresistance®. Intrigu-
ingly, fasting has emerged as an attractive anti-cancer strategy
through mechanisms involving the AMPK/AKT/GSK3B axis’.
Recently, the anti-neoplastic effect of fasting was found to rely on
glycogen synthase kinase 3@ (GSK3p)3; fasting combined with
hormone therapy effectively promotes long-lasting tumor
regression and protects against drug resistance by suppressing
AKT activation’. However, the intrinsic coordination between
energetic and oncogenic stresses in tumor initiation and malig-
nant progression remains unclear.

EGF/EGEFR signaling is hyperactive in a broad array of human
cancers including malignant breast cancer, skin tumor, non-small
cell lung cancer (NSCLC), colorectal cancer, and pancreatic
cancer!®, Hyperactivated EGF/EGFR stimulates intracellular
pathways, such as RAS/ERK and PI3K/AKT, which inactivate
GSK3p by Ser9 phosphorylation!l. As a serine/threonine kinase,
GSK3p has a strong preference for substrates harboring a -S/
TXXXS/T- motif (X, any amino acid), which is usually primed as
a target for GSK3P by phosphorylation of a residue four or five
amino acids to the C-terminal side of the motif!2. The Ser9
phosphorylation competes for the phosphate-binding site of
primed substrates, thus blocking GSK3p kinase activity!3. GSK3p-
mediated phosphorylation can render substrates as targets for
proteasomal destruction, thus inactivating various oncogenic
proteins, such as P-catenin and c-Myc, to suppress tumor
development!l,

SIRT7 is widely expressed in various organs/tissues and was
initially reported to be localized in the nucleolus, thus regulating
protein synthesis and cell proliferation!4. Despite being the least
well-characterized member of the sirtuin family of proteins,
accumulating evidence suggests that SIRT7 acts as a stress reg-
ulator in physiological homeostasis!>~17. Sirt7~/~ mice suffer
genomic instability, cardiomyopathy, hepatic lipid metabolism
dysregulation, osteopenia, and lifespan reduction!8-22, Tnactiva-
tion of SIRT7 compromises the regenerative capacity of hema-
topoietic stem cells by increasing mitochondrial protein-folding
stress?3. Under conditions of energy deprivation, SIRT7 is
released from the nucleolus, resulting in repression of ribosomal
DNA (rDNA) transcription!”-24, In addition, STRT7 promotes the
DNA damage response and DNA repair through diverse
mechanisms!82>20, In this study, we identified SIRT7 as a sub-
strate of GSK3B. SIRT7 underpins the anti-tumor effect of
intermittent fasting (IF) by enhancing the effects of fasting on
GSK3p activity and AMPK signaling. SIRT7 fine-tunes the bal-
ance between energy stress and oncogenic signals, thus providing
a potential therapeutic strategy against multiple cancers and age-
related diseases.

Results

SIRT7 underpins the anti-neoplastic effect of fasting. Fasting
elicits hypoglycemia to prevent tumor progress’. SIRT7 acts as a
metabolic regulator!>. To determine the effect of fasting on
SIRT7, we cultured cancer cell lines under conditions of normal

glucose concentration (mouse mammary tumor 4T1 cells,
approximately 10 mM; human breast cancer MDA-231 and
MCEF-7 cells, approximately 5mM), low-glucose concentration
(1 mM) or GD to mimic the normal diet, hypoglycemia, or acute
energy stress as previously reported?”-28, Interestingly, increased
SIRT?7 levels were found in 4T1 cells, MDA-231, and MCF-7 cells
cultured under short-term treatments of low or GD glucose
conditions (Fig. la—f). The elevated SIRT7 levels were accom-
panied by increased (pT172) AMPKa levels and decreased (pS9)
GSK3p and (pS473)AKT levels, representing activated AMPKa,
inactivated GSK3p and inhibited AKT, respectively. A previous
study showed that a ketogenic diet applied to reduce blood glu-
cose levels combined with PI3K inhibitors has great potential for
preventing insulin feedback, which in turn activates AKT for
breast cancer therapy?®. Similar results were observed in BT-549
and MDA-MB-468 breast cancer cells, both of which were used in
the ketogenic diet study (Supplementary Fig. la, b), suggesting
the widespread existence of common mechanism underlying the
response to glucose insufficiency. Moreover, these findings are
consistent with previous reports showing that fasting activates
AMPK and GSK3B, but suppresses AKT activity®?.

We next investigated the role of SIRT7 in fasting-induced
tumor growth retardation. To that end, we generated tumor
xenografts by implanting 4T1 cells that were stably transfected
with Sirt7 shRNA (KD7) or scramble shRNA (Scram) in female
Balb/c mice subjected to IF for 48 h starting on day 16 and day 22,
respectively; otherwise, all animals were provided with food ad
libitum. Strikingly, the growth retardation effect of IF on 4T1 cell-
derived tumors was markedly inhibited by KD7-mediated
silencing of SIRT7 expression (Fig. 1g and Supplementary
Fig. 1c).

Following entry into the blood circulation, cancer cells directly
sense the energy status. Thus, we investigated the role of SIRT7 in
the mechanism by which fasting suppresses cancer lung
metastasis. To this end, mice were divided into three groups:
mice fed ad libitum and injected with Scram 4T1 via the tail vein
(Scram), mice under IF injected with Scram 4T1 (Scram + F), and
mice under IF injected with KD7 4T1 (KD7 + F) (Fig. 1h). At
17 days after cell injection, the mice were sacrificed and lung
metastatic nodules were analyzed. Although IF resulted in a
significant decrease in the number of lung metastatic nodules
(Scram vs. Scram + F), KD7 significantly attenuated its efficacy
(Scram + F vs. KD7 +F) (Fig. 1h, i). IHC analysis of tissue
sections prepared from the samples used in Fig. 1g revealed that
IF increased SIRT?7 levels, while the levels of (pS9)GSK3p and
(pS473)AKT were decreased (Fig. 1j). Interestingly, KD7
abolished the inhibition of AKT by IF, while GSK3p activation
was merely reduced, indicating that under fasting conditions,
GSK3p and AKT function upstream and downstream of SIRT7,
respectively. Of note, the reduction in body weight observed
during fasting was largely recovered after the re-introduction of
food (Supplementary Fig. 1d, e). These data suggest that SIRT7
contributes to the anti-neoplastic effect of fasting.

AMPK primes SIRT7 for phosphorylation by GSK3p under
conditions of GD. The anti-neoplastic effect of fasting relies, at
least partially, on GSK38 and AMPK®30, Our observation of the
concomitant activation of GSK3p and AMPK and SIRT7 upre-
gulation following IF indicates the existence of potential links
between SIRT7, GSK3PB and AMPK. Interestingly, an interaction
between endogenous SIRT7 and GSK3P was observed, in that
GSK3p and SIRT7 were immunoprecipitated by anti-SIRT7 and
anti-GSK3p, respectively, but not by the mouse/rabbit IgG control
(Fig. 2a, b). This was verified by the interaction between HA-
SIRT7 and Flag-GSK3B overexpressed in HEK293 cells
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Fig. 1 Intermittent fasting inhibits tumor growth and metastasis via SIRT7. a-f Inmunoblotting and quantification of protein levels in 4T1 murine
mammary cancer cells (a, b), MDA-231 (¢, d), and MCF-7 human breast cancer cells (e, f) cultured with the indicated doses of glucose for short-term
treatment. The relevant quantifications were collected from three independent experiments. g 4T1 cells stably transfected with Scramble (Scram) and Sirt7
knockdown (KD7) shRNAs were injected into the mammary fat pad of female Balb/c mice. Mice in the Scram + F and KD7 + F groups were subjected to
intermittent fasting (IF) for 48 h from day 16 and day 22, respectively; otherwise, all animals were fed ad libitum (n =5 mice in the scramble group and
n=6 in each of the fasting groups). Tumor size was measured using Vernier calipers. h, i Scram and KD7-transfected 4T1 cells were injected into the tail
vein of female Balb/c mice on day O (arrow) (n =3 mice in each group). Mice were subjected to IF as indicated; otherwise, animals were fed ad libitum.
Lung metastatic tumor nodules were analyzed by H&E staining (h) and the number of nodules was counted in the whole lung (). j Immunohistochemistry
(IHC) staining showing the levels of SIRT7, (pS473)AKT, and (pS9)GSK3p in tumor samples of Fig. 1g. Scale bar, 50 um. Data represent means = SEM (b, d,
f g i). P values were calculated by two-tailed Student's t-test (b, d, f, i) or two-way ANOVA analysis (g), *P = 0.03, ***P = 0.0000002. Representative
results were obtained from at least three independent experiments. Source data are provided as a Source Data file.

(Supplementary Fig. 2a, b). GST-pulldown assays with recombi-
nant GST-SIRT7 and His-GSK3p proteins confirmed a direct
interaction between SIRT7 and GSK3B (Supplementary Fig. 2c).
The truncation analysis revealed that the catalytic domains (CA)
of SIRT7 and GSK3P mediated the interaction between the two
proteins (Supplementary Fig. 2d, e).

