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SUMMARY

The role of the mTOR inhibitor rapamycin in regulation of adiposity remains controversial. Here,
we evaluate mTOR signaling in lipid metabolism in adipose tissues of £mna mice, a mouse
model for dilated cardiomyopathy and muscular dystrophy. Lifespan extension by rapamycin is
associated with increased body weight and fat content, two phenotypes we link to suppression of
elevated energy expenditure. In both white and brown adipose tissue of Lmna™~ mice, we find that
rapamycin inhibits MTORC1 but not mTORC2, leading to suppression of elevated lipolysis and
restoration of thermogenic protein UCP1 levels, respectively. The short lifespan and metabolic
phenotypes of Lmna™~ mice can be partially rescued by maintaining mice at thermoneutrality.
Together, our findings indicate that altered mTOR signaling in Lmna™~ mice leads to a
lipodystrophic phenotype that can be rescued with rapamycin, highlighting the impact of loss of
adipose in Lmna™~ mice and the consequences of altered mTOR signaling.

Graphical Abstract

Corresponding Author and Lead Contact: Brian Kennedy, Ph.D., President and CEO, Buck Institute for Research on Aging, 8001
Redwood Boulevard, Novato, California 94945, http://www.buckinstitute.org, Phone: 415-209-2040, bkennedy@buckinstitute.org.
AUTHOR CONTRIBUTIONS

C-Y.L. and B.K.K. designed all experiments. C-Y.L., S.S.A,, N.H.C., J.RM., E.C. A, M.N.O,, J. AW, C.P, MAAT, EPL., Y-M.H,,
and D.M.M. performed experiments. C-Y. L. analyzed the data. C-Y.L. and B.K.K. wrote the manuscript with input from co-authors.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.


http://www.buckinstitute.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Liao et al.

Keywords

Page 2
Lmna” mice

% o}.

TLipolysis lThermogenesis

)\I'/\

Rapamycin Rapamycin
! Energy expenditureT |
Cardiomyopathy Muscular dystrophy

\ 2

Short lifespan

rapamycin; lifespan; mTOR; Lmna™~ mice

INTRODUCTION

The mechanistic target of rapamycin (mTOR) protein is well known to orchestrate cell
growth and proliferation (Laplante and Sabatini, 2012) and is linked to a range of age-
related diseases (Johnson et al., 2013a). Rapamycin, which inhibits the mTOR signaling,
prolongs lifespan in a variety of genetically different mice (Anisimov et al., 2011; Harrison
et al., 2009; Neff et al., 2013) and genetically modified mouse models of various human
diseases (Fujishita et al., 2008; Johnson et al., 2013b; Ramos et al., 2012).

Accumulating evidence also indicates that the mTOR complex 1 (mTORC1) plays a key role
in the regulation of fat metabolism (Cai et al., 2016; Lamming and Sabatini, 2013). Upon
activation, mTORC1 suppresses lipolytic enzymes and represses lipolysis, and activates
lipogenesis and lipid storage, while inhibition of mTOR blocks adipogenesis and stimulates
lipolysis (Chakrabarti et al., 2010; Lamming and Sabatini, 2013). In light of this, rapamycin,
which is known to acutely inhibit mTORC1, has been shown to suppress adiposity and/or
body weight (BW) of mice (Anisimov et al., 2011; Fang et al., 2013; Miller et al., 2014).
Genetic interventions leading to mTORCL inhibition, such as adipose-specific Raptor
knockout, result in lean mice with increased energy expenditure (Polak et al., 2008).
However, some studies show the absence of changes in BW or even an increase with
rapamyecin treatment in mice (Fischer et al., 2015; Liu et al., 2014; Zhang et al., 2013b).
Thus, the link between mTOR signaling, the effects of rapamycin and fat metabolism
remains unresolved (Cai et al., 2016).
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Compared to the numerous studies on mTORCL1, knowledge of the role of mMTORC2 in
metabolism is less understood (Albert and Hall, 2015), and is confounded by the multi-level
crosstalk between the two complexes (Julien et al., 2010). Unlike mMTORC1, mTORC2 is
largely insensitive to rapamycin in an acute setting; however, it can be inhibited by chronic
exposure to rapamycin /n vitro (Sarbassov et al., 2006). Chronic rapamycin treatment also
disrupted both mTORC1 and mTORC2 complexes in muscle, liver and adipose tissues
(Lamming et al., 2012; Schreiber et al., 2015). Interestingly, inactivation of mMTORC2
signaling by deletion of Rictor specifically in adipose tissue of mice also profoundly affects
whole body metabolism, leading to weight gain and insulin resistance (Kumar et al., 2010)
and suggesting that whole body metabolism could be affected only by altered mMTORC2
activity in adipose tissues.

