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SUMMARY

Mitochondrial dysfunction, a hallmark of aging, has been associated with the onset of aging
phenotypes and age-related diseases. Here, we report that impaired mitochondrial function is
associated with increased glutamine catabolism in senescent human mesenchymal stem cells
(MSCs) and myofibroblasts derived from patients suffering from Hutchinson-Gilford progeria
syndrome. Increased glutaminase (GLS1) activity accompanied by loss of urea transporter
SLC14A1 induces urea accumulation, mitochondrial dysfunction, and DNA damage. Conversely,
blocking GLS1 activity restores mitochondrial function and leads to amelioration of aging
hallmarks. Interestingly, GLS1 expression is regulated through the JNK pathway, as demonstrated
by chemical and genetic inhibition. In agreement with our /in vitro findings, tissues isolated

from aged or progeria mice display increased urea accumulation and GLS1 activity, concomitant
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with declined mitochondrial function. Inhibition of glutaminolysis in progeria mice improves
mitochondrial respiratory chain activity, suggesting that targeting glutaminolysis may be a
promising strategy for restoring age-associated loss of mitochondrial function.
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In brief

Choudhury et al. report that senescent cells exhibit enhanced glutaminolysis and loss of urea
transporter, increasing urea production and accumulation. Increased intracellular urea severely
impairs mitochondrial function and exacerbates the aging phenotype. Inhibiting glutaminolysis
by blocking GLS1 significantly improves mitochondrial function in senescent cells and progeria
mice.

INTRODUCTION

Aging is considered a principal cause of major human pathologies including atherosclerosis,
type 2 diabetes,! skin sagging and loss of elasticity,! sarcopenia,? and neurodegenerative
diseases.® Mitochondrial dysfunction, one of the major hallmarks of aging, has

been implicated in loss of stem cell function and development of inflammatory
phenotype.#~7 Various senescence models have shown deterioration of mitochondrial
oxidative phosphorylation (OXPHOS), as dysfunctional mitochondria with severe defects

in respiratory chain complexes accumulate in senescent cells.8-12 Impaired mitochondrial
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function is a driving force for dysregulated glucose metabolism and insulin resistance that
may result in age-related diseases, like type 2 diabetes.13:14 Cells manifesting defective
mitochondria resulting in loss of ATP production may undergo metabolic rewiring to adapt
to their bioenergetic needs.1>-17

Mesenchymal stem cells (MSCs) are extensively used in regenerative medicine and cell
therapy. Mitochondrial metabolism plays a crucial role in the regenerative capacity and
differentiation potential of MSCs into different lineages such as osteoblasts, adipocytes,
and chondrocytes, which require the regulation of mitochondrial dynamics and function.18
Furthermore, several studies reported mitochondrial transfer between MSCs and other cells
as an important mechanism for restoring cellular bioenergetics and repairing damaged
tissues.19 These studies highlight the importance of understanding MSC metabolism and
alterations or impairments associated with aging.

Recently, we discovered that major hallmarks associated with cellular senescence in
mesenchymal stem cells, progeroid fibroblasts, and skeletal muscle cells were reversed

by ectopic expression of the pluripotency factor, NANOG.29-22 These include restoration
of myogenic differentiation potential, synthesis of extracellular matrix and re-formation of
the actin cytoskeleton. Here, we report that senescent MSCs with impaired mitochondria
and glycolysis activate signaling pathways that trigger glutamine catabolism. While

this metabolic rewiring fuels the TCA cycle to meet bioenergetic demands, it comes

with unwanted consequences related to increased reactive oxygen species (ROS) and
DNA damage. Blocking the JNK signaling pathway mediating this rewiring improved
mitochondrial function and cellular respiration, suggesting potentially druggable means for
restoring the function of senescent MSC.

Cellular senescence is accompanied by increased mitochondrial impairment and
decreased glucose consumption

We hypothesized that the state of senescence of MSCs is accompanied by metabolic
reprogramming to provide senescent MSCs with the energy required for survival. To
address this hypothesis, we employed several models of cellular senescence including
replicative senescent MSCs and fibroblasts from patients suffering from Hutchison-Gilford
Progeria syndrome (HGPS), an established model of premature aging.2324 In previous
reports from our laboratory, expression of the pluripotency factor NANOG reversed the
hallmarks of cellular senescence such as expression of SA-p-gal, proliferation, and DNA
damage as evidenced by the levels of y-H2AX,2! as well as restoring the ability of
senescent MSCs for extracellular matrix synthesis, myogenic differentiation capacity, and
contractile function.29:25 These results suggested that NANOG can be employed as a means
of reversing the hallmarks of cellular aging and to study the metabolic reprogramming in
“rejuvenated” stem cells.

