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ABSTRACT

Previous reports have shown that excess calorie intake promotes p53 dependent senescence in mouse adipose
tissues. The objective of the current study was to address the mechanism underlying this observation, i.e.
adipocyte aging. Using cultured 3T3-L1 cells, we investigated the involvement of energy regulators Sirtl, AMPK,
and LKB1 in senescence. Fifteen days post differentiation, Sirtl knock-down increased senescence-associated
beta-galactosidase (SA-B-Gal) staining by 20-40% (p<0.05, n=12) and both cyclin kinase inhibitor p21“® and
chemokine receptor IL8Rb expression by 2-4 fold. ATP and expression of mitochondria Complex 1 were also
reduced by 30% and 50%, respectively (p<0.05, n=4). Such energy depletion may have caused the observed
increase in AMPK activity, despite LKB1 activity downregulation. This association between Sirtl and LKB1
activity was confirmed in vivo in mouse adipose tissue. Upregulation of LKB1 activity by expression of the Sirt1-
insensitive LKB1-K48R mutant in 3T3-L1 cells completely prevented the senescence-associated changes of Sirtl
knock-down. In addition, cellular senescence, which also occurs in cultured primary human aortic endothelial
cells, was largely prevented by ectopic expression of LKB1. These results suggest that LKB1 plays a pivotal role
in cellular senescence occurring in adipocytes and other cell types.

INTRODUCTION

Aging is associated with or caused by a decline of
cellular NAD" levels [1-3]. In rodent models, restoration
of NAD* by supplementation with nicotinamide riboside
[4] and nicotinamide mononucleotide [5] ameliorates
phenotypes associated with aging including insulin
resistance in high fat-fed mice [5]. Adipose tissues play a
central role in insulin action and energy metabolism along

with liver and skeletal muscle. Although it is known that
aging can cause preadipocytes to become senescent [6], it
is still not clear whether fully differentiated adipocytes
undergo a similar aging phenotype that culminates with
senescence. Aging is associated with declining cytosolic
NAD™ levels, which would suppress the activity of the
NAD™-dependent enzymes sirtuins, including Sirtl.
Picard et al. [7] demonstrated that knockdown of Sirtl in
3T3-L1 cells upregulated adipocyte differentiation.
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Therefore, suppression of Sirtl may cause obesity in
vivo. Resveratrol, a Sirtl activator, was shown to prevent
high-fat induced obesity in rodents [8]. Although this was
not observed in human trials [9], the rodent phenomenon
is consistent with this story. There is no report, however,
that Sirtl down-regulation affects adipocyte aging, or
how it affects another longevity gene product, AMP-
activated protein kinase (AMPK) and its upstream
regulator LKB1, despite a previous suggestion [10].

The energy sensing enzyme AMPK participates in
diverse arrays of signaling, including cellular
senescence and aging [11]. The enzyme is hetero-
trimeric and is comprised of a single a, B, and y subunit.
There are two catalytic subunits, ol and a2. AMPK
activity is regulated through phosphorylation by
upstream kinases (Thrl72 of the o subunits is the
primary activation site) and allosterically by increases
in the AMP/ATP and ADP/ATP ratios [11]. It is known
that a2 subunit is more sensitive to energy decline.
LKBI1 (STKI11) is one of AMPK’s upstream kinases
[11] responsible for AMPK’s activation by energy
change. LKB1 possesses a nuclear localization signal
and is located in the nucleus as a monomer. LKB1 is
active only upon forming a heterotrimer with its
cytosolically located binding partners STRAD and
MO25 [12, 13]. We previously showed that Sirtl
regulates the de-acetylation of LKB1 on Ac-K48. De-
acetylation of this site promotes LKBI1’s subcellular
nuclear to cytosolic translocation and thereby its ability
to interact with its binding partners, activate and
phosphorylate AMPK [14-16]. This activation cascade
was later confirmed by Sinclair’s group [17]. Consistent
with this scenario, AMPK phosphorylation is down-
regulated when SirtT1 is knocked down [15, 18].
However, since both Sirtl and AMPK control activation
of PGC-la, a significant factor for mitochondrial
biogenesis, downregulation of both cascades likely
decreases mitochondrial function [19]. Additionally,
Sinclair's group showed that downregulating Sirtl
induces HIF-1a dependent but PGC-la independent
mechanisms to cause mitochondrial dysfunction [3].
Mitochondrial dysfunction decreases cellular ATP
levels and increases ADP and AMP levels, which would
cause AMPK activation overriding low LKBL1 activity.
Thus, down-regulation of Sirtl may cause quite a
complicated phenotype that could depend on the age of
the cell, the cell type in which it occurs, and external
factors such as the cell's environment (e.g., being in
diabetic conditions). We think that LKB1 is one of the
significant target molecules of Sirtl and postulate that
restoration of LKB1 activity under these conditions
might ameliorate the effects of Sirtl deficiency. In this
study, we achieved this goal by expressing K48R
LKB1, which is active even under Sirtl deficiency
[15].