Over 450 distinct mutations in LMNA, which encode A-type lamins that form intermediate
filaments in the nucleus, cause a range of diseases termed laminopathies (Schreiber and
Kennedy, 2013). The laminopathies comprise multiple diseases with a range of phenotypic
overlap (Worman and Bonne, 2007), including different forms of cardiomyopathy, muscular
dystrophy, lipodystrophy, neuropathy, and progeria (Hutchinson-Gilford progeria
syndromes, HGPS). Lamin A/C-deficient (Lmna™'~) mice, which are really hypomorhs due
to low level expression of an altered splice variant (Jahn et al., 2012), can capture some of
those phenotypes, including cardiomyopathy, muscular dystrophy, neuropathy and possibly
lipodystrophy (Sullivan et al., 1999). Previously, we found that the dilated cardiomyopathy
and skeletal muscle dystrophy is associated with aberrantly elevated mTORCL signaling
(Ramos et al., 2012), a result consistent with findings in mice expressing a Lmna variant,
H222P, associated with cardiomyopathy (Choi et al., 2012). Rapamycin-mediated mMTORC1
inhibition improves cardiac and muscle function and robustly enhances survival in Lmna™~
mice (Ramos et al., 2012). Given the role of mTOR activity in regulating cellular
metabolism, we speculated that aberrant mTOR signaling may be fundamental to the
development of lipodystrophy in Lmna™~ mice, and possibly human patients, as well. Here,
we examined whether life extension by rapamycin in Lmna™~ mice is due to the mTOR-
mediated regulation of lipid metabolism in adipose tissue.

Rapamycin increases body weight and fat content in the context of Lmna™~ mice

Previously, we reported that the survival of Lmna™~ mice can be extended by rapamycin
(Ramos et al., 2012). To examine metabolic phenotypes in more detail and the consequences
of rapamycin administration, we repeated this experiment, delivering rapamycin by
intraperitoneal injection every other day. The results validate the previous findings,
indicating that Lmna~~ mice treated with rapamycin lived approximately twice as long as
control littermates (Figure 1A, Figure S1).

Lmna™" mice rapidly become cachexic, losing body weight (BW) significantly before
death. Interestingly and consistent with enhanced survival, the drug partially suppressed the
rapid weight loss in Lmna™~ mice (Figure 1B). However, rapamycin-treated Lmna”~ mice
still undergo a significant weight decline before death, suggesting that cachexia may still
contribute to their mortality. Consistent with BW data, rapamycin-treated Lmna™~ mice
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showed a significant increase in total fat content (Figure 1C). These findings suggested that,
in addition to the potential direct benefits of rapamycin on cardiac and muscle function
(Ramos et al., 2012), increasing fat content may be a factor in the improved survival of
Lmna™~ mice. Interestingly, this short-term treatment of rapamycin does not increase the
BW of wild type (WT) mice, but tends to increase the percentage of fat (Figure S1G, H).

Rapamycin suppresses elevated energy expenditure in Lmna~~ mice

Energy balance is determined by energy intake and expenditure. We then employed indirect
calorimetry to characterize the metabolic profiles of Lmna™~ mice treated with rapamycin to
decipher the cause(s) of the lean phenotype. Interestingly, Lmna™~ mice exhibit high energy
expenditure (EE) both during day and night cycle (Figure 1D). Consistent with our
hypothesis, rapamycin completely reversed this elevated EE (Figure 1D). Paradoxically but
perhaps consistent with their muscle pathology, Lmna™~ mice were hypoactive relative to
controls, as shown by decreased movement in wheel running and pedestrian walking (Figure
S2). Thus, we excluded the possibility of a significant increase in behavioral activity that
contributes to the elevated EE in Lmna™~ mice (Figure S2). As reported Lmna™~ mice eat
substantially less, even when food intake is adjusted to BW (Nikolova et al., 2004) (Figure
1F). However, we were unable to detect any significant increase in food intake in rapamycin-
treated Lmna™~ mice (Figure 1F), indicating that other differences likely account for the
altered fat content in these mice. In summary, we found that reduced fat depots in Lmna™~
mice resulted from reduced energy intake and elevated EE, and that rapamycin suppressed
this elevated EE to the level comparable to WT mice (Figure 1D). This suppression of
elevated EE suggested that the metabolic effects of rapamycin may in part underlie the
health benefits of the drug in Lmna™~ mice.