Since declined mitochondrial dysfunction is known to accompany cellular aging, we
first examined the protein expression of cytochrome ¢ oxidase (COX V), the major
regulation site for mitochondrial respiration and cytochrome ¢, which catalyzes the final
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step in mitochondrial electron transport chain. Specifically, senescent MSCs (S) showed
significantly reduced mitochondrial membrane potential (Figures 1A and 1B), cytochrome ¢
expression (Figures 1C and 1D), and COX IV expression (Figures 1E-1G) compared with
young proliferating MSCs (YY) or senescent MSCs expressing NANOG (SN). It has been
reported that dysfunctional electron transport chain (ETC) leads to ROS accumulation.26
Indeed, we observed high ROS accumulation in S cells, which was suppressed by NANOG
(Figures S1A and S1B).

To further analyze the mitochondrial respiratory activity, we measured the oxygen
consumption rate using the Seahorse analyzer. We found striking deficiency in basal and
ATP-linked respiration with senescence (Figures 1H-1J). Similar results were observed for
maximal and spare respiratory capacity (Figures 1K and 1L), which indicate the capacity
of cells to respond to energetic demands and their mitochondrial fitness. In agreement, the
ATP rate assay using Seahorse analyzer confirmed a significant decrease of mitochondrial
ATP production rate in senescent stem cells (Figure 1M). Loss of mitochondrial function
has been associated with increased phosphorylation of pyruvate dehydrogenase (PDH),
the gatekeeper enzyme linking glycolysis to mitochondrial tricarboxylic acid (TCA) cycle,
leading to its inactivation. Indeed, we observed significantly higher phosphorylation of
PDH Ela subunit in S cells, indicating impaired connectivity of glycolysis to oxidative
phosphorylation (Figures S1C and S1D).

Interestingly, mitochondrial dysfunction in senescent stem cells could be restored by ectopic
expression of NANOG (SN), a pluripotency-associated transcription factor that has been
shown to restore the senescent phenotype, differentiation capacity, and the generation of

the extracellular matrix of aged MSCs.20:21.25 NANOG restored the expression of all three
critical mitochondrial components including COX IV, cytochrome ¢, and mitochondrial
membrane potential (Figures 1A-1G) and led to reduced phosphorylation of PDH Ela
subunit (Figures S1C and S1D). Further, the impaired mitochondrial respiratory capacity of
S cells was fully restored by NANOG (Figures 1H-1L), and mitochondrial ATP production
was significantly improved (Figure 1M).

Given that senescent cells demonstrated impaired mitochondrial respiration, we examined
whether they exhibited increased glucose uptake and glycolysis to meet their cellular
bioenergetic demand. Surprisingly, glucose uptake was also lower in S cells as evidenced

by uptake of the fluorescent glucose analog 2-NBDG (Figures S1E and S1F). Decreased
glucose uptake was accompanied by significantly reduced expression of glucose transporters
GLUT3 and GLUT4 (Figures S1G and S1H) and diminished insulin sensitivity (Figure S11I).
Glycostress test using Seahorse analyzer further showed that S cells exhibited decreased
glycolysis and glycolytic capacity (Figures S1J-S1L). Interestingly, S cells demonstrated
similar ATP production rate when compared with Y and SN cells (Figure SIM). On the
other hand, senescent cells expressing NANOG showed not only improved mitochondrial
function (Figures 1A-1L) but also increased glucose uptake and glycolytic capacity

similar to Y cells (Figures SIE-S1L), suggesting that NANOG could induce metabolic
reprogramming in senescent MSCs. Collectively, these data show that senescent MSC
exhibited impaired mitochondrial function and reduced glucose uptake and glycolysis as

Cell Rep. Author manuscript; available in PMC 2023 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choudhury et al. Page 5

well as insulin resistance, suggesting that they might be using another carbon source to meet
their metabolic demands.

Increased glutamine consumption leads to increased ATP, lactate, and pyruvate in
senescent MSCs

Since aged stem cells showed decreased glucose uptake and the mitochondrial ETC was also
severely compromised, we hypothesized that S cells might be using a different carbon source
as a fuel to meet their bioenergetic demands. Despite having a dysfunctional ETC, senescent
stem cells exhibited higher production of TCA cycle intermediates a-ketoglutarate (a-KG),
glutamate, oxaloacetate (OAA), and citrate (Figure 2A), prompting us to hypothesize that
they might be utilizing amino acids as an energy source. To test this hypothesis, we fed

the cells with cocktails of amino acids, with different entry points into the TCA cycle
converting into pyruvate, a-KG, succinate, or OAA, respectively. Surprisingly, the cocktail
of amino acids converting into a-KG generated the highest increase in ATP compared

with glucose in S cells, but not in Y or SN cells (Figure 2B). When cells were fed with
individual amino acids converting into a-KG, only glutamine induced significant increase

in ATP concentration in S cells (Figure 2C). Since glutamine is converted to glutamate by
glutaminase (GLS), we examined the expression and activity levels of GLS1. Interestingly,
GLS1 was highly expressed in senescent stem cells at both the mRNA (Figure 2D) and
protein level (Figures 2E and 2F). Also, GLS enzyme activity was higher in S cells even
when in glucose-only medium and further increased upon addition of glutamine, with the
highest increase experienced by S cells (Figure 2G).