Studying aging in adipocytes could be very challenging
in vivo because of natural adipocyte turn-over that
produces a mixture of young and old adipocyte
populations, which makes the aging phenotype obscure.
Thus, an aging study in adipose tissues is limited to
preadipocytes [20]. Interestingly, Zoico and colleagues
[21] found that after full differentiation, 9-10 post-
induction days (PID), 3T3-L1 cells exhibited declining
gene expression of genes involved in glucose
metabolism, cytoskeleton maintenance, adiponectin,
and increased gene expression of inflammatory cyto-
kines, which appears to be mimicking the cellular aging
phenotype. However, they did not demonstrate
upregulation of senescence biomarkers. We examined
this model further in this paper and found that SA-B-Gal
(senescence-associated beta-galactosidase) activity is
steadily increased after differentiation in a p53
dependent manner. This observation is consistent with
the cellular senescence process. Thus, we used this
model to investigate whether declining Sirtl activity, by
knockdown, accelerates the aging phenotype and how it
relates to AMPK and LKBL1 expression and activity.

Here, we found that Sirtl knock-down further increased
SA-B-Gal expression after differentiation at 15 PID, but
unexpectedly AMPK expression and activity (pT172)
were upregulated despite apparent downregulation of
LKBL1 activity. This phenomenon was accompanied by
the downregulation of mitochondrial complex | expres-
sion. Pro-senescence p21°" and pro-inflammatory
receptor IL8Rb expression were strongly upregulated,
as was TGF-B. Lentiviral expression of LKB1-K48R,
which does not require Sirtl-dependent activation,
corrected all of these abnormalities including
upregulation of AMPK expression and activity.
Therefore, LKB1 downregulation is the main
contributor to senescence induced by Sirtl knockdown.
Consistent with LKBL1's role, ectopic expression of
LKBL1 largely prevented cellular senescence in cultured
human aortic endothelial cells. Our results show a novel
role of LKBL1 in the aging process.

RESULTS

Senescence associated B-galactosidase (SA-B-Gal) was
increased after differentiation and accelerated at 15
post-induction date (PID) by Sirtl knock-down, which
was prevented by LKB1 K48R expression

In this study, we created the following 3T3-L1-based
cell lines using lentiviruses: 1. shNegative expressing
cells (as an infection control), 2. Dominant-negative
p53 expressing cells, 3. shSirtl expressing cells to
knock-down Sirtl, and 4. shSirtl + LKB1 K48R
expressing cells (Figure 1A). The differentiation
procedure was standard for 3T3-L1 cells. Many studies
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use differentiated cells at 8-10 PID (post induction
date). However, to evaluate senescence, we examined
up to 15 PID, a time-frame longer than typically used.
We assessed SA-B-Gal activity by using X-gal as a
substrate. In brief, formalin-fixed 3T3-L1 cells were
quantified colorimetrically (Figure 1B, 1C). After the
commencement of differentiation, SA-B-Gal steadily
increased until it plateaued by 10 PID. There was no
further increase in staining between 10 and 15 PID in
shNegative cells. In general, senescence was induced by
expression of p53. Lentiviral transduction of dominant-
negative  p53  decreased  SA-B-Gal  activity,
corroborating the presence of cellular senescence
(Figure 1C). Knock-down of Sirtl showed a slightly
higher SA-B-Gal staining in 5-10 PID which
significantly increased at 15 PID (Figure 1B, 1C). In a
previous paper, we demonstrated that the LKB1 K48R
mutant is active without Sirtl [15]. Thus, to determine
the effect of LKB1, independent of Sirtl, we expressed
the LKB1 K48R mutant using lentivirus in Sirtl knock-
down cells to determine its effects on senescence. At 15
PID, SA-pB-Gal staining was no different than the
shNegative control demonstrating that it suppressed or
prevented the Sirtl knock-down effect (Figure 1C).

3T3L-1 adipocyte cell-line created for this study

A () 3T3L1cells
shSirtl

shNegative ’ W/ O eniivirus
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B SA-B-Gal time course after diferentiation
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LKB1 activity and energy levels were influenced by
Sirtl knockdown

The effects of shSirtl and LKB1 K48R on increasing
and decreasing SA-p-gal staining, respectively, at 15
PID suggested that some drastic change may occur after
the completion of differentiation (10 PID). Thus, we
investigated the molecular and phenotypic changes that
occur up to 10 PID, first. We assessed fat accumulation
by Qil-Red O staining (Figure 2A) along with pAMPK
(pT172-AMPK), pACC (AMPK substrate), total-
AMPK, total-ACC, and LKBL1 expression and activity
(Figure 2B, 2C). Full fat accumulation was observed at
10 PID. Colorimetric analysis of oil-red staining
showed no difference in fat accumulation between
shNegative- and shSirtl-infected cells. We assessed
insulin-stimulated glucose uptake and isoproterenol
stimulated glycerol release and found no effect of Sirtl
knock-down (data not shown). Adipocyte differentiation
markers FAS, aP2, and adiponectin became evident at
6-10 PID (Figure 2B). In shSirtl cells, Sirtl expression
was 80-90% reduced at 6-10 PID, but there were no
remarkable changes in these differentiation markers,
supporting the Oil-Red O staining results.