To estimate fuel utilization, we measured respiratory quotient (RQ) in the same setting.
Lmna™~ mice have indistinguishable fuel utilization compared to WT mice either during
day or night cycle (Figure 1E), suggesting that the loss in fat in L/mna™~ mice is not a result
of altered substrate utilization for energy production. However, the rapamycin-treated Lmna
~~mice had a significantly decreased RQ compared to their Lmna™~ controls during the
day cycle, and exhibited a similar (although not significant) trend at night (Figure 1E),
suggesting that rapamycin enhanced fat utilization in Lmna™~ mice even while
simultaneously maintaining fat content. We consistently observe no difference in RQ in WT
mice treated with rapamycin, as previously reported (Fang et al., 2013).

Collectively, the data suggest that the lean phenotype of Lmna™~ mice is likely due to

increased EE, rather than changes caused by energy intake or activity. Also, rapamycin
promotes weight gain in Lmna~~ mice by suppressing EE, rather than increasing food
intake or decreasing behavioral activity.

Rapamycin suppresses elevated lipolysis in white adipose tissue of Lmna™~ mice

Activation of mTOR signaling promotes adipogenesis and suppresses lipogenesis in WT
mice (Lamming and Sabatini, 2013). In addition, we have demonstrated that mTORC1
signaling is elevated in heart and skeletal muscle of Lmna™~ mice (Ramos et al., 2012).
Therefore, we speculated that the dysregulation of mTOR signaling might contribute to the
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lipodystrophy in Lmna™~ mice. To test this, we characterized mTOR signaling in adipose
tissue of Lmna™~ mice and its regulation by rapamycin. In the white adipose tissue (WAT)
of Lmna™~ mice, mTORC1 activity, as indicated by phosphorylation of rpS6 (p-S6
S240/244), was not statistically different from that of WT mice (Figure 2A), suggesting that
WAT may not be the major pathological tissue accounting for the short lifespan of Lmna™~
mice. As mTORCI signaling is also not increased in liver of Lmna™~ mice (Ramos et al.,
2012), this finding further supports the observation that elevated mTORCL signaling in
Lmna™~ mice is a tissue-specific phenomenon. We also determined mTORC2 activity
indicated by p-Akt (S473), p-SGK (S422), and p-NDRG1 (T346). We found that mTORC?2
activity is increased in Lmna™~ mice, although we also found no significant change in p-Akt
(S473) (Figure 2D) but a significant change in p-SGK (S422) and p-NDRG1 (T346) (Figure
S3A).

As with heart and skeletal muscle of Lmna™~ mice (Ramos et al., 2012), rapamycin strongly
suppressed mTORC1 signaling in WAT (Figure 2B), and mirroring findings in WT mice
(Figure 2C). Chronic rapamycin treatment has been shown to disrupt mTORC2 and thus
suppress p-Akt in adipose tissue of WT mice (C57BL/6J) (Lamming et al., 2012; Schreiber
et al., 2015) and in our colony (mixed 129Sv-C57BL/6J) (Figure 2F). However, we failed to
detect a reduction in p-Akt (S473) by rapamycin in WAT of Lmna™~ mice (Figure 2E). The
same pattern is seen for other substrates of mMTORC2, p-SGK (S422) and p-NDRG1 (T346)
(Figure S3B). Thus, although mTORC1 signaling is not intrinsically altered in WAT of
Lmna™~ mice, altered fat storage by rapamycin in Lmna™~ mice may be related to the
suppression of mMTORC1 activity, but not mTORC2.

Next, we examined proteins involved in lipid metabolism to look for other molecular
explanations underlying the decreased adiposity of £mna™~mice. We found that the
reduction in adiposity in Lmna™~ mice is not linked to altered expression of proteins
involved in lipogenesis, such as fatty acid synthase (FAS) (Figure S3E). Furthermore, while
rapamycin-treated £mna™~ mice maintained more adiposity, this is also unlikely to be due
to enhanced lipogenesis (Figure S3F). Of note, rapamycin did suppress FAS in WT mice
(Figure S3G).

For lipolysis, adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) are
responsible for most of the triglyceride hydrolase activity in murine WAT (Schweiger et al.,
2006). (Figure 3A). Consistent with our hypothesis, ATGL was elevated in Lmna™~ mice
suggesting increased breakdown of fat reserves in WAT (Figure 3B) as well as the elevation
of serum free fatty acids (FFA) (Figure 3H), a lipolysis product. Interestingly, rapamycin
suppressed this effect (Figure 3C, H). In contrast, p-HSL (S563) was not affected by loss of
A-type lamins or rapamycin (Figure 3E, F). Of note, rapamycin did not significantly
suppress lipolysis in WT mice (Figure 3D, G).