To further test the dependence of aged stem cells on glutamine, S cells were treated with a
specific GLS1 inhibitor, CB-839, which significantly decreased ATP concentration only in S
but not in Y or SN cells (Figure 2H). Furthermore, the ATP concentration was higher in S
cells even when cells were starved (no glutamine or glucose in media) and was diminished
by treatment with CB-839, suggesting that endogenous glutamine reserves might be used by
senescent MSCs in the absence of exogenous glutamine (Figure S2A). Surprisingly, aged
stem cells exhibited higher extracellular acidification rate (ECAR), a measure of lactate
efflux (Figure S2B), which decreased after treatment with CB-839 (Figure S2C) with no
change in mitochondrial respiration (Figure S2D). In agreement, the levels of lactate and
pyruvate (Figures 21 and 2J) were higher in S cells and decreased significantly with CB-839.

Notably, NANOG reversed the TCA metabolites concentration, GLS1 expression and
activity, the levels of ATP, ECAR, lactate, and pyruvate (Figures 2A, 2E-2J, S2A, and
S2B), and turned S cells independent of glutamine (CB-839 had no effect, Figures
2H-2J and S2A) similar to Y cells. Collectively, these data show that S cells rewired
their metabolism to use glutamine as the primary energy source, while NANOG-driven
rejuvenation decreased glutamine dependence similar to the state of young proliferating
stem cells.

The decline in mitochondrial function is associated with accumulation of urea

Next, we examined whether increased glutamine usage by senescent MSCs resulted
in higher urea production, a byproduct of amino acid catabolism. Indeed, intracellular
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ammonium and urea content were higher in aged stem cells (Figure 3A). In agreement,
arginase 2 (ARG2), the major enzyme in the urea cycle, was also highly upregulated in S
cells (Figures 3B and 3C). Other amino acids also led to increased urea production but to
a lesser extent than glutamine (Figure S3A). Increasing glutamine concentration increased
urea production (Figure S3B), while inhibiting glutamine breakdown by CB-839 led to
significantly decreased urea and ammonia levels in S cells (Figures S3C and S3D). In
addition, the human solute carrier family 14 member 1 (SLC14A1), which encodes the
type-B urea transporter (UT-B) was diminished in S cells as revealed through RNA-seq
analysis and further confirmed by RT-PCR (Figure 3D), suggesting that urea accumulation
inside cells may possibly compromise mitochondrial function and lead to DNA damage, two
of the major hallmarks of aging.

To address this hypothesis, we knocked down SLC14A1 in Y cells (Y_shSLC) to mimic
the loss in SLC14A1 expression in S cells (Figure 3D). Indeed, SLC14A1 knockdown

led to increased concentration of intracellular urea (Figure 3E) compared with Y, albeit

to a lesser extent than S cells, which had even lower SLC14A1 levels (Figure 3D).
SLC14A1 loss also led to loss of COX IV (Figures 3F and 3G), loss of mitochondrial
membrane potential (Figures 3H and 3I), and accumulation of ROS (Figures S3E and

S3F), indicating dysfunctional mitochondria. In agreement, loss of the urea transporter
compromised mitochondrial respiration as shown by Seahorse analysis of cellular energetics
(Figures 3J-3N) and led to significantly increased phosphorylated histone variant H2AX,
v-H2AX in Y_shSLC (Figures 30 and 3P), an indicator of DNA damage and a key
hallmark of aging.2” Similar findings were observed upon treatment of cells with 1 mM
urea (Figures S3G-S3N). Taken together, these findings show that increased amino acid
catabolism in combination with downregulation of the urea transporter in aged cells led

to accumulation of intracellular urea, which in turn caused mitochondrial dysfunction,
oxidative stress, and DNA damage. Furthermore, we employed a second model of cellular
senescence, namely fibroblasts from a patient suffering from HGPS, an established disease
model of premature aging.28:2% HGPS is an autosomal dominant genetic disease that affects
the nuclear envelope and is characterized with symptoms of accelerated aging,2%:3% including
cardiovascular disease.3! Similar to the culture senescence model, we applied a Tet-On
system to express NANOG in HGPS cells,2? which enables nuclear expression of NANOG
in the presence of doxycycline (Dox) (Figure S4A). Notably, expression of NANOG led to
amelioration of cellular aging hallmarks, y-H2AX indicating DNA damage and SA-p-gal
in HGPS myofibroblasts (Figures S4B-S4E), in agreement with a previous report from