GSK3P kinase recognizes a -S/TXXXpS/T- motif in its
substrates3!, wherein pS/T represents a priming phosphoryla-
tion catalyzed by an independent kinase!2. Indeed, multiple,

conserved GSK3p phosphorylation sites (S111, S259, T284, and
S359) were predicted in the SIRT7 peptide (Supplementary
Fig. 3a). Further assessment using anti-pan p-S/T antibodies
showed that GSK3p overexpression enhanced SIRT7 phosphor-
ylation in a dose-dependent manner, whereas this effect was
apparently attenuated by inhibition of GSK3p kinase activity
through lithium chloride (LiCl) treatment3? (Fig. 2c, d). To gain
more experimental support, we mutated SIRT7 relevant S/T
residues in the predicted motifs to A (i.e., SI11A, S259A,
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Fig. 2 AMPK primes SIRT7 phosphorylation by GSK3f. a, b Immunoblots showing the interaction of endogenous SIRT7 and GSK3p by
immunoprecipitation of the indicated proteins. ¢, d Immunoblotting and related quantification (n = 3 biologically independent samples) of SIRT7 pan p-S/T
levels in HEK293 cells transfected with increasing amounts of GSK3p plasmids with or without LiCl (10 mM) treatment; error bars: means + SEM; P values
were calculated by one-tailed Student's t-test. @ SIRT7 and the indicated mutants were overexpressed in HEK293 cells and then extracted for
immunoblotting analysis of phosphorylation levels with an anti-pan-p-S/T antibody. The relative intensity measured by Image J® and is shown the
individual bands. f Immunoblotting analysis of the sequential immunoprecipitations based on anti-HA or anti-FLAG antibodies in HEK293 cells co-
expressing ectopic HA-SIRT7 and Flag-AMPK. Arrow indicates the specific band for FLAG-AMPK. g Immunoblots showing the binding of endogenous
SIRT7 to GSK3p in HEK293 cells under glucose starvation (1h) or Compound C treatment (CC, 5 uM). h Immunoblots showing the binding of WT-SIRT7 or
T263A to GSK3p in HEK293 cells transfected with the indicated plasmids. i Immunoblotting analysis of SIRT7 phosphorylation levels after in vitro kinase
assays based on active GSK3p and AMPK complexes immunoprecipitated from AICAR-treated HEK293 cells. SIRT7 phosphorylation was detected by
probing with an anti-pan p-S/T antibody. j, k Immunoblots showing SIRT7 phosphorylation levels in HEK293 cells treated as indicated. The anti-p-SIRT7
antibody was generated by immunization with a Thr255/Ser259 phosphorylated peptide. Representative results were obtained from at least three

independent experiments. Source data are provided as a Source Data file.

T284A, and S359A), and evaluated phosphorylation levels.
Interestingly, S259A failed to retain phosphorylation (Fig. 2e),
suggesting that SIRT7 S259 is a site of phosphorylation
mediated by GSK3p.

GSK3p activity usually requires a priming phosphorylation!?.
Interestingly, adjacent to S259, a C-terminal T263 residue was

4

predicted to be a phosphorylation target of AMPK (Supplemen-
tary Fig. 3b, c). Indeed, AMPKal was also detected in the anti-
SIRT7 immunoprecipitates together with GSK3p (Supplementary
Fig. 2f). The sequential immunoprecipitation assay confirmed a
complex consisting of AMPKa, GSK3p and SIRT7 (Fig. 2f).
Treatment with the AMPKa inhibitor Compound C (CC)3,
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inhibited the binding of GSK3p and SIRT7 under conditions of
GD that activate AMPK (Fig. 2g). Moreover, the T263A mutation
greatly compromised the binding between SIRT7 and GSK3p
(Fig. 2h), highlighting the importance of priming phosphorylation.
Thus, we postulated that T255/S259 might be sequentially
phosphorylated by GSK3p, with T263 as a priming phosphoryla-
tion site. To confirm this, we conducted in vitro kinase assays
using recombinant active GSK3B and the AMPK complexes
purified from HEK293 cells pre-treated with the AMPK activator
AICAR33. GSK3pB obviously increased SIRT7 phosphorylation
levels in the presence of AMPK complex, whereas this effect was
largely attenuated by T263A and S259A (Fig. 2i). We then
generated an antibody against SIRT7 phosphorylated at T255/
$259 (p-SIRT7) and confirmed its specificity using dephosphor-
ylation assays with A-PPase (Supplementary Fig. 3d). In
accordance with this, p-SIRT7 was detected in the WT but not
in SIRT7 T263A and 2A (T255A/S259A double mutation)
mutants (Supplementary Fig. 3e). While p-SIRT7 levels were
reduced by LiCl-mediated GSK3p inactivation and increased by
AMPK activation under low-glucose conditions, the phosphoryla-
tion levels of SIRT7-2A and T263A mutants were not affected by
these treatments (Fig. 2j, k). These data suggest that under
conditions of fasting/GD, AMPK phosphorylates SIRT7 at T263 to
prime GSK3p phosphorylation at T255/5259.

GSK3p phosphorylation stabilizes SIRT7 by decoupling UBR5.
GSK3p-mediated phosphorylation is widely reported to modulate
substrate protein stability!!l. Initially, we noticed that GSK3f
knockdown (KD) or inhibition of kinase activity by LiCl down-
regulated SIRT7 protein levels (Supplementary Fig. 4a). Similar
results were obtained in various cell lines, e.g., MDA-231 and BT-
549 breast cancer cells, 4T1 murine mammary cancer cells
(Fig. 3a, left panel and Supplementary Fig. 4c—e) and HeLa cells
(Fig. 3b, left panel). In contrast, GSK3[ overexpression increased
SIRT7 levels (Fig. 3a, b, right panels). Given that SIRT7 mRNA
levels were barely changed following GSK3 KD or LiCl treat-
ment (Supplementary Fig. 4b), we postulated that GSK3f
enhances SIRT7 protein stability. Indeed, cycloheximide (CHX)
chase assays showed that GSK3f KD significantly enhanced
SIRT7 protein turnover in MDA-231 and Hela cells (Fig. 3c, d
and Supplementary Fig. 4f). To further investigate whether this
effect was dependent on GSK3p kinase activity, LiCl-treated cells
were subjected to CHX chase assays, which confirmed that
GSK3p inactivation promoted SIRT7 degradation (Fig. 3g, h). Of
note, the proteasome inhibitor MG132 largely restored SIRT7
expression in the GSK3f KD and LiCl-treated cells, indicating
proteasome-related degradation. Conversely, SIRT7 was stabilized
in these cells by overexpression of ectopic GSK3p (Fig. 3e, {, i, j).
Importantly, silencing of GSK3a, the other isoform of GSK3, had
little effect on SIRT7 protein level or stability (Supplementary
Fig. 4g, h), suggesting that GSK3p plays a unique regulatory role
in SIRT?7 protein stability.

We next examined whether GSK3fB-mediated T255/S259
phosphorylation is required for SIRT7 protein stabilization.
CHX chase assays showed that the SIRT7 T255E/S259E mutant
(2E), which mimics the hyperphosphorylated state, seemed to be
more stable than the WT, whereas SIRT7-2A, which mimics the
hypophosphorylated state, underwent more rapid turnover than
the WT (Fig. 3k, 1). Similarly, the turnover of SIRT7 T263A
protein was more rapid than that of the WT, whereas T263D,
which mimics the constitutively primed phosphorylation state,
was more stable (Supplementary Fig. 4i, j). Furthermore,
compared with the SIRT7-WT, SIRT7-2E displayed lower
ubiquitylation levels, while the ubiquitylation of SIRT7-2A was
more prominent (Fig. 3m, n), demonstrating that 2E was not

affected by GSK3 silencing and 2A did not respond to GSK3p
overexpression. These data confirmed T255/S259 as unique sites
that are phosphorylated by GSK3p, thereby contributing to SIRT7
protein stabilization.

SIRT7 possesses NADT-dependent deacetylase activity>?.
Accumulating evidence has demonstrated the expression of
SIRT7 in multiple cellular locations, from the cytoplasm to the
nucleus!®17:35, We then investigated the effect of phosphorylation
by GSK3p on the intrinsic characteristics of SIRT7 protein. We
generated MDA-231 stable cell lines overexpressing SIRT7-WT,
2A, and 2E. SIRT7-2A cells showed the highest SIRT7 mRNA
expression, but the lowest protein level. Although SIRT7-2E cells
had SIRT7 mRNA levels equivalent to those in the SIRT7-WT,
the protein levels were much higher. These observations
confirmed the existence of intrinsic differences in protein stability
among the SIRT7 mutants (Supplementary Fig. 4k). Interestingly,
GSK3p inactivation preferentially destabilized the cytoplasmic
SIRT?7, whereas the nuclear fraction was less prominently affected
and even showed comparable levels of stability to the cells
without GSK3 inactivation (Supplementary Fig. 41). SIRT7-WT,
2A and 2E mutants indiscriminately deacetylated H3K18
(Supplementary Fig. 4m), a well-characterized substrate of SIRT7
(ref. 39), suggesting a less significant effect of the nuclear location
and deacetylase activity. Additionally, SIRT7 mutants shared
equivalent ability to deacetylate FKBP51 (Supplementary Fig. 6f).
Taken together, these results indicate that SIRT7 phosphorylation
by GSK3p dictates the fate of cytoplasmic SIRT7, with less impact
on its deacetylase activity. In support of this, we found that
aspects of cytoplasmic endogenous SIRT7, including protein
expression, stability, and phosphorylation, were much more
sensitive to GSK3P inactivation than the nuclear fraction
(Supplementary Fig. 4n, o). The much higher abundance of
cytoplasmic GSK3p per se (Supplementary Fig. 4n) lends weight
to these results.

We then searched the published mass spectrometry database
for potential SIRT?7 interacting proteins, and noticed an E3 ligase
UBR5 that is reported to modulate cellular response to
glucose’7-38. Indeed, an interaction between SIRT7 and UBRS,
as well as increased SIRT7 ubiquitination following UBR5
overexpression was observed (Supplementary Fig. 5a-c). Loss of
UBRS5 restored SIRT7 protein levels in cells treated with LiCl or
GSK3p siRNA (Supplementary Fig. 5d, e). In contrast, the E3
ligase B-TrCP1 that usually degrades GSK3p substrates had only a
marginal effect on SIRT7 and again, SIRT7 mRNA levels were
barely changed (Supplementary Fig. 5d-f). In addition, UBR5 KD
prevented the SIRT7 degradation induced by GSK3p inactivation
or KD (Supplementary Fig. 5g-i). Furthermore, the stability or
expression of GSK3P protein was not significantly changed by
UBRS5 KD or overexpression, confirming the direct regulation of
SIRT7 by UBR5 (Supplementary Fig. 5j, k). We then explored
whether the mechanism by which UBR5 induces SIRT7 instability
is dependent on E3 ligase activity. To that end, an E3 ligase
activity-deficient mutant of UBR5 was generated by mutating the
critical residue cysteine 2768 to alanine (UBR5C2768A, Mut-
UBR5), as previously reported®®. WT-UBR5 clearly facilitated
SIRT7 polyubiquitination, while the mutant failed to do so
(Fig. 30). Moreover, the Ké3-linkage of ubiquitination was
marginally affected, indicating that UBR5 mediates the K48-
linked polyubiquitination of SIRT7 (Fig. 3p). This finding is
consistent with a previous report that K63-modified ubiquitina-
tion does not contribute to SIRT7 instability4(.