We further tested this rapamaycin-suppressed lipolysis in adipocytes purified from adipose
tissue. We found that rapamycin suppressed ATGL levels after 24 h of treatment in
preadipocyte cells derived from WAT of Lmna™~ mice (Figure 31). Together, these data
indicate that the disappearance of fat in Zmna™"~ mice is associated with increased lipolysis
in WAT, and that this phenotype is suppressed by rapamycin.
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Altered UCP1 expression in brown adipose tissue of Lmna™~ mice

We considered the likelihood that increased EE and reduced adiposity in Lmna™~ mice may
due to altered mitochondrial uncoupling and heat generation mediated by uncoupling protein
1 (UCP1) in brown adipose tissue (BAT). Interestingly, both mTORC1 and mTORC2
signaling have been thought to suppress UCP1 expression in the WT mice, although the
molecular mechanisms are not well established (Cai et al., 2016) (Figure 4A).

In light of the role of BAT in mammalian physiology, we also examined mTOR signaling in
BAT. Interestingly, we observed elevation of mTORC1 signaling in BAT of Lmna™~ mice,
as indicated by p-S6 (Figure 4B). The same pattern is seen for the activity of mTORC2
signaling, as indicated by p-Akt (S473) (Figure 4E). Phosphorylation of NDRGL1 (T346)
may also be elevated although the difference did not reach significance, and no changes were
observed for p-SGK (S422) (Figure S3C). This suggests aberrant mTOR signaling in BAT
may contribute to the elevated EE in Lmna™~ mice, especially mTORC1 signaling.
Rapamycin suppressed mTORC1 (Figure 4F), but not mMTORC?2, as indicated by p-Akt
(S473) (Figure 4F) and p-SGK (S422) (Figure S3D) in BAT of Lmna™~ mice. Suppressing
p-S6 but not p-Akt (S473) was also found in WT mice (Figure 4D, G).

Consistent with previous reports (Xiang et al., 2015) (Figure 4A), we detected a
downregulation of UCP1 in BAT of Lmna™~ mice concomitant with elevated mTOR activity
(Figure 4H). This suggests that Lmna~~ mice suffer from a mis-regulation of thermogenesis.
Interestingly, rapamcyin restored UCP1 expression in BAT (Figure 41), suggesting enhanced
thermogenesis coupled with reduced EE. Consistent with these results, we found that the
body temperature was better maintained in rapamycin-treated £mna™~ mice, a mouse model
with intrinsic hypothermia (Figure 4K). In order to confirm that rapamycin directly mediates
UCP1 expression in BAT, we isolated BAT from Lmna™~ mice and cultured preadipocytes,
which were treated with or without rapamycin. We found that indeed UCP1 level was
elevated by rapamycin in this setting (Figure 4L). Together, these data imply that rapamycin
enhances heat production in Lmna™~ mice, either through direct regulation of UCP1 or
indirectly as a result of suppression of EE through other mechanisms.

Higher housing temperature suppresses energy expenditure and extends survival of Lmna

I~ mice

Given their smaller size, elevated EE and reduced expression of UCP1 in BAT of Lmna™~
mice, we tested the hypothesis that increasing ambient temperature would suppress EE and
enhance the survival of Lmna™~ mice. As predicted, the ambient temperature of 30 °C,
which represents thermoneutrality, dramatically suppressed elevated EE in Lmna™~ mice
(Figure S4A). However, fuel utilization was not altered, since the RQ was indistinguishable
from Lmna™~ mice at 22 °C (Figure S4B), indicating that Lmna~~ mice at 30 °C do not
switch to fat as a major energy source.

Higher housing temperature also extended the survival of Lmna™~ mice (Figure 5A, Figure
S4D, G). Lmna™" mice under 30 °C also gained more BW and body fat than control mice
(Figure 5B, C, Figure S4E, F, H, I). Surprisingly, Lmna™~ mice under 30 °C ate less than
Lmna™" mice at 22 °C (Figure S4C).
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At the molecular level, 30 °C suppressed lipolysis in WAT (Figure 5D), which may
contribute to maintaining more BW and adiposity in Lmna™~ mice (Figure 5B, C). Also,
UCP1 protein in BAT was suppressed by 30 °C (Figure 5H), which is also consistent given
the reduced need for thermogenesis. Together, these findings indicate that thermoneutral
conditions are sufficient to extend the lifespan of Lmna”~ mice. Of note, however, the
enhancement of survival by 30 °C is less than that caused by rapamycin even though
suppression of EE is more robust at 30 °C, indicating that the magnitude of the two
phenotypes are not directly correlated.

Notably, elevated EE was not observed in Lmna7222F/H222P mice, which model a human
mutation associated with dilated cardiomyopathy and muscular dystrophy without
lipodystrophy (Arimura et al., 2005). As with the Lmna™~ mice (Ramos et al., 2012),
suppressing mTORC1 signaling ameliorates cardiomyopathy in Lmna/?222P/H222P mice
(Choi et al., 2012); however, unlike the Zmna™~ mice, it does not extend lifespan (Figure
S5).