N
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Figure 1. (A) 3T3-L1 cell lines created for this study. Using lentiviral mediated gene expression and shRNA knock-down techniques, 3T3L1
cells were infected with shNegative (non-targeted shRNA expressing) lentivirus, p5S3DN (dominant-negative p53 expressing) lentivirus, shSirtl
(Sirt1 targeted shRNA expressing) lentivirus, and shSirt1+LKB1-K48R (LKB1 K48R mutation) lentivirus. Infected cells were selected by
corresponding antibiotics (blasticidin or hygromycin). After confirmation of lentiviral expression, these preadipocyte cell lines were induced
to become adipocytes as shown in the following figures. (B) SA-B-Gal staining time course shNegative vs. shSirtl. Sirtl knock-down
significantly increased SA-B-Gal expression at PID 15 (15 days after starting differentiation). (*p<0.05, n=12). (C) SA-B-Gal staining at PID 15.
Dominant-negative p53 expression decreased basal 3T3-L1 SA-B-Gal expression (*p<0.05 vs. shNegative, n=12). Expression of the Sirtl
insensitive LKB1 K48R-mutant prevented Sirt1 knock-down effects. (Not Significant to shNegative). Representative figure is shown.
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During differentiation, pACC and tACC levels were The results showed decreased LKB1 activity

increased (6-10 PID), but these were not affected by simultaneously occurring with low energy levels which
Sirtl knock-down (Figure 2B, 2C). Since there were no may work to inhibit and/or activate AMPK, thus,
significant changes in the pACC to tACC ratio, we potentially generating a neutral effect. We further
concluded that active (un-phosphorylated) ACC was investigated pAMPK levels in cells at 8-9 PID. In 2 out
increased. ACC is an enzyme responsible for fatty acid of 4 experiments, pAMPK was reduced, but in the other
synthesis, therefore this increase is reasonable. Overall, 2 experiments, no apparent change was observed. Thus,
there was no remarkable change in pAMPK, tAMPK, or consistent with our previous report, LKB1 activity was
LKB1 levels during differentiation or by Sirtl knock- reduced by Sirtl knock-down, but pAMPK levels
down (Figure 2B). pSer428-LKB1 was strongly fluctuated and were inconsistently affected in
increased during 0-4 PID and subsequently decreased differentiated 3T3-L1 cells in this intermediate PID
(Figure 2B, 2C). As explained in Methods, this site is timeframe.

phosphorylated by PKA or RSK, which are activated by

phosphodiesterase inhibitor IBMX and insulin, agents Increased cellular senescence by Sirtl knock-down
used for induction of differentiation during this period. at 15 PID was associated with strong increases in
Therefore, this observation was not surprising. pSer428- AMPK and pT172 AMPK expression, which were
LKB1/LKB1 ratio was consistently decreased after prevented by LKB1-K48R expression

(Figure 2C). Remarkable decreases were observed in

PGC-1a levels in 6-10 PID in shSirtl cells. In a separate Firstly, we confirmed senescence using markers other
set of experiments with cells at 10 PID, we assessed than SA-B-Gal. In general, cellular senescence occurs by
LKB1 activity in vitro using LKBtide as a substrate and activation of p53-p21°P or p16'™K signaling. We
cellular ATP/ADP ratios (Figure 2D). LKB1 activity observed increased expression of p21¢® by Sirtl
and the ATP/ADP ratio were decreased 20-30% in knockdown (Figure 3A, 3B, shNegative vs. shSirtl). In
shSirtl cells, suggesting that although the cells looked 3T3-L1 cells, basal level expression of pl16'™K was
normal, cellular dysfunctions were being caused by already noted and not influenced by Sirtl knock-down
Sirtl knock-down. Decreased PGC-la is likely (Figure 3A, 3B). This continuous expression of p16'NK
responsible for the decreased energy levels through was reported before [26, 27], and the precise roles of the
impaired mitochondrial biogenesis. expression are not clear. Cellular senescence is associated
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Figure 2. (A) Differentiation of 3T3-L1 cells in shNegative and Sirt1 knockdown cells. Oil O red staining image (x100). Red staining was extracted
with isopropanol and absorbance was measured at 400 nm. There were no apparent effects of Sirtl knockdown on fat accumulation. (B, C)
Proteins indicating adipocyte differentiation and AMPK, LKB1, and Sirt1 signaling assessed by western blot. Sirt1l knockdown was evident at 10
PID; however, pACC/tACC and pAMPK/tAMPK showed no apparent suppression of AMPK activity. pSerLKB1/LKB1 showed suppression of LKB1 at
6 and 10 PID. A similar suppression trend was observed in PGCla/HSP90. n=4, *p<0.05 vs shNegative. (D) Effect of Sirtl knockdown on LKB1
activity and ATP/ADP ratio. LKB1 activity was assessed by LKBtide phosphorylation in immuno-precipitated samples. Sirtl knock-down causes
LKB1 activity downregulation. (n-6, *p<0.05). ATP/ADP ratios were significantly lower with Sirt1l knock-down (n=6. P<0.05). Similar experiments
were repeated three times.
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with and/or caused by various pro-inflammatory
cytokine signaling pathways. These cytokines bind to
the CXCR2 (IL8Rb) receptor to exert their inflam-
matory signaling to cause cellular senescence [28]. We
analyzed this protein expression by western blot and
found it highly upregulated (Figure 3A, 3B). Because of
this result, we checked 10 PID sample and found that
CXCR2 (IL8b) expression was already high at this stage
(data not shown). Similarly, TGF-B expression was
increased (Figure 3A, 3B). LKB1 K48R expression
prevented or reversed the upregulation of p21", IL8RDb,
and TGF-B (Figure 3A, 3B). It also upregulated P16'"N
expression modestly (Figure 3A, 3B). Collectively,
Sirtl knock-down 3T3-L1 cells at 15 PID demonstrated
the biochemical signatures consistent with cellular
senescence and these were prevented by LKB1-K48R
expression.