We further examined the mechanism by which GSK3p
phosphorylation stabilizes SIRT7. Interestingly, GSK33 KD or
LiCl-mediated inactivation of kinase activity increased the
binding of SIRT7 with UBR5 (Fig. 3q and Supplementary Fig. 51).
Conversely, GSK3B-CA (constitutively activated, GSK3B-S9A)
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markedly suppressed the interaction of UBR5 and SIRT7, whereas
the GSK3B-KD (kinase dead, GSK3B-K85M/K86I) or GSK3p-
R96A (recognizes only non-primed substrates) had little effect
(Supplementary Fig. 5m). Moreover, SIRT7-2A showed a
profoundly enhanced interaction with UBR5, whereas the
interaction was almost abolished by the 2E mutation (Fig. 3r).

Overall, our data indicate that GSK3B-mediated phosphorylation
decouples SIRT7 from UBR5 leading to protein stability.

Boosting the GSK3p-SIRT7 axis mimics the anti-tumor effect
of fasting. Given that fasting activates GSK3 and AMPK, and
SIRT7 silencing significantly attenuated the anti-tumor effect of
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Fig. 3 GSK3p stabilizes SIRT7 by phosphorylation-dependent decoupling of UBRS5. a, b Immunoblots showing SIRT7 levels in MDA-231 (a) and Hela cells
(b) following GSK3p knockdown or overexpression. Scr, scrambled siRNA; #1 and #2, two independent siRNAs targeting GSK3 mRNA. ¢c-j Immunoblots
showing SIRT7 levels in MDA-231 (¢-f) and Hela cells (g-j) following the indicated treatments (c, e, g, i); the related quantifications (d, f, h, j) were based on
three independent experiments; LiCl, 10 mM; MG132, 10 uM. k, I Immunoblots showing SIRT7 levels in CHX (50 pg/ml) chase assay of HEK293 cells
transfected with SIRT7-WT/-2A/-2E (k) and the related quantification (I) was based on three independent experiments. m-p Immunoblots showing SIRT7
ubiguitination levels in HEK293 cells following transfection with the indicated plasmids/siRNAs. K63R or K48R represented the corresponding lysine was
replaced by arginine on ubiquitin, respectively. q Binding of endogenous SIRT7 to UBR5 was assessed in cells with or without GSK3p knockdown. r Binding of
SIRT7-WT and the indicated mutants with UBR5 was evaluated in HEK293 cells. Data represent means + SEM (d, f, h, j, I). P values were determined by two-
way ANOVA analysis. Representative results were observed from at least three independent experiments. Source data are provided as a Source Data file.

fasting (Fig. 1), we next examined the potential for manipulation
of the GSK3B-SIRT7 axis to mimic the fasting effect. We found
that GD increased pSIRT?7 levels in 4T1 cells (Fig. 4a); fasting had
a similar effect on SIRT7 in the established tumors shown in
Fig. 1g (Fig. 4b). Moreover, Gsk3 KD reduced SIRT7 expression
in 4T1 cells (Supplementary Fig. 4e). These results indicate that
4T1 cells respond to GD via the GSK3B-SIRT?7 signaling axis and
are suitable for recapitulation of the relevant physiological func-
tions of SIRT7 phosphorylation. We next overexpressed human
SIRT7-WT, SIRT7-2A, or SIRT-2E in 4T1 cells stably expressing
KD?7 (shSirt7) (Fig. 4c, d) and observed their effects on tumor
progression. Sirt7 KD significantly promoted tumor growth and
while SIRT7-WT and SIRT7-2E apparently counteracted this
effect, SIRT7-2A did not (Fig. 4e), indicating that the hyper-
phosphorylated form, SIRT7-2E, mediated the most effective
inhibition. This observation was further confirmed by comparing
the burden of tumors at the end of experiment (Fig. 4f, g).
Importantly, analysis of the tumor xenografts showed that
endogenous SIRT7 (mSIRT7) expression remained low, suggest-
ing that this effect is determined by ectopic expression of relevant
SIRT7 mutants (Fig. 4h). Moreover, Sirt7 KD significantly
accelerated lung metastasis and while SIRT7-WT and 2E antag-
onized lung colonization, SIRT7-2A did not (Fig. 4i, j). In another
xenograft tumor model established using lung cancer H1975 cells
in nude mice, SIRT7-WT and SIRT7-2E overexpression con-
sistently retarded tumor growth (Fig. 4k, 1) and significantly
relieved tumor burden compared to the control (EV) and SIRT7-
2A (Fig. 4m). Thus, our findings indicate that targeting the
GSK3B-SIRT7 axis might recapitulate the effects of fasting on
tumor growth and metastasis.

The GSK3B-SIRT7 axis antagonizes EGF-driven AKT activa-
tion. Previous reports showed that PI3K/AKT activation can
compromise the anti-tumor effects of dietary restriction*!. The
above data indicate that SIRT7 antagonizes AKT activation
(Fig. 1j). Therefore, we reasoned that the GSK3B-SIRT7 axis
might inhibit tumor progression via AKT inactivation. Indeed,
the Sirt7 KD cell-derived tumors showed increased (pS473)AKT
levels, and this effect was counteracted by SIRT7-WT but not
SIRT7-2A (Fig. 5a). In addition, gene set enrichment analysis
(GSEA) of the published RNA-seq data*? in SIRT7 KD BT-549
breast cancer cells revealed a significant enrichment in the PI3K/
AKT pathway (Fig. 5b). Therefore, we hypothesized that GSK3p-
mediated SIRT7 phosphorylation negatively regulates AKT
activity. We found that SIRT7 KD markedly activated AKT, as
indicated by the increased (pT308)AKT and (pS473)AKT levels
in EGF-stimulated MDA-231 cells (Fig. 5c, left panel). Over-
expression of both ectopic SIRT7-WT and SIRT7-2E attenuated
AKT activation, while SIRT7-2A did not (Fig. 5c, right panel).
This effect seems universal as overexpression of SIRT7-WT and
SIRT7-2E also inhibited AKT phosphorylation in HEK293 cells
(Supplementary Fig. 6a). We noticed that ERK1/2 activation was
barely affected, suggesting independent regulation of AKT by

SIRT?7. As UBR5 enhanced SIRT7 degradation, we investigated its
effects on AKT activity. Indeed, UBR5 KD markedly attenuated
EGF-mediated AKT activation in MDA-231 and BT-549 cells in a
SIRT7-dependent manner (Supplementary Fig. 6b-d). Interest-
ingly, although insulin signaling activates AKTS, the
UBR5-SIRT?7 axis had little effect on it (Supplementary Fig. 6e).
Recently, an important study showed that SIRT7 deacetylates
FKBP51 to promote the PHLPP-mediated dephosphorylation of
AKT at Ser473, which sensitizes breast cancer cells to
chemotherapy!®. We found that SIRT7-2A, SIRT7-2E, and
SIRT7-WT possessed equivalent ability to deacetylate FKBP51
(Supplementary Fig. 6f), suggesting that SIRT7 T255/5259
phosphorylation does not promote FKBP51 deacetylation. As a
scaffold protein, FKBP51 recruits PHLPP to dephosphorylate
(pSer473) AKT*3, whereas the GSK3B-SIRT7 axis simultaneously
regulates phosphorylation of AKT at Thr308 and Ser473, thus
suggesting the existence of other regulators.

K63-linked polyubiquitination of AKT mediated by SKP2-SCF
E3 ligase is crucial for its membrane recruitment and subsequent
activation in response to EGF44. SIRT7 overexpression promi-
nently decreased K63-linked ubiquitination of AKT (Supplemen-
tary Fig. 6g). SKP2-mediated polyubiquitination of AKT was
largely inhibited by SIRT7 (Fig. 5d). As a result, the membrane
AKT levels were markedly decreased following SIRT7 over-
expression (Fig. 5e). Additionally, KD of SKP2 but not FKBP51
clearly counteracted the AKT overactivation in SIRT7 KD cells
exposed to EGF (Supplementary Fig. 6h). Taken together, these
results indicate that SKP2 plays a critical role in the
GSK3B-SIRT7 signaling. We then investigated the mechanism
by which SIRT7 regulates SKP2. Initially, we did not observe
significant changes in SKP2 mRNA levels in MDA-231 cells
following SIRT7 KD or overexpression (Supplementary Fig. 6i, j),
thus ruling out transcriptional regulation. Interestingly, SKP2 and
SIRT?7 proteins were easily detected in immunoprecipitates using
specific antibodies (Fig. 5f, g), suggesting the existence of a
protein complex. SKP2 acetylation, which is critical for its
cytoplasmic retention and stabilization, is deacetylated by SIRT3
(refs. 4>40). However, SIRT7-WT and relevant mutants, e.g.,
SIRT7-2A, 2E and the deacetylase-dead mutant (SIRT7-HY), had
less effect on SKP2 acetylation (Supplementary Fig. 6k, 1),
suggesting a deacetylation-independent mechanism. Notably, the
overexpression of SIRT7-WT and 2E increased SKP2 protein
levels to a greater extent (Supplementary Fig. 6k, 1, input). We
therefore suspected that SIRT7 phosphorylation stabilizes SKP2.
This notion was supported by CHX chase assays showing that
SKP2 protein turnover was accelerated by SIRT7 KD, and
stabilized by ectopic SIRT7 overexpression (Fig. 5h, i). We then
investigated potential links between SKP2 stabilization and SIRT7
phosphorylation by GSK3p. For that purpose, we compared the
stability of SKP2 in cells expressing relevant SIRT7 mutants. With
the exception of SIRT7-2A and SIRT7-2A-H187Y, other SIRT7s
(SIRT7-WT, -2E, and their related H187Y mutants) all exerted
similar ability to stabilize SKP2 (Supplementary Fig. 6m),
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suggesting that SKP2 is