Collectively, we interpret our data to mean that reduced EE accounts for a portion of the
survival benefits conferred by rapamycin, but not all. This implies either that rapamycin
enhances survival in Lmna™~ mice either through improvements in cardiac or skeletal
muscle function, even though this was insufficient to affect survival in Lmna/?222F/H222P
mice, or through other unknown physiologic consequences, perhaps related to aspects of
metabolism not phenocopied by thermoneutrality.

DISCUSSION

Lmna™" mice, used commonly as a model for the cardiomyopathy and muscular dystrophy
associated with human mutations in LMNA (Schreiber and Kennedy, 2013; Zhang et al.,
2013a), are also reported to be lean (Sullivan et al., 1999), and this has been speculated to be
a consequence of their myopathic disease rather than lipodystrophy (Cutler et al., 2002).
Here, we show that Lmna™~ mice have elevated EE. Furthermore, we demonstrate that both
rapamycin and 30 °C suppress EE, slow down BW and body fat loss, and significantly
extend the survival. Molecularly, the pronounced high EE developed in £mna™~ mice can be
attributed in part to the downregulation of thermogenic protein UCP1 expression in BAT,
which leads to the increase of lipolysis in WAT to provide FFAS as energy to compensate.
All of these phenotypes can be rescued by rapamycin, which suppressed the elevated mTOR
activity in the BAT of Lmna™~ mice (Figure 5I). This model could be supported by 1)
UCP1-deficient mice, which show a great loss of BW and fat mass and consistent with
increased EE (Ukropec et al., 2006) and 2) ATGL knockout mice, which accumulate fat
mass with reduced EE (Haemmerle et al., 2006).

In addition to the cardiac and skeletal muscle phenotypes, Lmna™~ mice present with a
lipodystrophic phenotype that appears similar to that recently observed in the HGPS model
L mnaGb09G/G609G mice, including increased WAT lipolysis and elevated EE (Lopez-Mejia et
al., 2014). The HGPS mutation that leads to progerin expression is complex in nature, likely
evoking both gain-of-function and loss-of-function phenotypes. We speculate that the
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lipodystrophic phenotype may be loss-of-function, an assertion supported by the existence
of human lipodystrophic mutations that act recessively.

Multiple mouse models of HGPS, including Zmpste24~~ (defective for prelamin A
processing) and the aforementioned £mnaC6096/G609G mice, show a loss of adiposity.
Proteomic profiling of adipose tissue from Zmpste24~~ mice showed upregulation of ATGL
(Peinado et al., 2011), consistent with increased lipolysis. Moreover, interventions
associated with enhanced survival in these models also lead to delayed weight loss and/or
increased fat content. These include Zmpste24™~ mice treated with resveratrol (Liu et al.,
2012), recombinant IGF-1 (Marino et al., 2010), and the farnesyltransferase inhibitor (Fong
et al., 2006), as well as Lmna®t096/G609G mice exposed to an antisense morpholino
treatment strategy designed to block the pathogenic Lmna splicing that leads to progerin
expression (Osorio et al., 2011). We speculate that a higher housing temperature may
improve survival in these mouse models and propose that restoration of adipose tissue may
be critical to therapeutic approaches in HGPS patients, as well as those with lipodystrophy.

Regarding mTOR signaling, the most striking observation in this study is that rapamycin-
treated Lmna~~ mice maintained more BW, which is due to an increase in fat content. This
adds to increasing evidence suggesting that mTOR-signaling plays a role in lipid
homeostasis and that mTORC1 exerts a positive role in adipogenesis (Chakrabarti et al.,
2010; Lamming and Sabatini, 2013). We observed elevated lipolysis in Lmna™~ mice,
indicated by enhanced ATGL expression and increased serum FFAs. This phenotype was not
associated with altered mTOR signaling in WAT, but rapamycin strongly suppressed it,
consistent with observations in other contexts that rapamycin can suppress ATGL expression
(Chakrabarti et al., 2010; Chakrabarti et al., 2013).

Contrary to WAT, both mTORC1 and mTORC2 signaling are elevated in BAT, implying a
link between A-type lamin function and mTOR signaling in BAT and suggesting that
metabolic dysregulation in Lmna™~ mice may be related to altered BAT function.
Consistently, we found that the thermogenic protein UCP1 was downregulated in BAT of
Lmna™~ mice and restored by rapamycin. Given that UCP1 functions as a H+/fatty acid
symporter, fatty acids produced from lipolysis of WAT were revealed to allosterically
activate UCP1-mediated uncoupling (Fedorenko et al., 2012). Thus, the working model is
that rapamycin suppresses elevated EE in Lmna™~ mice in part by restoring UCP1 protein
level in BAT, which leads to efficiently use the FFA from lipolysis of WAT as energy
resource. Further, rapamcyin suppresses the lipolysis in WAT, which contributes to increased
BW and adiposity as well as suppression of elevated EE in Lmna™~ mice (Figure 5I). In
addition, the elevated mTORC1 signaling in BAT may in part account for reduced UCP-1-
mediated uncoupling and impaired thermogenic function observed in mTORC1-hyperactive
animal models such as Lmna™" mice. Interestingly and as opposed to rapamycin, UCP1
levels in BAT were further suppressed by 30 °C in Lmna™~ mice, and mTORC2 activity was
further increased (Figure 5). The reasons for this are unclear.