We next assessed AMPK signaling at 15 PID (Figure
4A, 4B). We found consistent robust T172 phospho-
rylation of AMPK by shSirtl in all repetitions of this
experiment. This unexpected result was also confirmed
in a separate experiment by in vitro activity assay
(Figure 4B). We also observed a slight increase of total

A

AMPK, and also an increased expression of the AMPK
02 subunit (Figure 4A). The LKBL1 substrate MARK1
protein phosphorylation was decreased, suggesting
downregulation of LKB1 activity, consistent with
LKB1 activity downregulation observed at 10 PID.
Since TGF-p and inflammation may activate TAK1,
which is another AMPK kinase, we assessed TAK1
phosphorylation. TAK1 expression was barely
detectable in 3T3-L1 cells, and no detectable signal was
observed with phospho-antibodies (data not shown).
Similarly, we also could not detect a reliable band of
CamKK by western blot. We assessed mitochondria
oxidative phosphorylation complex expression and
found downregulation of complex | in Sirtl knock-
down cells (Figure 4A, 4B). Collectively, at 15 PID,
Sirtl knock-down downregulated LKB1 activity, but
AMPK signaling was upregulated likely due to low
energy conditions and AMPK alpha2 overexpression.
Interestingly, LKB1 K45R expression strongly
suppressed pT172-AMPK, while a 2-fold increase in
phospho-to-total MARK1 ratio, which is indicative of
LKBL1 activation (Figure 4A, 4B), was observed. This
LKB1 activation was accompanied by a 2-fold increase
in Complex | expression (Figure 4A, 4B).

SIRT1/HSPI0

8 LKB1/HSP90

PID 15 ) 2 )
shNegative  shSirtl shSirt1+LKB1 K48R

Sirt1 ”
S S
p21Cie |__ —p—g . " J
e ——
P53 e e - — -

sRb EEE .

L R e ey S

Figure 3. (A, B) Western blots of proteins related to senescence and inflammation at PID 15 in shNegative, shSirt1, and shSirt1+LKB1 K48R
cells. (A) The aforementioned proteins were assessed by western blot in PID 15 shNegative, Sirtl knockdown, and Sirtl knockdown + LKB1
K48R expressing 3T3-L1 cells. Upregulation of cyclin kinase inhibitor p21¢P, inflammatory chemokine receptor IL8b, and TGF-beta was
observed in Sirt1l knockdown cells, and LKB1 K48R prevented these changes. (n=4, *p<0.05 vs. shNegative).
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Modulation of LKB1 acetylation and activation
occurs in mouse fat tissues

We examined whether suppression and activation of
LKB1 via acetylation can occur in adipose tissue of the
mouse in vivo. Previously we demonstrated that knock-
down of Sirtl increases LKB1 acetylation while Sirtl
overexpression and activation by resveratrol decreases
acetylation [15]. Therefore, the acetylation status of
LKB1 is a likely indicator of Sirtl activity. In vivo,
Sirtl activity can be modulated by circadian rhythm and
feeding-fasting cycle, thus, we expected that LKB1
acetylation may fluctuate. LKB1 was immuno-
precipitated from mouse subcutaneous adipose tissues
and blotted with acetyl-lysine, pS428, and pT336, a
primary auto-phosphorylation site (Figure 5A).
Phosphorylation of T336 LKB1 only occurs when
LKB1 forms the active complex with STRAD and
MO?25, thus, is an indicator of LKB1 activation. We
found that LKB1 acetylation was negatively correlated
with pT336 (Figure 5A, 5B). In addition, there was a
strong positive correlation between pT336 and pS428
(Figure 5A, 5C). The results suggest that Sirtl activity
may control LKB1 activity in vivo and this can be
monitored by assessing pSer428 LKB1. We previously
demonstrated such a relationship in aortic endothelium
after acute exercise [29].

A

PID 15

shNegative  shSirtl

shSirt1+LKB1 K48R

We then characterized how pSer428-LKB1 may be
indicative of LKBL1 activity (Figure 5D). In 3T3-L1
cells at 7 PID, we separated cytosolic and nuclear
fractions and blotted with pS428-LKB1 and LKB1.
While LKB1 presented in both fractions, pS428-LKB1
was only observed in the cytosol. This result was
largely consistent with a previous report [30]. Since
LKB1 active complex localized only in cytosol, p428-
LKB1 appears to reflect the amount of the active
complex unless upstream kinase activation is present.