regulated by SIRT7 via a

following exposure to EGF (Supplementary Fig. 6n, o), indicating

phosphorylation-dependent but deacetylase activity-independent
mechanism. Critically, SIRT7-2E had a much greater capacity for
binding to SKP2 compared to SIRT7-2A (Fig. 5j), indicating that
phosphorylated SIRT7 sequesters, and thus stabilizes SKP2.
Similarly, both SKP2 and SIRT7 protein levels were decreased

that SKP2 protein turnover is required for EGF-elicited AKT
activation, which is at least partially modulated by SIRT7.
Interestingly, there was a progressive enrichment of nuclear
SIRT?7 post-EGF incubation (Supplementary Fig. 6n), suggesting
existence of certain mechanisms which might boost the SIRT7
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Fig. 4 The GSK3p-SIRT7 axis underlies the anti-tumor effects of fasting. a Immunoblotting analysis of SIRT7 phosphorylation (p-SIRT7) levels in 4T1
murine mammary tumor cells cultured with different concentrations of glucose (Glu). b Representative images of IHC staining showing p-SIRT7 levels in
isolated tumor samples (related to Fig. 1g, n =3 mice for analysis per group); scale bar, 50 um. ¢, d Quantitative PCR (¢, n =3 biologically independent
samples) and immunoblots (d) showing the expression of hSIRT7 WT and indicated mutants in 4T1 cells in which endogenous mSirt7 was knocked down by
shSirt7. HEK293 cells were transfected with shSirt7 to confirm the species specificity of shRNA. EV empty vector, WT human SIRT7-WT, 2A human SIRT7-
2A, 2E human SIRT7-2E. e 4T1 cells prepared in (¢) were injected into the mammary fat pad of female Balb/c mice (n=7 per group). Tumor size was
measured using Vernier calipers. f, g Images showing tumor xenografts isolated from (e) at the end of experiment and tumor weight (g). h Immunoblotting
analysis of SIRT7 expression in tumor samples extracted from (e). i, j Representative images showing lung metastatic tumor nodules in mice (n = 4 mice per
group) injected with 4T1 cells as described in (€). Lung metastasized tumor nodules counted from whole-lung sections after H&E staining are shown in (j).
k-m Representative images (k), tumor growth rate (I), and average tumor weight (m) of H1975 lung cancer cells expressing EV, SIRT7-WT, SIRT7-2A, or
SIRT7-2E following inoculation of nude mice with cancer cells (n = 4 mice per group). Data represent means = SEM (c, e, g, j, I, m). P values were determined
by two-tailed Student's t-test (c, g, j, m) or two-way ANOVA analysis (e, I), ***P = 0.00003, PT= 0.00000004, P2 =0.0000000024, P3 = 0.000000031.
Representative results were analyzed from at least three independent experiments. Source data are provided as a Source Data file.

nuclear fraction. Further, as retention of SKP2 in cytoplasm also
plays a critical role in AKT activation, we evaluated the
cytoplasmic and nuclear distribution of SKP2. Despite significant
AKT inhibition, SIRT7 overexpression increased levels of SKP2 in
both the cytoplasm and nucleus (Fig. 5k). Thus, it is unlikely that
SIRT7-mediated AKT regulation is mediated by disruption of
cytoplasmic SKP2 retention. We concluded that SIRT7 phos-
phorylation by GSK3P enhances its ability to bind and stabilize
SKP2, which is detrimental to the EGF-induced SKP2 protein
turnover and subsequently compromises AKT activation.

SKP2 is an F-Box protein that forms a complex with SKP1 and
Cullin-1 (SKP2-SCF complex) to mediate E3 ligase activity, which
catalyzes K63-linked ubiquitination of AKT#%. Given that the
integrity of the complex is critical for E3 ligase activity, we then
evaluated the impact of SIRT7 on complex formation. Interest-
ingly, SIRT7-WT apparently compromised the interaction of
SKP2 with SKP1 and this effect was greatly enhanced by SIRT7-
2E, while SIRT7-2A induced a less marked change (Fig. 5I).
Consequently, the binding of SKP2 to AKT was profoundly
compromised (Fig. 5m, n), which is consistent with previous
observations that SIRT7 prevented AKT Ké3-linked ubiquitina-
tion (Fig. 5d). Another critical issue that requires clarification is
why and how the GSK3B-SIRT?7 axis specifically targets SKP2. It
is known that AMPK phosphorylates SKP2 at S256 to promote
the formation and integrity of the SKP2-SCF complex, which is
critical for GD-induced AKT activation’’. We found that GD
induced the interaction of SKP2 with AMPK and SIRT7
(Supplementary Fig. 7a). Furthermore, SIRT7-2E, which mimics
the hyperphosphorylated state, profoundly inhibited the binding
of AMPK to SKP2 (Fig. 50), suggesting that SIRT7 phosphoryla-
tion prevents the phosphorylation of SKP2 by AMPK. In support
of this view, we found that SIRT7-2E almost abolished the
AMPK-mediated SKP2 phosphorylation at $256, while the effect
on the SKP2-S256A mutant was less marked (Fig. 5p). Further-
more, if the GSK3B-SIRT7 axis modulates AKT activity by
inhibiting AMPK-mediated SKP2 phosphorylation, the SKP2-
$256D mutant, which mimics the phosphorylated state, was
expected to restore K63-linked ubiquitination of AKT in the
presence of SIRT7-2E. As shown in Fig. 5q, SKP2-5256D greatly
counteracted the effect of SIRT7-2E-mediated AKT polyubiqui-
tination inhibition, while SKP2-S256A did not. Thus, we
concluded that GD-mediated sequential phosphorylation of
SIRT7 by AMPK and GSK3p facilitates its binding to SKP2,
which prevents SKP2 S$256 phosphorylation by AMPK. Conse-
quently, this compromises the interaction of SKP2 with SKP1
leading to destruction of the integrity of the SCF-SKP2 E3 ligase
complex that is critical for K63-linked ubiquitination of AKT,
resulting in suppression of AKT activation.

We then aimed to clarify whether these molecular events are
functional in physiological activities. HIFla is a major AKT
downstream effector that regulates glycolysis*’. We found that
overexpression of SIRT7-WT and SIRT7-2E, but not SIRT7-2A,
impaired the expression of HIFla and multiple glycolytic genes
under hypoxia (Supplementary Fig. 7b, e). Similarly, KD of SIRT7
or GSK3p apparently increased the expression of HIFla and
glycolytic genes (Supplementary Fig. 7c, d). EGF-driven activa-
tion of AKT promotes cancer cell motility®. In this study,
overexpression of SIRT7-WT and SIRT-2E suppressed EGEF-
induced cell migration, while SIRT7-2A overexpression did not
(Supplementary Fig. 7f, g). Similarly, UBR5 silencing suppressed
cell migration (Supplementary Fig. 7h). These data indicated that
the GSK3B-SIRT7 axis counteracts EGF-mediated AKT activa-
tion and regulates cellular functions.

SIRT7 decline promotes tumor progression. Tumorigenesis is
usually accompanied by an imbalance between oncogenic signals
and energy stresses*8. Given that SIRT7-modulated AKT activity,
we investigated the role of SIRT7 in tumor initiation via onco-
genic EGF/AKT signaling. To that end, we applied transgenic
Sirt7t/~ and Sirt7-TG mouse lines*2. Sirt7~/~ mice suffer from
multi-tissue/organ dysfunction, while heterozygous mice are
indistinguishable from their WT littermates!'s. We therefore
generated the tumorigenic model PyMT;Sirt7+/~ mice by cross-
ing MMTV (mouse mammary tumor virus)-PyMT (polyoma
middle T-antigen) transgenic mice with Sirt7*/~ mice. MMTV-
driven PyMT oncoprotein expression activates the Ras and PI3K/
AKT oncogenic pathways to induce mammary tumors®. We
then analyzed mammary tumors generated in these mice at
4 months of age and the number of tumors in all mammary fat
pads of each mouse was counted. Notably, the expression of
SIRT7 in PyMT;Sirt7t/~ mammary tumors was further sup-
pressed (Supplementary Fig. 8a, b, <30% of that in PyMT;Sirt7+/+
mice), indicating a further loss of SIRT7 in the cancerous context.
By contrast, SIRT7 was expressed in the liver of Sirt7+/~ mice at
almost half the level of their Sirt7+/* littermates (Supplementary
Fig. 8a, b). As a result, PyMT;Sirt7+/~ mice developed much more
numerous primary mammary tumors than their PyMT;Sirt7+/+
littermates, indicating that loss of Sirt7 accelerates tumor gen-
eration (Fig. 6a). The largest tumors from PyMT;Sirt7+/~ mice
were much larger than those from PyMT;Sirt7+/+ mice (Fig. 6b).
The tumor burden was generally much greater in PyMT;Sirt7t/~
mice as shown by the greater tumor weight (Fig. 6¢). PyMT-
induced mammary tumors primarily metastasize to the lung.
Compared with PyMT;Sirt7+/* mice, PyMT;Sirt7t/~ mice
developed more metastatic foci in the lungs (Fig. 6d, e), sup-
porting previous reports that Sirt7 loss promotes metastasis*2-0,
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In accordance with the hyperactivation of the oncogenic EGF/Ras  tetradecanoyl-phorbol-13-acetate) activates the Ras downstream
signaling pathway and the rapid tumor progression, Vegfa and effector of the mitogen-activated MEK-ERK and AKT signaling
Hifla expression was significantly upregulated in PyMT;Sirt7t/~  pathways. To consolidate our understanding of the role of SIRT7
tumors (Supplementary Fig. 8c). Furthermore, TPA (12-O- in oncogenesis, we induced skin carcinogenesis in mice through a