Collectively, this study provides insight into how high EE may contribute to lipodystrophy
and approaches that can suppress EE, such as rapamycin and higher housing temperature,
can prolong survival of Lmna~~ mice. Our findings raise the possible role of maintaining
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more adiposity may be an effective therapeutic approach in a subset of laminopathies,
including progeroid syndromes. These findings, coupled with our previous report (Ramos et
al., 2012), also further demonstrate the potential utility of rapamycin and related rapalogs in
treatments of a range of laminopathies.

EXPERIMENTAL PROCEDURES

Mouse Husbandry

Lmna*'~ mice (129Sv-C57BL/6J genetic background) were crossed to generate Lmna** and
Lmna™~ mice (Sullivan et al., 1999). Three-week-old littermate mice from Lmna®™~ x Lmna
*/~ crosses were weaned and genotyped. £ mna"222F/* mice were crossed to generate Lmna
**and Lmna1222P/H222P mice (129SvJ-C57BL/6J genetic background) were described in a
previous study (Arimura et al., 2005). All the animals had food and water ad /ibitum and
were kept in 22 °C and 12:12-h light-dark cycles. All animal care and experimental
procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at
the Buck Institute for Research on Aging.

Lifespan study on rapamycin injection
Beginning at 4 weeks of age, mice were injected intraperitoneally with 8 mg/kg BW
rapamycin (LC Laboratories, Boston, MA) or vehicle every other day and maintained for the
remainder of their lifespan according to the protocol by Ramos et a/. (2012). Briefly, a stock
solution of rapamycin (50 mg/ml) was prepared in 100% ethanol and stored at —20 °C.
Rapamycin was then diluted in vehicle (5% polyethylene glycol and 5% Tween 80) before
injection. The vehicle control consisted of the same volume of ethanol.

Lifespan study on 30 °C ambient temperature

Mice were randomly chosen to be housed at 22 °C or 30 °C starting at 4 weeks of age and
maintained at these temperatures until the L/mna™~ mice reached the end of their lives.

Lifespan study on rapamycin chow
After genotyping, 2 month-old Lmna/7222F/H222P mice were treated with a micro-
encapsulated rapamycin diet (14 ppm) or control diet fed ad /ibitum (Harrison et al., 2009)
until they died.

Body composition

Whole-body composition analysis was conducted weekly using quantitative nuclear
magnetic resonance machine (EchoMRI-2012; Echo Medical Systems Houston, TX, USA).

Indirect calorimetry

Metabolism was measured in a Promethion metabolic cage system (Sable Systems
International, Las Vegas, NV) equipped with GA-3 small mammal gas analyzers. Metabolic
cages were used in while the mice were awake to simultaneously measure BW, EE, physical
activity, and food intake. Four-week-old mice injected for 2 weeks with rapamycin were
subjected to recording. Mice were housed individually in metabolic cages and acclimatized
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for 24 hours before the beginning of the recording and the analysis. Conditions were all the
same for the 30 °C study except for the temperature in the metabolic cages. Data was
subsequently analyzed using Sable System ExpeDATA software (v1.4.9).

Free fatty acid

Mice were fasted 16 hours after 2 weeks of treatment for submandibular bleeding. Serum
was separated by centrifugation at 4 °C and stored at —80 °C. Free fatty acid (WAKO,
Mountain View, CA) was determined by following the manufacturer’s instructions.

Body surface temperature

Body surface temperature was measured with an infrared temperature probe (Infrascan; La
Crosse Technology) directed at the abdomen of all single-housed mice.