Sirtl knock-down induced LKB1 suppression and
energy depletion occurred in other cell types

We examined other cell lines to determine whether the
phenomena observed above, such as a decreased ATP,
suppression of LKB1 activity, and activation of AMPK
by Sirtl knock-down, are unique to differentiated 3T3-
L1 cells. We reported previously that acute suppression
of Sirtl by lentiviral ShRNA decreased AMPK activity
in un-passaged HEK293T cells and HepG2 cells [15,
18]. We hypothesized that modulation of AMPK
activity may depend upon the duration of Sirtl
suppression. Therefore, we examined several cells types
in which we suppressed Sirtl with shSirtl through
several passages. Decreased ATP levels were observed
in 293T cells and HepG2 cells (Figure 6A) at 3-5
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Figure 4. (A, B) Western blots of proteins related to and AMPK, LKB1, and Sirtl signaling and mitochondrial dysfunction at PID 15 in
shNegative, shSirt1, and shSirt1+LKB1 K48R cells. p-T172 AMPK and AMPK alpha2 were increased despite decreased p-MARK (LKB1 substrate)
in Sirt1 knockdown cells. LKB1 K48R increased p-MARK and decreased p-T172 AMPK. It also significantly upregulated mitochondrial complex |
proteins. The ratio of phospho-to-total MARK: A decrease in this ratio indicates a decrease in LKB1 activity caused by Sirt1 knockdown and
upregulated by LKB1 K48R expression. Complex 1 expression normalized by HSP90: As seen in (A), expression of LKB1 K48R not only
ameliorates LKB1 activity, it also increases mitochondrial complex | expression. (n=4, *p<0.05 vs shNegative). AMPK activity was increased by
shSirtl cells: AMPK activity was assessed by using 32P-ATP in vitro in the SAMS peptide assay. (*p<0.05 vs shNegative, n=6).
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passages after Sirtl knock-down. In HepG2 cells, we
also observed a decreased mitochondrial membrane
potential (6A), suggesting that the ATP defects were
mediated through mitochondrial dysfunction. Cellular
NAD" levels were also decreased (6A). In HepG2 cells
at 3-5 passages after Sirtl knock-down, total LKB1
levels were increased (Figure 6B), but activity was
decreased as shown by downregulated p-MARK1
(Figure 6B, 6C). In a separate set of experiments
pSer428-LKB1 was decreased in Sirtl knock-down
(data not shown). Despite decreased LKB1, AMPKa2
and p-T172 AMPK were increased (Figure 6B, 6C). In
HepG2 cells, CamKKp (another upstream Kkinase of
AMPK) expression was decreased by Sirtl knock-down.
Similarly, mitochondrial Complex | downregulation was
also observed (data not shown). We also observed
upregulation of AMPKa2 in human aortic endothelial
cells by Sirtl knock-down (data not shown). However,
we did not observe these effects in the INS-1p-cell line.
These results attest that Sirtl knockdown effects can be
seen in other cell types, but not all cell types, after longer
suppression.

A

LKB1-IP of mouse subcutaneous adipose tissue

Ectopic expression of LKB1 prevented cellular
senescence in human aortic endothelial cells

Finally, we examined whether ectopic expression of
LKBL1 slows cellular senescence in primary human cells.
For years we have used human primary endothelial for
studying diabetic complications and know that human
aortic endothelial cells (HAEC) from adult donors
become senescent relatively quickly, typically within
less than 10 passages even under normal culture
conditions. We examined whether ectopic expression of
LKB1 affects SA-p-Gal expression. Passage 5 HAEC
were infected with lentivirus expressing wild-type LKB1
or a null-expression control virus. There was no effects
on cellular proliferation. The cells at passage 8 and 9
were examined for SA-B-Gal staining together with
LKB1 immunostaining. The percentage of SA-B-Gal
positive cells was increased from passage 8 to 9 in
control cells (Figure 6D, 6E). The percentage of SA-p-
Gal positive cells in LKB1-lentivirus infected cells were
significantly lower than in control cells at passages 8 and
9 and no significant increase was observed between
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Figure 5. Assessment of LKB1 acetylation and phosphorylation in mouse adipose tissue. (A) Western blot of LKB1 post-
translational modifications: acetyl-lysine, pS428, and pT336. LKB1 from mouse subcutaneous adipose tissues were immunoprecipitated, and
LKB1 acetylation, pS428, and autophosphorylation site pT336 were assessed by western blotting. (B) LKB1 acetylation and pT366. The degree
of acetylation of LKB1 is negatively correlated with pT336 (r=0.77, p<0.05), suggesting that LKB1 acetylation, which is regulated by Sirtl
activity, affects LKB1 activity. (C) Correlation between S428 and pT336. pS428 and pT336 were positively correlated (r= 0.824 p<0.05),
suggesting that pS428 indicates activation (D). pS428 LKB1 is located in the cytosol. Two sets of samples were fractionated. LKB1 pSer428 was
only observed in the cytosolic fraction, suggesting that LKB1 pSer428 is indicative of active (cytosolic) LKB1 content. Similar experiments were

repeated three times.
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passages 8 and 9 (Figure 6D, 6E). This result showed that
LKB1 plays a pivotal role in cellular aging in primary
human cells as well as differentiated 3T3-L1 cells.

DISCUSSION

This study demonstrated that 3T3-L1 cells undergo an
"aging" phenotype after full differentiation, and this was
augmented by Sirtl  knock-down after  full
differentiation. The process was accompanied by
mitochondrial dysfunction characterized by reduced
expression of Complex 1 and upregulation of
inflammatory cascade proteins. Increased expression of
AMPK o2 and p-T172 AMPK, and AMPK enzyme
activity were observed despite apparent suppression of
LKB1 activity. This downregulation of LKB1 plays
significant roles in the process since the expression of
LKB1 K48R completely prevented these phenotypes
and signal transduction abnormalities. This result attests
that: 1. one of the significant targets of Sirtl could be
LKB1, 2. AMPK activation did not prevent senescence,
and 3. LKBL1 activity seems to be required to maintain
mitochondrial function independent of Sirtl and

AMPK. Furthermore, dysregulation of Sirtl-controlled
LKB1 acetylation and activity may cause in vivo aging
in fat cells.