10 NATURE COMMUNICATIONS | (2021)12:5058 | https://doi.org/10.1038/s41467-021-25274-3 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Fig. 5 SIRT7 negatively regulates EGF-driven AKT activation. a Representative images of IHC staining showing SIRT7 and (pS473)AKT levels in tumor
sections from Fig. 4e—tumors derived from murine mammary cancer 4T1 cells with Sirt7 KD (shSirt7) and transfected with empty vector (EV), human
SIRT7-WT (WT), and SIRT7-2 A (2A), n =3 mice for analysis; scale bar, 50 um. b Gene set enrichment analysis (GSEA) showing enrichment of PI3K/AKT
pathways in SIRT7 knocked down (KD7) BT-549 breast cancer cells; data represent NES =1.574, nominal P = 0.0, FDR g = 0.16, determined by
Kolmogorov-Smirnov test. € Immunoblotting analysis of cellular lysates harvested from MDA-231 breast cancer cells with the indicated manipulations of
SIRT7 expression and EGF (5 ng/ml) treatment; m minutes post-EGF treatment. d Ubiquitinated AKT levels assessed in HEK293 cells transfected with the
indicated plasmids. e Membrane AKT levels assessed in MDA-231 breast cancer cells with or without ectopic SIRT7 overexpression before and after EGF
(5 ng/ml) treatment. Mem membrane protein, WCL whole cellular lysates. f, g Immunoblotting analysis of immunoprecipitates derived from cell lysates
incubated with anti-HA or anti-SKP2 antibodies. h, i Immunoblotting analysis of SKP2 protein stability determined by CHX chase assays in MDA-231 breast
cancer cells with SIRT7 knockdown and in HEK293 cells transfected as indicated plasmids. j Immunoblotting analysis of SIRT7 levels in the anti-FLAG-SKP2
immunoprecipitates. k Immunoblots showing cytoplasmic and nuclear levels of SKP2 in MDA-231 breast cancer cells with or without overexpression of
SIRT7; L long exposure; S short exposure. I Immunoblots showing the protein levels in the anti-FLAG-SKP2 immunoprecipitates derived from protein
lysates of HEK293 cells transfected with indicated plasmids. m, n Immunoblots of anti-FLAG-AKT immunoprecipitates of HEK293 cells transfected with
empty vector (EV), human SIRT7-WT (WT), and SIRT7-2A (2A) and with or without EGF (5 ng/ml) treatment. The relevant quantification (n=3
independent experiments) is presented in (n), error bars: means £ SEM. o Immunoblotting analysis of anti-FLAG-AMPK immunoprecipitates derived from
cell lysates of HEK293 cells transfected with the indicated plasmids. p Immunoblots showing the levels of phospho-SKP2 by probing with the anti-pan p-S/
T antibody in the anti-HA-SKP2 immunoprecipitates of HEK293 cells transfected with the indicated plasmids. q Ubiquitinated AKT was evaluated by
immunoblotting analysis of anti-FLAG-AKT immunoprecipitates prepared from cell lysates of HEK293 cells transfected with the indicated plasmids. Note:
total FLAG-AKT in immunoprecipitates are displayed as membrane stained with Fast Green solution. P values were determined by two-tailed Student's t-

test. Representative results were obtained from at least three independent experiments. Source data are provided as a Source Data file.

two-stage treatment with DMBA (7,12-dimethylbenz (alpha)
anthracene) and TPAS5!. Compared with Sirt7+/+ mice, Sirt7+/—
mice generated much larger papillomas and in greater numbers
following continuous exposure of the dorsal skin to TPA (Sup-
plementary Fig. 9a-c). This suggests that Sirt7 downregulation
favors tumor progression.

We next investigated the ability of Sirt7 overexpression to
suppress tumor growth in Sirt7-TG mice, in which ectopic Sirt7
expression was induced by oral administration of doxycycline
(DOX, 2 g/l in water). Analysis of mammary tumors generated in
PyMT;Sirt7-TG mice aged 3 months showed a significant
decrease in tumor number and tumor burden compared with
those generated in the PyMT;WT littermates (Fig. 6f-h). SIRT7
overexpression was verified by IHC staining and immunoblotting
of isolated tumors (Supplementary Fig. 8d, e). Moreover,
PyMT;Sirt7-TG mammary tumors showed much lower AKT
activity (Fig. 6i-1), again supporting the hypothesis that SIRT7
inhibits AKT activation. Moreover, an unbiased analysis of the
prognosis of various cancers according to SIRT7 mRNA level
using a public online tool (https://kmplot.com/analysis) revealed
that higher SIRT7 expression was associated with a good
prognosis in cancers with EGF/Ras signaling-dependent progres-
sion, including bladder, breast, lung, pancreatic, and thyroid
cancers and sarcoma (Supplementary Fig. 10a). Similarly, a
pattern of decreased SIRT7 expression was observed in higher
grade malignant invasive breast cancer samples (Supplementary
Fig. 10b, c). Taken together, these data indicated that SIRT7
functions as a tumor suppressor, suggesting the potential anti-
tumor benefits of boosting SIRT7 expression.

Oncogenic EGF signaling hijacks the GSK3B-SIRT7 axis via
ERK2. EGF/EGEFR signaling inactivates GSK3 via RAS/ERK and/
or PI3K/AKT!L. Our data showing that Sirt7 expression was
decreased during tumor progression (Supplementary Figs. 8a and
10) suggest that the GSK3PB-SIRT7 axis might be hijacked by
oncogenic signaling to facilitate tumor initiation and malignancy.
Indeed, a markedly increased SIRT7 expression was observed when
EGF signaling activity was blocked in MDA-231 breast cancer cells
by erlotinib, whereas EGF stimulation accelerated SIRT7 protein
turnover (Fig. 7a, b). EGF treatment markedly increased SIRT7
ubiquitination, and this effect was blocked by UBR5 KD, leading to
restoration of the SIRT7 protein levels following EGF exposure
(Supplementary Fig. 11a—c). Similarly, EGF or TPA treatment led to

a sharp decrease in p-SIRT7 levels (Supplementary Fig. 11d).
Interestingly, treatment with U0126, an inhibitor of ERKI1/2
(ref. 32), increased SIRT7 protein levels, while wortmannin and
SP600125, which inhibits PI3K/AKT and JNK, respectively>>>4,
failed to restore SIRT7 expression (Supplementary Fig. 1le, f).
Moreover, U0126 administration increased p-SIRT7 but attenuated
the SIRT7 ubiquitination level (Supplementary Fig. 11g, h). Fur-
thermore, GSK3f KD and kinase inactivation by LiCl completely
abolished the impact of U0126, indicating that the effect of EGF on
SIRT?7 is GSK3pB-dependent (Fig. 7c and Supplementary Fig. 11e, f,
i, j). These data suggest that ERK1/2 underlies the mechanism by
which EGF promotes SIRT7 degradation.

We next determined the key regulator of the GSK3B-SIRT7
axis by siRNA-mediated KD of each kinase (ie., siERKI, and
siERK2). The EGF-induced downregulation of p-SIRT7 was
reduced by ablation of ERK2, but not ERK1 (Supplementary
Fig. 12a-d). GSK3f KD counteracted the stabilization of SIRT7
induced by ERK2 silencing in MDA-231 breast cancer cells and
A549 lung cancer cells (Fig. 7d, e and Supplementary Fig. 12e, f).
In addition, ERK2 KD greatly inhibited the binding of SIRT7 to
UBR5 and the EGF-facilitated SIRT7 ubiquitination; these effects
were reversed by GSK3 KD and LiCl treatment (Supplementary
Fig. 12g, h). Thus, these data indicate that EGF/ERK2 signaling
substantially determines the integrity of the GSK3B-SIRT?7 axis.

Combined fasting and ERK inhibition enhance the effects of
chemotherapy. Fasting inevitably causes acute energy stress in
regional tumors, resulting in activation of AKT to protect against
apoptosis?’; therefore, we investigated the role of SIRT7 in this
process. SIRT7 protein/phosphorylation levels were initially
increased under GD (0-2h) and decreased at later time-points,
accompanied by sharp increases in ERK1/2 and AKT activation
and GSK3p inactivation (Fig. 7f, g and Supplementary Fig. 13a).
This suggests that inhibition of the GSK3p-SIRT7 axis is required
for AKT activation under acute stress conditions. Indeed, SIRT7-
2E overexpression significantly retarded AKT activation under
GD (Fig. 7h). We therefore examined whether the GSK3p-SIRT7
axis is crucial for cancer cell survival under long-term GD. To
that end, BT-549 breast cancer cells were stably transfected with
SIRT7-WT, -2A, -2E, or EV and cultured in glucose-free medium.
The viability of BT-549 «cells overexpressing SIRT7-WT
(33.70+£0.37%) or 2E (30.29 +10.32%) was significantly lower
than the cells overexpressing 2A (76.79+4.33%) or EV

| (2021)12:5058 | https://doi.org/10.1038/s41467-021-25274-3 | www.nature.com/naturecommunications 1


https://kmplot.com/analysis
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-021-25274-3

P=0.008

o o

10 =
o
87 | PyMT; ‘ o . ‘ e
Sirt7+/+

Tumor number
o
1

4=1 O O

O — —
o PyMT; Sint7+/+
O PyMT; Sirt7+/~

e f
150 =
: coo@e
8 P=0.037
]
3 PYMT;WT
. s o @@
8
]
© o
- (@
5 (
E 50 PyMT; o ©
e I Sirt7-T1G
3 L
o L
o000
0 -
O PyMT; Sirt7+/+
© PyMT; Sirt7+/~
! i
PyMT; WT PyMT; Sirt7-TG P=0.0083

SIRT7

Relative protein levels

SIRT7 p(S473)AKT
o PyMT; WT
o PyMT; Sirt7-TG

(PS473)AKT

d KX
2 = Sirt7+/= | o 2= o0

c d
8= P=0.025
B o
= 6-
<
k=
(7]
H
S5 4=
E i
5
2
§ °
0—

O PyMT; Sirt7++

o PyMT; Sirt7+/~
g h
mi# 1.5 = 6 - P=0.0022
P=0.048
(]
#2 2 ° o]
" £1.0 - € 41
[=2] =)
° o c
m#1 z 5 ooo
5 £
5 051 I F 21 pogee
m#2
) g° ° o
oL 0 mB o
o PyMT;WT o PyMT;WT
o PYMT, Sit7-TG o PyMT; Sit7-TG
k |

PyMT; WT PyMT; Sit7-TG

(Tumor) 1 2 311 2 3 MK

.
'
:
j
(PSATI)AKT N e [ i s

.

| —70

AKT ey i gy oy

55

~70

Relative protein levels

i
g =
SIRT7 s o - — —

1

—55 p(S473)AKT  SIRT7
a-Tubulin "“
{ -- o PyMT; WT

o PyMT; Sirt7-TG
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***P =0.0000000003. Source data are provided as a Source Data file.