Tissue harvesting and Immunoblotting

After 2 weeks of treatment, subcutaneous fat (white adipose tissue, WAT) and brown adipose
tissue (BAT) were harvested and immediately frozen in liquid nitrogen for western blotting
analysis. Tissues were homogenized using the Omni TH homogenizer (Omni International,
Kennesaw, GA) on ice in RIPA buffer (300 mM NaCl, 1.0% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris [pH 8.0], protease inhibitor cocktail [Roche], and
phosphatase inhibitor 2, 3 [Sigma]) and then centrifuged at 13,200 rpm for 10 min at 4°C.
The supernatants were collected and protein concentrations were determined using the DC
protein assay (Bio-Rad). Equal amounts of protein were resolved by SDS-PAGE (4-12%
Bis-Tris gradient gel, Invitrogen), transferred to membranes, and incubated with protein-
specific antibodies. The antibodies against the phosphorylated rsS65240/244 (5364), AktS473
(4058), NDRG1T346 (5482), HSLS%63 (4139), S6 (2217), Akt (4691), ATGL (2439), HSL
(4107), FAS (3180), and GAPDH (2118) were purchased from Cell Signaling Technology
(Danvers, MA). The antibodies against the phosphorylated SGKS422 (16745R) and NDRG1
(398291) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). SGK (54726)
was purchased from GeneTex (Irvine, CA). UCP1 (ab23841) was purchased from Abcam
(Boston, MA). Protein bands were revealed using the Amersham ECL detection system (GE
Healthcare) and quantified by densitometry using ImageJ software (http://rsh.info.nih.gov/

ij/).
Isolation and culture of preadipocyte

Mouse primary preadipocytes were isolated as previously described (Hausman et al., 2008).
Briefly, the white adipose pads were removed from Lmna~~ mice and finely minced in
DMEM/F12 medium. The minced tissues were incubated with HEPES:collagenase solution
(collagenase type 1, Worthington, LS004196) for 45 min in a shaking water bath at 37 °C.
When digestion is completed, additional DMEM/F12 medium was added and the whole
solution was filtered through the 240 um mesh filter. The digested fat solution was
centrifuged and resuspended with RBC lysis solution for 5 min to remove the blood cells.
The preadipocytes were plated with plating media (DMEM/F12 + 10% FBS) at normal
culture condition (37 °C, 5% CO,) for 3 days before the DMSO or rapamycin (100 nM)
treatment. Cell lysates were collected for immunoblotting. For isolation of preadipocytes
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from BAT, similar strategy was used but treated with collagenase type A (Fasshauer et al.,
2001) in DMEM media (collagenase type A, Worthington, LS004152) instead.

Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 6 (GraphPad Software, La
Jolla, CA). The survival curves were completed using the Kaplan-Meier curve. We used the
log-rank (Mantel-Cox) test to perform the statistical analyses of the survival curves. All the
other data are shown as mean + standard error of the mean (SEM). The statistical
significance of differences between two groups was determined using unpaired, two-tailed
Student’s ftest. *P< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lamin A/C-deficient mice treated with rapamycin live longer and maintain more body
weight and adiposity.
(A) Kaplan-Meier plot of Lmna™~ mice that were treated with vehicle (n = 32; black) or

rapamycin (n = 37; red) every other day starting at 4 weeks of age. Symbols represent
individual mice. (B) Lmna™~ mice treated with vehicle (n = 32; black) or rapamycin (n =
38; red) were weighed every other day. (C) Adiposity (% body fat) was measured weekly
[(fat mass/BW) x 100] from mice treated with vehicle (n = 8; black) or rapamycin (n = 11;
red). Symbols represent mean BW or % body fat + SEM. (D, E) Energy expenditure (EE)
and respiratory quotient (RQ) of Lmna** and Lmna™~ mice treated with rapamycin (rapa)
during day and night cycle. (F) Food intake of Lmna*"* and Lmna™~ mice treated with rapa.
Data from males and females are combined. Each value is mean + SEM for the number of
mice indicated in parentheses.

Cell Rep. Author manuscript; available in PMC 2019 June 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liao et al.

A
WAT

Lmna** Lmna”’

P-S6 | e oo .

SO (e e o -

T

p-S6/S6
°
b

(7)

Lmna**  Lmna”

D
WAT
mTORC2
Lmna** Lmna”
p_Akt  — —

2.09

p-Akt/Akt
g

0.54

(7)

Lmna**  Lmna’-

0.0+

Figure 2. Role of mMTOR activity in white adipose tissue of Lmna** and Lmna™

with rapamycin.

B
WAT

Lmna”
vehicle rapamycin

p-S6 |- - am»
S6 | = e G5 &

4 P<0.05
(5)
vehicle rapamycin

E
WAT

Lmna”
vehicle rapamycin

p-Akt |- -

Akt | - -

201 —|_

®)

vehicle rapamycin

p-Akt/Akt

Page 16

C
WAT

Lmna**
vehicle rapamycin

p-SG s G

S6 | = -

0.4+ P <0.001
021 (5)

vehicle rapamycin

F
WAT

Lmna**
vehicle rapamycin

p-Akt |- — .