LKBL1 has a nuclear localization signal at its N-terminus
[13], which is responsible for constitutive nuclear
localization. On the other hand, LKBL1's protein binding
partners STRAD and MO25 that are required for LKB1
kinase activity are located in the cytosol [12, 13].
Therefore, LKB1 is a nucleus-cytosol shuttling protein.
Interestingly, Sirtl also shuttles between the nucleus
and cytosol [27]. In adipocytes, it was demonstrated that
in addition to Sirtl [7], cytosolic Sirt2 also participates
in differentiation processes presumably by moving to
the nucleus [28]. Thus, multiple sirtuin family members
appear to control fat differentiation [29]. This may be a
part of the reason why we did not observe the apparent
promotion of adiposity by Sirtl down-regulation. In a
previous publication in which we demonstrated the
regulation of LKB1 by Sirtl, we found that LKB1 did
not bind to Sirt2 or Sirt3. Thus, we think LKB1 de-
acetylation and activation are preferentially regulated by
Sirtl.
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Figure 6. (A-C) Effects of Sirtl knock-down in HepG2 cells after 3-5 passages. (A) Sirtl knock-down decreased ATP,
mitochondria membrane potential, and NAD* levels (n=6, *p<0.05). (B, C) Sirtl knock-down increased pAMPK levels and AMPK a2. It
decreased LKB1 specific activity (PMARK1/LKB1) and CaMKKp. (n=4, *p<0.05). (D, E) Effects of LKB1 epitopic expression by lentivirus on
cellular senescence of cultured primary human aortic endothelial cells. LKB1 or null lentivirus was infected to the endothelial cells at
passage 5 and passaged up 9. SA-B-Gal activity by X-gal staining and LKB1 immunostaining (DAB as substrate) were performed at
passages 8 and 9. A significant increase in the percentage of SA-fB-Gal positive cells was observed between passages 8 and 9 in null-
lentivirus infected cells (n=6, *p<0.05). LKB1 expressed cells showed a significantly less percentage of positive cells at both passages and

had no increase between passages 8 and 9.
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AMPK is recognized as a longevity gene [30].
Pharmacological activation of AMPK by metformin
may extend life-span [31]. We previously demonstrated
that activation of AMPK prevented stress-induced
cellular senescence in human primary keratinocytes [32,
33]. Similar findings to prevent aging by activation
of AMPK were reported by many other researchers
[34-37]. In this study, contrary to such observations, we
found that AMPK activation did not prevent
senescence. Instead, strong AMPK activation was
coincident with induction of a senescence phenotype. In
the literature, there are also a number of papers
suggesting the activation of AMPK promotes
senescence [38—43]. The first report came in 2003 in the
study of replicative senescence in human IDH4, IMR-
90, and WI-38 fibroblasts [38]. During senescence,
increased cellular AMP: ATP ratio and AMPK
activation were observed, and AMPK activation
appeared to accelerate senescence by reducing the
expression of the RNA-binding protein HuUR and the
expression of pl6 [38]. Thus, regarding cellular
senescence or maybe aging in general, there is literature
claiming the dichotomous effects of AMPK activation.

Mechanistically, phosphorylation and activation of p53
by AMPK leading to increased p21°'" has been proposed
for G1 cell cycle arrest and senescence reported firstly in
early 2000 [44-48]. At that time, when we read these
papers, we tested whether continuous activation of
AMPK by AICAR (5-Aminoimidazole-4-carboxamide
ribonucleotide) induces cellular senescence using human
umbilical vein endothelial cells. AICAR was found to
cause G1 arrest as reported by others, but the effect was

Normal cells
+ Anti-senescence
/> SIRT1 " Anti-inflammation
NAD* ﬂ K48 deac‘ét;Iation
A » Mitochondria
LKB1 genesis

!

|[R‘MW| —AMPK

High ATP/ADP

Nicotinamide

+ ATPs

immediately reversed once AICAR was removed from
the cells” media, suggesting that the AMPK activation
per se does not cause senescence. In addition, we also
reported that AMPK activation did not increase p53
phosphorylation in various types of human primary cells
[32]. Taken together, AMPK activation could work to
prevent or promote cellular senescence in a context-
dependent manner.

So, what are the factor(s) determining senescence-
promoting effects of AMPK? Although we do not have
clear answers, this study gives us some hints. AMPK is
known to regulate energy homeostasis, to maintain ATP
levels under stress conditions [11]. However, cells that
undergo senescence show lower energy status as shown
by others [38] and by us in this study. Thus, AMPK
activation during the senescence process fails to
maintain energy levels. AMPK activation upregulates
catabolic processes to produce more ATP [11].
Increased expression of NAMPT (nicotinamide
phosphoribosyltransferase) by AMPK, which synthesizes
NAD™ from nicotinamide, could be one of such cascades
[49]. This leads to increasing NAD®, which activates
sirtuins [49], including Sirtl. Thus, in normal cells, the
AMPK-NAMPT-Sirtl cascade activates PGC-1lo for
mitochondrial biogenesis to restore energy levels (Figure
7A). It was demonstrated in hepatocytes that cytosolic
NAD™ levels are controlled by ATP levels [50]. Thus, if
ATP levels are continuously low, NAD" levels are also
low, and in such case, no activation of sirtuins would
occur despite activation of AMPK. Since activation of
AMPK inhibits protein synthesis [51], this induces
cellular or tissue atrophy as observed in aged tissues.