(62.20 £ 1.09%); similar result was obtained in MDA-231 cells
(Supplementary Fig. 13b, ¢). AKT hyperactivation usually dictates
chemotherapy resistance in malignant cancers®. Interestingly,
the genotoxic drug doxorubicin (DXR) suppressed SIRT7 protein
and phosphorylation levels in MDA-231 cells, with concomitant
AKT activation (Supplementary Fig. 14a, b). Cancer cells over-
expressing ectopic SIRT7-WT or SIRT7-2E displayed much
higher sensitivity to DXR treatment than SIRT7-2A cells (Sup-
plementary Fig. 14c, d).

These findings indicate that mild energy stress activates the
GSK3B-SIRT7 axis, thereby antagonizing tumor growth and
metastasis. In contrast, acute energetic stress might boost AKT
activation via ERK2-mediated inhibition of the GSK3B-SIRT7
axis, leading to tumorigenesis, malignant disease progression, and
drug resistance. Undoubtedly, acute energetic stress restricts the
anti-neoplastic efficacy of fasting. Indeed, IF shows limited
efficacy against already established tumors®®. Considering the
converging roles of the GSK3B-SIRT7 axis in oncogenic and
energetic stresses, combining ERK inhibition might mitigate the
impairment of SIRT7 phosphorylation by IF-elicited energy
stress. Interestingly, blockade of ERK activity by U1206 restored

p-SIRT?7 levels and suppressed AKT activation during GD (Fig. 7i
and Supplementary Fig. 13d). Furthermore, treatment with the
FDA-approved drug trametinib (Tram), a potent MEK1/2 kinase
inhibitor indicated for the treatment of melanoma with the BRAF
V600E/K mutation®’, greatly increased SIRT7 levels in A549 cells,
MDA-231 cells, and 4T1 cells (Fig. 7j and Supplementary
Fig. 13e). Importantly, 4T1 cells were almost eliminated by
fasting-mimic treatment combined with Tram and DXR in vitro,
indicating a synergistic anti-neoplastic effect (Supplementary
Fig. 14e). We further assessed the efficacy of combined therapy
comprising fasting and standard DXR plus Tram in vivo. Groups
of female Balb/c mice were inoculated with Scram or KD7
4T1 cells as follows: Scram/KD7, Scram/KD7—DXR (4 mg/kg),
Scram/KD7—Tram (0.3 mg/kg), and Scram/KD7—DXR+Tram
and then subjected to IF or not. For mice bearing tumors derived
from Scram 4T1 cells, IF-only achieved a significant inhibition of
tumor growth (Scram vs. Scram+IF) and treatment with Tram
plus IF had a similar effect (Scram+IF vs. Scram-Tram+IF). DXR
significantly facilitated the effect of IF on tumor retardation
(Scram-DXR  +IF vs. Scram+IF) and strikingly, combined
treatment with IF, DXR, and Tram almost completely blocked
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tumor progress, thus exhibiting the most marked anti-tumor
efficacy (Fig. 7k, 1). By contrast, tumors derived from Sirt7 KD
cells exhibited significant resistance to this combined therapy
regimen (Fig. 7m, n). It was noticeable that single therapy or
combined Tram and DXR showed less marked anti-tumor
efficacy when mice were fed ad libitum (Supplementary Fig. 14f),
highlighting the dominant role of IF in combination therapy.

Overall, these results indicate that targeting SIRT7 has great
potential to substantially enhance the anti-tumor efficacy of
combined chemotherapy and IF.

Discussion
Numerous studies and preclinical data as well as several on-going
clinical trials have provided solid evidence that fasting or a
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Fig. 7 Combining trametinib and fasting enhances the anti-neoplastic efficacy of DXR. a Immunoblotting analysis of lysates of MDA-231 breast cancer
cells treated with or without erlotinib (20 nM). b Immunoblotting analysis of SIRT7 protein stability in MDA-231 breast cancer cells treated with or without
EGF (5ng/ml), determined by CHX (50 ug/ml) chase assay. ¢ Immunoblotting analysis of SIRT7 protein levels in MDA-231 cells treated with U0126
(2 uM) or LiCl (10 mM). d, e Immunoblotting (d) analysis of SIRT7 protein stability in MDA-231 cells transfected with the indicated siRNA, determined by
CHX (50 pug/ml) chase assay. e Curves showing the related quantification, n = 3 independent experiments. f, g Immunoblotting (f) analysis of lysates of
MDA-231 cells subjected to glucose deprivation (GD) for the indicated periods. Bar charts in (g) showed the related quantifications from three independent
experiments. h Immunoblots showing AKT activation in MDA-231 cells expressing empty vector (EV) and relevant SIRT7 mutants with or without glucose
deprivation (GD). i Immunoblotting analysis of lysates of MDA-231 cells cultured under glucose deprivation (GD) in the presence or absence of the MEK-
ERK inhibitor (ERKi) U0126 (2 uM). j Immunoblots showing SIRT7 levels in lung cancer A549 cells and breast cancer MDA-231 cells with or without
trametinib (20 nM) treatment. k-n Representative images (k) and growth curves (I-n) of tumors generated from Scram or Sirt7 KD 4T1 cells as indicated;
Note: all groups of mice in (I) and (m) were simultaneously manipulated and curves of (n) were derived from (I) and (m). n =5 mice per group in (D; n=4
mice per group in (m); F intermittent fasting, T trametinib, D doxorubicin; arrows indicated drug application. Scale bars, 1cm. Representative results were
observed from at least three independent experiments or samples. Data represent means + SEM (e, g, I-n). P values were calculated by two-tailed
Student's t-test (e, g) or two-way ANOVA analysis (I-n), ***P =0.00003, n.s. no significance. Source data are provided as a Source Data file.

fasting-mimic diet is a promising intervention that can achieve
broad tumor regression®%>8>%. However, fasting shows limited
efficacy against established tumors®®, and might cause acute
regional energy stress, which rather activates AKT to promote
cancer cell survival?’ and apparently restricts the anti-neoplastic
efficacy of fasting. Therefore, understanding the molecular events
underlying the benefit of fasting and through which cancer cells
manipulate the challenges of both oncogenic signal and energetic
stress merits in-depth investigation. In this study, we show that
fasting leads to energetic stress that activates the metabolic reg-
ulators AMPK and GSK3B. AMPK phosphorylates SIRT7 at T263
to prime subsequent phosphorylation at T255/S259 by GSK3p,
decoupling SIRT7 from UBRS5 E3 ligase, and thereby preventing
K48-linked polyubiquitination and proteasomal degradation of
SIRT?7. SIRT7 phosphorylation by GSK3p disrupts the integrity of
the SCF-SKP2 E3 ligase complex that mediates K63 poly-
ubiquitination and activation of AKT. Unfavorably, energetic
stress and/or oncogenic signals hijack the GSK3B-SIRT7 axis,
leading to AKT overactivation, and thus, tumorigenesis, drug
resistance, and cell survival. Our data highlight SIRT7 as a central
hub on which energetic and oncogenic signals converge to pre-
vent malignant transformation and underpin the anti-neoplastic
effect (Fig. 8).

Aberrant regulation of growth signaling is a hallmark of cancer
that often occurs through activation of growth factor receptors or
their downstream effectors®®, The identification of genes involved
in oncogenic signaling pathways is essential for new targeted
therapeutics, especially considering the frequent occurrence of
drug resistance when targeting overactivated oncogenic receptors
and kinases. Our findings shed light on the role of SIRT7 in
antagonizing tumorigenesis through the suppression of oncogenic
EGF-driven AKT activation. We hypothesize that targeting SIRT7
might be beneficial for treating EGF signaling-dependent cancers,
e.g., triple-negative breast cancers with increased EGFR expres-
sion and activity, colorectal and pancreatic cancers that harbor
Ras mutations and NSCLCs with EGFR mutations. In accordance
with the hypothesis, we observed that SIRT7 overexpression
suppressed the growth of xenografted H1975 lung cancer cells,
which possess the constitutively activated EGFR L858R/T790M
mutation. As the point at which EGF signaling and the energetic
stress response converge, the GSK3p-SIRT7 axis represents an
ideal therapeutic target in various cancers. Indeed, anti-tumor
efficacy is optimized by the combination of trametinib, doxor-
ubicin, and fasting. Mechanistically, trametinib blocks oncogenic
EGF signaling and concomitantly ensures the integrity of the
GSK3B-SIRT7 axis, which guarantees subsequent activation by
fasting and enhances the efficacy of DXR treatment.

Although the synergistic effects of combining fasting with
chemotherapy have been confirmed for clinical agents such as

metformin®, vitamin C®!, and hormone therapy?, certain cancers
are tolerant to the anti-neoplastic effects of fasting due to distinct
signaling characteristics. For instance, tumors with constitutive
PI3K activation are resistant to dietary restriction*!, and color-
ectal cancers without KRAS mutation show less significant
synergized efficacy of the combination of fasting and vitamin C°L.
Thus, the critical challenges to further potentiation of the efficacy
of fasting are to identify tumors for which the greatest benefits of
fasting can be achieved and to elucidate the underlying molecular
mechanisms. In this study, we reveal that SIRT7 may serve as a
molecular marker, with high expression being associated with a
better response to a fasting regimen. Indeed, SIRT7 missense and
insertion mutations were identified in the region containing the
AMPK and GSK3p motifs (COSMIC database).