Akt | - D e

L P<0.01
-

()

vehicle rapamycin

/= mice treated

(A-C) Western blots of mTORCL activity in white adipose tissue (WAT) of Lmna*/* and
Lmna™~ mice treated with rapamycin. Relative p-S6 levels (normalized to S6) were
quantified. (D-F) Western blots of mTORC?2 activity in WAT of Lmna®* and Lmna™~ mice
treated with rapamycin. Relative p-Akt levels (normalized to Akt) were quantified. Each
value is mean + SEM for the number of mice indicated in parentheses. P values were derived

from unpaired two-tailed Student’s t-test. ns: no significance.
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Figure 3. Rapamycin reverses the elevated lipolysis in white adipose tissue of Lmna™

(A) Si

I~ mice.
mplified diagram of the lipolytic pathway in white adipose tissue (WAT). TG:

triglyceride. DG: diglyceride. MG: monoacylglycerol. ATGL.: adipose triglyceride lipase.
HSL: hormone-sensitive lipase. FFA: free fatty acid. (B-D) Activity of lipolysis, indicated
by ATGL, of Lmna®* and Lmna™~ mice treated with rapamycin. Relative ATGL levels
(normalized to GAPDH) were quantified. (E-G) Activity of lipolysis, indicated by p-HSL, of
Lmna** and Lmna™" mice treated with rapamycin. Relative p-HSL levels (normalized to
HSL) were quantified. (H) FFA of Lmna™* and Lmna™~ mice treated with rapamycin. (1)
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Western blots of ATGL levels in preadipocytes derived from WAT of Lmna™~ mice.
Representative blots were shown from 5 Lmna™~ mice. Rapa: rapamycin. Each value is
mean + SEM for the number of mice indicated in parentheses. P values were derived from
unpaired two-tailed Student’s t-test.
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Figure 4. Rapamycin reverses the downregulated UCP1 protein in brown adipose tissue of Lmna

~ mice.

(A) Tested model for the role of mTOR activity in the expression of UCP1 protein in brown
adipose tissue (BAT). (B-D) Western blots of mTORCL1 activity in Lmna** and Lmna™~
mice treated with rapamycin. Relative p-S6 levels (normalized to S6) were quantified. (E-G)
Western blots of mTORC? activity of Lmna**and Lmna™~ mice treated with rapamycin.
Relative p-Akt levels (normalized to Akt) were quantified. (H-J) Rapamycin increases UCP1

in BAT of Lmna™

~mice. Relative UCP1 levels (normalized to GAPDH) were quantified.

(K) Body surface temperature of £mna**and Lmna~~ mice treated with rapamycin. Mice
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treated with vehicle (WT, black square, n = 4; KO, black circle, n = 11) or rapamycin (WT,
red square, n = 5; KO, red circle, n = 11) were measured every other day. Symbols represent
mean body surface temperature + SEM. Data from males and females are combined. (L)
Western blots of UCP1 levels in preadipocytes derived from BAT of Lmna™™ mice.
Representative blots were shown from 5 Lmna™~ mice. WT: wild type (Lmna*’*). KO:
knockout (Lmna™'~). Rapa: rapamycin. Each value is mean + SEM for the number of mice
indicated in parentheses. Pvalues were derived from unpaired two-tailed Student’s t-test.
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Figure 5. Higher housing temperature increases survival in Lmna™'~ mice.
(A) Kaplan-Meier plot of Lmna™~ mice that were treated at 22 °C (n = 57; black) or 30 °C

(n = 57; pink). Symbols represent individual mice. Data from males and females are
combined. (B) Mice treated at 22 °C (h = 57; black) or 30 °C (n = 56; pink) were weighed
every other day. (C) Adiposity (% body fat) was measured weekly [(fat mass/BW) x 100]
from mice treated at 22 °C (n = 58; black) or 30 °C (n = 55; pink). Symbols represent mean
BW or % body fat + SEM. (D-E) Lipolysis in WAT of Lmna™~ mice treated at 22 °C or

30 °C. Relative ATGL levels (normalized to GAPDH) and p-HSL levels (hormalized to
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HSL) were quantified. (F) Western blots of mTORC1 activity in BAT of Lmna™" mice at
30 °C. Relative p-S6 levels (normalized to S6) were quantified. (G) Western blots of
mTORC?2 activity in BAT of Lmna™~ mice at 30 °C. Relative p-Akt levels (normalized to
Akt) were quantified. (H) UCP1 protein expression was suppressed by 30 °C in BAT of
Lmna™~ mice. Each value is mean + SEM for the number of mice indicated in parentheses.
Pvalues were derived from unpaired two-tailed Student’s t-test. (I) Schematic model
explains the functional role of rapamycin in WAT and BAT in life extension of Lmna™~
mice. See Discussion for details. ATGL: adipose triglyceride lipase. UCP1: uncoupling
protein-1. FFA: free fatty acids.
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