B Senescent cells
= SIRT1 .
NAD* ﬂ |<..42§..deacetylation
LKB1
I
TGF-f ™
MVEN == AMPK  pcciq o
4

Mitochondria
dysfunction

Low ATP/ADP '«

Nicotinamide

+ ATPs Cellular atrophy

Fibrosis

Figure 7. The Sirt1-LKB1-AMPK cascade in normal (A) vs. senescent cells (B). In senescent cells, a continuous decrease in ATP/ADP ratio leads
to activation of AMPK. This leads to mitochondrial dysfunction induced by Sirt1-LKB1 down-regulation through a decreased PGClo. Low
ATP/ADP ratio decreases NAD* production and induces Sirt1 inhibition. Continuous activation of AMPK leads to aging phenotypes such as

cellular or tissue atrophy and fibrosis.
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Sirtl inhibition by accumulation of nicotinamide likely
accelerates this process giving rise to the aging pheno-
type. This would lead to the downregulation of LKB1
activity (Figure 7B), as shown in this study, which is
consistent with previous observations [15, 17]. We
found that activation of LKB1 by LKB1 K48R reverses
the effects. Thus, LKB1 activation may be a critical
point. LKB1, directly and indirectly, controls many
molecules by phosphorylation [13]. AMPK-independent
effects of LKB1 on energy metabolism, including
mitochondrial biogenesis, are less well known, but there
are a few examples. Schwann cell-specific LKB1 knock-
out mice revealed declining NAD*, ATP, and axonal
degeneration that resembles diabetic neuropathy despite
activation AMPK [52]. In that paper, double knock-out
of AMPK al & 2 subunits did not show the same
phenotype, confirming an AMPK independent effect.
Similarly, LKB1 deficient hematopoietic stem cells
showed mitochondrial defects and decreased ATP levels
[63-55]. These phenomena were not observed in
AMPK a subunits double knock-out mice [55],
suggesting AMPK independent effects. Thus, there is a
link between LKB1 and mitochondrial function
independent of AMPK, and this issue is worth further
investigation.

Some may question how p-AMPK can be increased
while LKB1 is suppressed. In a study using LKB1
hypomorphic mice, which express only 10-20% of the
LKB1 expressed in wild-type mice, phenformin-
mediated AMPK activation in adipocytes was as high as
in wild-type mice, and there was no difference in
increased pACC/ACC levels [56]. This attests that
unlike other AMPK-related kinases, energy levels
determine p-AMPK levels rather than LKB1 amount or
activity. There is also a possibility that CaMKK}
activity is increased; however, we could not see a
reliable band because of low expression as reported by
Gormand et al. [56]. They also found that Sirtl knock-
down decreased rather than increased CaMKK]
expression. Thus, CaMKK mediated activation seems to
be unlikely. Another question: why does K48R LKB1
fail to increase pAMPK, as shown in Figure 4A? We
found that K48R LKBL increases LKB1 activity as
assessed by activity assay and direct substrate
phosphorylation in a previous study [15]. In this study,
there is a discrepancy between Mark-1 phosphorylation,
which is an energy level insensitive substrate of LKB1,
vs AMPK phosphorylation, which is an energy level
sensitive substrate of LKB1. Therefore, the most
plausible explanation is that pAMPK is suppressed due
to the restoration of energy levels.

Finally, we found in this study, a possible link between
LKB1 and AMPK a2 subunit. This effect was observed
in many other cell types, and therefore, there must be

molecular connection. Currently, the mechanism of
this action is unknown. LKB1 K48R expression
effectively prevents this phenomenon, so it is likely to
be related to LKB1 activity. It is known that the E2F1
transcription factor positively controls the expression of
AMPK alpha 2 [57]. Thus, it may be related to E2F1,
but the link to Sirtl and LKB1 is not clear. This
outstanding question remains to be determined in future
studies.

In conclusion, we demonstrated that when Sirt1 activity
is compromised, activation of LKB1 but not AMPK
activation may ameliorate cellular dysfunction. This
AMPK independent LKB1 function is worthy of further
study in vivo.

MATERIALS AND METHODS
Cell culture

NIH3T3-L1 (ATCC CL-173), HepG2 (ATCC HB-8065)
and HEK293T (ATCC CRL-11268) were purchased
from ATCC (American Type Culture Collection, USA).
The cells were cultured in appropriate media
recommended by ATCC. NIH 3T3-L1 cells were
cultured in DMEM with high glucose containing 10%
bovine serum, and HepG2 cells were with MEM with
low glucose containing 10% FBS. HEK293T cells were
used for making lentivirus and propagated with Opti-
MEM containing 5% FBS. Human aortic endothelial
cells were obtained from Lonza (USA) and cultured
using EGM-2 medium following their recommendations.
The cells were passaged at 70% confluency.

Sub-cloning of NIH3T3-L1 cells

Newly purchased NIH3T3-L1 cells were expanded and
frozen in liquid nitrogen. This initial stock was very
resistant to adipogenic differentiation with the standard
3T3-L1 differentiation protocol which was also reported
by other [58]. Because of this, sub-cloning was
performed by limited dilution in 96 well plates. Clones
made from single cells were expanded and tested for
their ability to differentiate. Those that differentiated
well were expanded; stocks were then cryopreserved
and used for the studies herein.