Our study reveals the function of SIRT7 as a hub on which the
key energy regulators AMPK and GSK3p converge. Under
energetic stress conditions, AMPK and GSK3p cooperatively and
sequentially phosphorylate SIRT7, resulting in long-term
SIRT7 stabilization. AMPK also phosphorylates SIRT7 at T153
to modulate rDNA transcription!”. Furthermore, SIRT7 R388
hypomethylation is coupled to AMPK activation, which regulates
mitochondrial biogenesis, but not rDNA transcription in
response to glucose availability!>. GSK3p phosphorylates a series
of substrates, including B-catenin and Myc, resulting in degra-
dation and/or inactivation, and thereby inhibiting cancer cell
proliferation and metastasis®2. GSK3p also promotes cell survival
by activating multiple pro-proliferative pathways or factors,
including NF-kB, mTOR, and C/EBP3. Thus, the role of GSK3f
in malignancy is determined by the context of substrates as well
as tumor types. Recently, an elegant study demonstrated that the
combination of fasting and metformin impairs tumor growth by
boosting GSK3p activity®. This is consistent with our finding that
GSK3p acts as a tumor suppressor, especially in the earlier stage
of tumorigenesis, by stabilizing SIRT7 to suppress AKT activa-
tion. Interestingly, the roles of SIRT7 in tumor development are
also hotly debated. Although accumulating evidence shows that
SIRT7 expression is increased in many subtypes of cancers, and
SIRT7 ablation suppresses tumor growth®%, many studies have
also shown that SIRT7 loss promotes malignant progression
through metastasis*?>>, resistance to chemotherapy!®%>, and
tumor survival under energy stress!®!7. SIRT7 overexpression
inhibits HIF1/2a and Myc activity?1%0. Considering the sub-
stantial oncogenic characteristics of HIF and Myc in malignant
cancers®’, this strongly indicates that SIRT7 negatively regulates
tumorigenesis. We attribute these apparent inconsistencies to the
diversely oncogenic pathways and lack of a relevant animal tumor
model, with current studies focusing mainly on cancer cell lines,
which ignore the intratumoral complexity. Using transgenic
tumor models, we show that SIRT7 insufficiency promotes the
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Fig. 8 Oncogenic and energetic stress signals converge at the GSK3p-SIRT7 axis. Short term and mild energetic stress activating AMPK to prime the
phosphorylation of Thr263 leads SIRT7 to be further phosphorylated at Thr255/Ser259 by GSK3p, which prevents UBR5-mediated SIRT7 K48-
polyubiquitination and subsequent proteasomal degradation. As a result, phosphorylated SIRT7 inhibits the integrity of the SCF-SKP2 E3 ligase complex
which facilitates AKT K63 polyubiquitination and thus activation. In contrast, long term or extreme energetic stress and/or oncogenic signals hijack the
GSK3B-SIRT7 axis by activating ERK2, leading to SIRT7 loss of phosphorylation, and AKT overactivation, which contributes to tumorigenesis, drug
resistance, and cell survival. Thus, SIRT7 serves as a central hub that senses oncogenic signals and energetic stress and manipulates malignant progress.

initiation, progression, and metastasis of breast and skin tumors.
In contrast, SIRT7 overexpression significantly attenuates breast
tumor development and lung metastasis. At the molecular level,
SIRT7 suppresses SCF-SKP2 E3 ligase-mediated AKT ubiquiti-
nation, thus antagonizing the function of AKT in tumor growth
and distal organ metastasis. Of note, a previous study showed that
SIRT7 deacetylates FKBP51 and uniquely suppresses AKT S473
activity!6. Another study which supports our conclusion showed
that Sirt7 loss results in AKT hyperphosphorylation at both S473
and T308 (ref. 98), although the mechanism was not clarified.
This suggests that the SIRT7-AKT axis is regulated by multiple
mechanisms in different signaling contexts.

As an E3 ligase, SKP2 possesses amounts of substrates, reg-
ulating multiple aspects of tumors, including cell proliferation,
metabolic reprogramming, and malignant metastasis®®. Our
finding that SIRT7 confers SKP2 stabilization further complicates
the abovementioned debates on the roles of SIRT7 in tumor-
igenesis. As a bona fide substrate, the degradation of P27 in
nucleus emphasizes SKP2 as a tumor driver, by which it facilitates
cell cycle entry and proliferation in many cancers’%7!. Several
studies found that SIRT7 overexpression decreases P27 level and
accelerates cell proliferation’?73, supporting SIRT7 as an SKP2
related oncogenic driver. During tumor progression, the majority

of SKP2 protein is translocated to cytoplasm, while the function
has not been well addressed’?. We found that SIRT7 compro-
mises SKP2-mediated AKT activation in the cytoplasm, thus
inhibiting malignant tumor progression. Therefore, in future
study, it would be worthwhile to thoroughly evaluate the role of
SIRT?7 subcellular distribution when considering its regulation on
distinct substrates. Interestingly, SIRT6, another sirtuin member,
can deacetylate SKP2 on K73 and K77 to enhance its further
phosphorylation S72 and S75 mediated by AKT and CKI1,
respectively, thus preventing the APC-Cdh1l E3 ubiquitin-ligase-
mediated degradation’47>. In our study, though we did not
observe an obvious deacetylation of SKP2 by SIRT7, in future
study, it would be interesting to evaluate whether SIRT7 also
contributes to SKP2 protein stability via APC-Cdh1 E3 ubiquitin-
ligase.

SIRT7 is a member of the pro-longevity sirtuin family.
Recently, several studies have demonstrated that SIRT7 expres-
sion is decreased during aging and SIRT7 loss accounts for age-
related diseases, such as osteopenia??, vascular dysfunction®s,
cardiac hypertrophy”®, and stem cell aging?3. Therefore, it can be
speculated that enhancing the activity or expression level of
SIRT7 will be beneficial in ameliorating age-associated diseases.
Since cancer is widely recognized as an age-related disease and
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the incidence of most cancers increases with age’’, the roles of
SIRT7 in cancers should be clearly elucidated if considering its
further therapeutic application for aging. We show that
SIRT7 suppresses breast/skin tumor development, thus indicating
that targeting SIRT7 might have the dual benefits of anti-tumor
activity and extended healthy lifespan. Importantly, given that
mild fasting results in energy stress and a decline in the levels of
growth factors, leading to increased AMPK and GSK3p activity, it
can be predicted that fasting would boost SIRT7 functions in
normal tissues/organs, as has been reported previously in liver2’.
More importantly, caloric restriction (CR) is the only widely
accepted manipulation that brings overall health benefits in most
species. Therefore, a comprehensive understanding of the con-
tribution of SIRT7 to the effects of CR is vital.

In this study, we have revealed the GSK3B-SIRT7 axis that
must be fine-tuned in response to energetic and oncogenic
stresses in malignancy. We provide evidence that the anti-tumor
efficacy of doxorubicin is enhanced by combination therapy with
the MEK inhibitor trametinib, which strengthens GSK3p activity,
thus blocking oncogenic signaling. Fasting coordinates AMPK
and GSK3p activity to ensure the stabilization of SIRT7, which
attenuates AKT activity by disrupting the integrity of the SCF-
SKP2 E3 ligase complex. Our data highlight the potential benefits
of targeting SIRT7 using small-molecule activators in cancer
therapy and age-related diseases.

Methods

Reagents and antibodies. The antibodies used in this study are listed in Sup-
plementary Table 1. Trametinib (HY-10999) was purchased from MCE Technol-
ogies, USA. CHX (No. 0970) and MG132 (No. 1748/5) were from TOCRIS
Bioscience, UK. AICAR (S1802), A-769662 (S2697), and CC (S7306) were from
Selleck, USA. LiCl (A100416) was obtained from Sangon Biotech (Shanghai,
China). Puromycin (P8833), Pierce™ Protein A/G plus agarose (20423), and Pierce™
GST agarose (20211) were from Thermo Fisher, USA. Anti-FLAG-beads (F2426)
and anti-HA-beads (IP0010) were purchased from Sigma-Aldrich, USA. Recom-
binant human GSK3p protein (active) (ab60863) was purchased from Abcam, UK.

Cell culture and lentivirus generation. HeLa, HEK293, MDA-MB-231, MCF-7,
and A549 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
high glucose) supplemented with 10% fetal bovine serum (FBS, PAN-Biotech
GmbH, Germany). H1975 and BT-549 cells were maintained in RPMI-1640 sup-
plemented with 10% FBS (PAN-Biotech GmbH). Cell lines were routinely tested
for mycoplasma contamination detected by PCR (TaKaRa, Japan). Transfection of
plasmid/siRNA was performed using Lipo3000° (Thermo Fisher) according to the
manufacturer’s instructions. To generate lentivirus for the generation of the indi-
cated stable cell lines, HEK293 cells were plated in 10-cm dishes and transfected
with lentiviral plasmids and the lentiviral packaging plasmids pMD2.G and
psPAX2 at a ratio of 1:0.5:1. At 48 h after transfection, the supernatant was col-
lected, filtered (0.22 um filter, Millipore, USA), and later used to infect the indi-
cated cells. At 24 h after infection, cells were further passaged for 1-2 generation
and then selected by culture in the presence of puromycin (1 ug/ml) or sorted for
green fluorescent protein-positive cells (BD FACSMelody™ Cell Sorter, USA).

Knockdown of gene expression by shRNA and siRNA. Lentiviral shRNA plas-
mids and siRNA oligos were ordered from GenePharma Company (Shanghai,
China). The shRNA and siRNA sequences are as follows: shRNA against human
SIRT7-1, 5'-TAGCCATTTGTCCTTGAGGA-3'; shRNA against human SIRT7-2,
5'-CACCTTTCTGTGAGAACGGAA-3'; siRNA against human SIRT7 siRNA-1,
5'-CUCACCGUAUUUCUACUACUAJTAT-3'; siRNA against human SIRT7
siRNA-2, 5-CACCUUUCUGUGAGAACGGAAJTAT-3’; shRNA against mouse
Sirt7-1, 5-TGCATCCCTAACAGAGAGTAT-3'; shRNA against mouse Sirt7-2, 5'-
CCTCCCTCTTTCTACTCCTTA-3'; siRNA against human GSK3p-1, 5'-GG
ACAAGAGAUUUAAGAAUATAT-3'; siRNA against human GSK3p-2, 5'-GUA
UUGCAGGACAAGAGAUATAT-3/; siRNA against human UBR5-1, 5'-CAACUU
AGAUCUCCUGAAAJTAT-3; siRNA against human UBR5-2, 5-AGACAAAUC
UCGGACUUGAJTAT-3/; siRNA against human ERK1, 5-CGUCUAAUAUA
UAA-AUAUAATAT-3/; siRNA against human ERK2, 5- GUUCGAGUAGC
UAUCAAGAJdTAT-3'; siRNA against human MEKI, 5- GUGAAUAAAUGC
UUAAUAAATAT-3'; siRNA against human MEK2, 5'- GCAUUUGCAUGGA
ACACAUATAT-3’; siRNA against human GSK3a-1, 5-GUUCAAGUUCCCUCA
GAUUAA-3’; siRNA against human GSK3a-2, 5- ACUAGAGGGCAGAG
GUAAAU-3'.