Differentiation of NIH3T3-L1 cell to adipocytes

3T3-L1 cells were grown in DMEM 10% calf serum
which was changed every 2 days. To start differentiation,
the cells were re-plated in 12 well dishes. Two days after
post confluence, the cells were incubated with DMEM
10% FBS supplemented with 0.5 mM IBMX, 1 uM
dexamethasone, and 1 pg/ml insulin for 2 days (0-1 PID)
followed by 2 days with 1 pg/ml insulin only (2-3 PID).
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The cells were then maintained DMEM containing 10%
FBS medium (4-15 PID). Consistently, approximately
70% of cells became fat droplet containing cells.

Oil Red O staining
Oil Red O staining was performed on formalin-fixed cells

using a protocol described here; http://www.ihcworld.
com/_protocols/special_stains/oil_red o _ellis.htm.

Senescence associated pB-galactosidase (SA-p-Gal)
assay

The assay was performed as previously published [32].
In brief, after fixation with 2% formaldehyde and
extensive wash, the cells were incubated with SA-p-Gal
staining solution overnight. After observation under a
microscope, the blue color products were dissolved with
DMSO and absorbance measured at 620 nm.

Western blotting

Western blots were performed as previously described
[15]. Equal amounts of proteins were loaded.
Antibodies used this study were from Cell Signaling
Technologies (USA); AMPK (5832), pT172-AMPK
(50081), acetyl-CoA carboxylase (ACC, 3676), pS79-
ACC (11818), p-MARK (4836), MARK1 (3319), from
Santa Cruz Biotechnology (USA); LKB1 (sc-32245), p-
S428LKB1 (sc-271924), Sirtl (sc-15404), from Merck
(USA); Sirtl (07-131), from Abcam (USA); FABP4
(ab23693), OXPHOS (ab110413), AMPK alpha2
(ab3760). CamKK [ antibody was a gift from D.
Grahame Hardie (Dundee, UK).

Construction of recombinant lentiviruses: shRNA
for human Sirtl or mouse Sirtl, and dominant-
negative p53, and LKB1K48R or LKB1 wt

The lentiviral shRNAs targeting human Sirtl and its
negative control were previously made and fully
described in [15]. We employed the same procedure to
make a lentiviral sShRNA for mouse Sirtl. For mus
musculus Sirtl mRNA (NM_019812) we used the
sequence 5'-gacccaagaccattcttca-3' as the shRNA target.
The dominant-negative p53 expressing lentivirus was
created as previously described [32]. Human LKB1 and
LKB1 K48R mutant were prepared as described before
[15]. Lentivirus vectors expressing LKB1s were created
using Lenti6 gateway donor vector (Invitrogen, USA)
by LR reaction.

Determination of cellular ATP and ADP

Cellular ATP and ADP were determined by lumino-
metric assay as described in [16].

LKB1 analysis of mouse subcutaneous adipose tissue

Eight-week-old C57BL/6J mice (both male and
female) were purchased from Jackson Labs (Bar
Harbor, ME), fed a standard chow diet, and kept in
standard housing with a 12hr/12hr light and dark
cycle. Standard care was taken according to the Boston
University 1ACUC guidelines. The mice were
euthanized with CO» gas. The subcutaneous adipose
tissue was removed and frozen in liquid nitrogen. Fat
tissues were homogenized with lysis buffer and LKB1
was immunoprecipitated with a protein G-anti-LKB1-
IgG conjugated complex as prev iously described [15].
LKB1 was eluted and subjected to SDS-PAGE and
western blotting.

Assessment of AMPK and LKB1 activity

Activation of AMPK requires phosphorylation at
Thrl72 in its catalytic subunit (mouse al sequence),
and the antibody detecting this site is widely used for
monitoring  activation.  However, since  other
phosphorylation sites in the catalytic subunit such as
Ser485 may inhibit activity, we also assessed enzyme
activity using SAMS peptide in vitro [59]. Kinase active
LKBL1 is a heterotrimetric complex containing LKB1,
STRAD, and MO25. The enzyme activity can be
assessed in vitro using LKB1tide as a substrate with
$2p_.ATP [15]. There are 4 auto-phosphorylation sites
including Thr336. Previously, we purchased pThr336
antibody and used it in this study [15]. This antibody
was only useful in immunoprecipitation or exogenously
expressed samples and is not commercially available
anymore. pSer428 (mouse Ser431) antibody is widely
available and easily detectable in whole cell extract.
Although this phosphorylation site is frequently used
for monitoring activation, it is known to be
phosphorylated by PKA (cyclic dependent protein
kinase) and RSK (ribosomal S6 kinase) [60]. Therefore,
usage of this antibody may require some caution,
particularly in the presence of activators (such as IBMX
or insulin). We evaluated this antibody along with
pThr336 antibody to assess activity. MARK1 is a
substrate protein of LKB1 and pMARKZ1 antibody is
commercially available. The ratio of pMARKUL/total
MARK1 was used for an indicator of LKB1 activity
[15]. Since MARKZ1 protein expression is usualy
constant, the ratio pMARKI1/LKB1 may indicate a
specific activity of LKB1.
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