Plasmid constructs. FLAG-UBR5 (#37188), HA-GSK3p (#14753), HA-GSK3p-
S9A (#14754), and HA-GSK3B-K85A expression plasmids were from Addgene
(USA). FLAG-AMPKal (CH805185), FLAG-SKP2 (CH896343), and FLAG-AKT1
(CH846646) were purchase from Vigenebio (Shangdong, China). SIRT7 and
GSK3p deletion mutants were constructed into the p3x FLAG-CMV10 vector
(Sigma). GST-tagged SIRT7 or SIRT7-S259A/Thr263A/Thr255A was constructed
by cloning into pGEX-4T-3 (GE Healthcare). The other SIRT7 mutants were
generated by the site-directed mutagenesis using the KOD-Plus-Neo DNA poly-
merase (TOYOBO). All plasmids were confirmed by DNA sequencing (Genewiz).
Details of the primers used for the generation of these plasmids or other experi-
ments are shown in Supplementary Table 2.

RNA extraction and quantitative PCR analysis. Total RNA was extracted from
cells using TRIzol® (TaKaRa) and then reverse-transcribed into cDNA using the
PrimeScript RT-PCR Kit (TaKaRa, RR014) according to the manufacturer’s
instructions. The cDNA products were used for quantitative PCR analysis by SYBR
Mix (TaKaRa, RR064). Details of the sequences of the primers used are presented
in Supplementary Table 2.

Protein extraction, immunoprecipitation, and immunoblotting. Whole-cell
proteins were extracted using immunoprecipitation lysis buffer (25 mM Tris-HCl
pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA) containing a cocktail of protease
and phosphatase inhibitors (Sigma, complete™ Protease Inhibitor Cocktail and
PhosSTOP™). Immunoprecipitation and immunoblotting with the appropriate
antibodies were performed as described in Supplementary Table 1. Image Lab
Software (Bio-Rad, V5.2.1 build 11) was used for immunoblotting analysis. Image ]
software (V1.52) was used for quantification analysis. Uncropped and unprocessed
blots are presented in the Supplementary Information file.

GST-tagged SIRT7 protein purification. GST-SIRT7-WT, GST-SIRT7-T255A,
GST-SIRT7-S259A, and GST-SIRT7-T255A/S259A in the bacterial expression
plasmid pGEX-4T-3 were expressed in Escherichia coli BL21 following induction
by 0.1 mM isopropyl B-p-1-thiogalactopyranoside at 25 °C. Bacterial pellets were
resuspended in GST-binding buffer (25 mM Tris-HCI pH 7.5, 150 mM NacCl,

1 mM EDTA) containing protease inhibitors. The proteins were purified using
glutathione agarose according to the manufacturer’s protocol.

In vitro kinase assay. To prepare the AMPK kinase complex, FLAG-AMPK was
transfected into HEK293 cells which were treated with AICAR (10 mM) for 12 h to
stimulate AMPK activation and then immunoprecipitated (IPed) using anti-FLAG
agarose beads according to the manufacturer’s instructions. The in vitro kinase
assays were conducted in a kinase reaction buffer (50 mM Tris-HCI pH 7.4, 1 mM
dithiothreitol (DTT), 10 mM MgCl,, 0.5 M ATP) containing the IPed AMPK
complex and active GSK-3p (100 ng) plus 2 pg soluble various forms of GST-SIRT7
proteins. Reactions were incubated at 30 °C for 1 h and then terminated by the
addition of sodium dodecyl sulfate (SDS) sample buffer. The phosphorylated SIRT7
was assessed by western blotting.

In vivo ubiquitylation assay. HEK293 cells were co-transfected with the indicated
plasmids or siRNA oligos for 48 h, and then treated with relevant activators or
inhibitors. Briefly, cells were stimulated with EGF for 6 h or pre-treated with
inhibitors for 1 h before further treatment. Cells were lysed using RIPA lysis buffer
(50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1%
SDS, 10 mM NaF, 1 mM DTT, 0.2 mM Na3;VO,, 1 mM phenylmethylsulfonyl
fluoride, and a protease/phosphatase inhibitor cocktail). Cell lysates were immu-
noprecipitated using the indicated antibodies and washed three times with RIPA
buffer. Immunoprecipitates were finally eluted with SDS sample buffer and sub-
jected to immunoblotting analysis.

Cell viability assay. 4T1 and MDA-MB-231 cells (1 x 10%) were seeded on 96-well
plates for the indicated treatments. Cell viability was analyzed by using Cell
Counting Kit-8 (CCK8) (MCE, HY-K0301) according to the manufacturer’s
instructions.

Collective migration. For wound-healing assays, which evaluate the collective
migration ability, NCI-H1975 cells were cultured in 12-well plates coated with 0.1%
gelatin in DMEM supplemented with 10% FBS. When the cells reached 70%
confluence, cells were starved overnight before a scratch (wound) was introduced at
the center of the cell monolayer using a sterile plastic pipette tip. Debris was
removed by washing with PBS and cells were cultured in fresh complete medium
for 12 h. The wound was photographed at the indicated times.

Transwell migration assays. Cell motility in response to EGF was evaluated in
Transwell migration assays. Cells were first cultured for 24 h in FBS-free medium
containing 10 ng/ml EGF or not. Subsequently, 2 x 104 cells suspended in 200 pl
FBS-free medium were placed in the upper insert (8 um pore size, Corning) of a 24-
well Transwell plate and 500 ul 2% FBS medium was added to the lower chamber

16 | (2021)12:5058 | https://doi.org/10.1038/s41467-021-25274-3 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

as a chemoattractant. After incubation for 4-6 h, the inner membrane of the insert
was wiped with cotton swabs to remove the non-migrated cells, and the migrated
cells were stained with 0.1% crystal violet. The number of migrated cells was
counted to evaluate the migration ability.

DMBA/TPA-induced skin carcinogenesis in mice. The dorsal hair of Sirt7+/+
and Sirt7+/~ mice (aged 6 weeks) was shaved 2 days before the topical application
of 200 nM DMBA (in 200 pl acetone). One week later, 20 nM TPA (dissolved in
50 pl acetone) was applied topically every 3 days for 35 weeks. Finally, the number
of papillomas per mouse was recorded and the related size was measured using
Vernier calipers. Mice were maintained at 21-23 °C, in 40-60% humidity, and with
a 12 h light/12 h dark light cycle. Experimental mice were housed and handled in
accordance with protocols approved by the Committee on the Use of Live Animals
in Teaching and Research of Shenzhen University (China).

Murine mammary cancer models. FVB/N-Tg (MMTV-PyMT)/Nju mice were
purchased from the Model Animal Research Center of Nanjing University (China).
Tet-on Sirt7 transgenic mice (Sirt7-TG) or Sirt7 knockout mice were obtained as
described in our published work#2. PyMT mice were crossed with Sirt7-TG mice to
obtain PyMT;WT and PyMT;Sirt7-TG females or Sirt7+/— mice to generate
PyMT;Sirt7+/* and PyMT;Sirt7+/~ mice. To achieve Sirt7 overexpression, PyMT;-
Sirt7-TG mice were fed with doxycycline (2 mg/ml) in the drinking water from the
age of 3 weeks. At the end of experiment, all mice were sacrificed and the tumor
volume, weight, and extent of lung metastasis were recorded. Mice were kept at
21-23 °C, in 40-60% humidity, and with a 12 h light/12 h dark light cycle. Mice were
housed and handled in accordance with protocols approved by the Committee on the
Use of Live Animals in Teaching and Research of Shenzhen University (China).

In vivo xenograft model. Pathogen-free female BALB/c mice (aged 5-6 weeks)
were purchased from the Shanghai Laboratory Animal Center, CAS (Shanghai,
China). The fourth mammary fat pad of the mice was injected with 4T1 cells

(5 105). Tumor diameters were measured and the tumor volume (mm?3) was
calculated according to the formula: volume = 0.5 x length x width?. The lung
metastatic nodules were counted after hematoxylin and eosin (H&E) staining of the
whole lung. Mice were maintained at 21-23 °C, in 40-60% humidity, and with a
12 h light/12 h dark light cycle. Experimental animals were housed and handled in
accordance with protocols approved by the Committee on the Use of Live Animals
in Teaching and Research of Shenzhen University (China).

Immunohistochemical analysis of human breast cancer tissues. Human breast
cancer tissue arrays (BR963c) were bought from Alena bio (Shanxi, China).
Pathological diagnosis was based on the manufacturer’s instructions. The immu-
nohistochemical (IHC) staining of tissues was scored as negative (0) when <10% of
tumor cells showed expression. Positive scores (1+ to 34) were assigned according
to the percent of tumor cells and positive staining intensity. In the Chi-squared
analysis, scores were defined as follows: low = 0/1+, medium = 2+, high = 3+.

Statistical analysis. Excel (Microsoft Office) were used for statistical analyses.
Results are based on at least three independent experiments for most experiments.
The data are presented as the mean * standard error of the mean (SEM) or the
mean * standard deviation (SD) as indicated in the figure legends. The statistical P
values were determined by Student’s t-test, two-way ANOVA analysis or Chi-
squared test as indicated in the manuscript.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The survival analysis of cancer patients is based on a public online tool (https://
kmplot.com/analysis). The RNA-sequencing data for GSEA analysis are available in GEO
with the accession code GSE99596. SIRT7 phosphorylation sites by GSK3p is predicated
by GPS 5.0 (http://gps.biocuckoo.cn/). SIRT7 mutations are identified in the COSMIC
database (https://cancer.sanger.ac.uk/cosmic). Other data supporting the findings of this
study are available in the main figures, supplementary information, and the source data
file. Source data are provided with this paper.
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