our laboratory.21 As healthy control, we used fibroblasts from the patient’s father, who did
not carry the mutation. Interestingly, HGPS fibroblasts showed higher glutaminase activity
(Figure S4F) and urea accumulation (Figure S4G). This was accompanied by decreased
COX IV protein expression and higher ROS accumulation (Figures S4H-S4J). Although
HGPS cells did not show significant changes in the basal and ATP-linked respiration
(Figures SAK-S4M), they did show significant decrease in maximal and spare respiratory
capacity as evidenced by Seahorse analysis (Figures S4N and S40). Notably, expression of
NANOG rewired all these metabolic indicators back to the levels of healthy cells (Figures
S4A-S40), in agreement with restoring the aging hallmarks.
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Urea accumulation was associated with mitochondrial malfunction in vivo

Progeroid syndromes are due to genetic disorders affecting the nuclear envelop and DNA
repair mechanisms, and they mimic physiological aging.32 The lamin A knockin (LAKI)
model of progeria results in accumulation of the truncated form of lamin A (progerin),33
which normally accumulates over time with aging and induces nuclear defects in old
individuals.34 Indeed, LAKI mice displayed aging phenotypes including the accumulation
of senescence-associated enzyme SA-B-Gal in their skin (Figures S5A and S5B), compared
with wild-type (WT) mice.

Similar to our /n vitro findings, skin tissues of LAKI mice exhibited significantly
upregulated GLS1 expression (Figures 4A and 4B), elevated glutaminase activity (Figure
4D), and increased accumulation of urea (Figure 4E). They also exhibited reduced COX
IV expression (Figures 4A and 4C) and elevated ROS (Figure 4F) compared with WT
mice. Given the importance of mitochondrial function for the heart, we also compared

the heart tissues of LAKI vs. WT mice. In LAKI hearts, there was a trend of increased
GLS1 expression (Figures 4G and 4H), but it was not statistically significant, and GLS1
activity remained unaffected (Figure 4J); however, similar to skin, LAKI hearts exhibited
high accumulation of urea (Figure 4K), as well as significantly reduced expression of COX
IV (Figures 4G and 41) and elevated levels of ROS (Figure 4L), compared with WT hearts.

In addition, we investigated naturally aged mice. We defined mice of age between 19
and 24 months old as old, and 4-month-old mice as young. Similar to LAKI mice, old
mice exhibited increased GLS1 expression and activity and high levels of urea, as well as
significantly decreased COX IV expression and elevated ROS, compared with young, in
both skin (Figures S5C-S5H) and heart (Figures S51-S5N) tissues. Overall, these results
confirm the /n vitro results showing increased level of urea, ROS accumulation, and
mitochondria dysfunction in aged mouse tissues.

Increased JNK activity enhances glutamine catabolism and mitochondrial impairment in
senescent cells

Next, we sought to elucidate the signaling pathway affecting GLS1 expression and
glutamine catabolism. To this end, we investigated the potential connection between
MAPK pathways (ERK, P38, and JNK), which have been shown to be associated with
age-associated mitochondrial dysfunction.3® First, we examined the phosphorylation status
of ERK, P38, and JNK and observed significant upregulation of p-JNK in S cells (Figures
S6A-S6D). Interestingly, pharmacological inhibition of INK by SP600125 led to decreased
GLS1 expression both at the mRNA (Figure 5A) and protein levels (Figures 5B and 5C),
and this was accompanied by decreased GLS activity (Figure 5D) and intracellular urea
concentration (Figure 5E) to the levels of Y cells. Inhibition of INK was significantly
more effective in decreasing both GLS activity and urea concentration than inhibition

of P38, while ERK inhibition had no effect (Figures S6E and S6F). Surprisingly, INK
inhibition restored COX IV expression (Figure 5F), which was accompanied by increased
mitochondrial respiratory capacity in S cells in a dose-dependent manner (Figures S6G—
S6K).
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To identify which of the two JNK isoforms, INK1 or INK2, mediated these effects, we
knocked down JNK1 or JINK2 individually in S cells (Figure S6L). Indeed, both INK1
and JNK2 knockdown led to decreased GLS1 activity (Figure S6M) and suppressed urea
accumulation (Figure S6N). Interestingly, although knockdown of either INK1 or JNK2
increased mitochondrial membrane potential (Figures 5G and 5H), JINK1 knockdown was
more effective in restoring mitochondrial respiration, as evidenced by complete restoration
of basal, ATP-linked, and maximal respiration as well as spare respiratory capacity of

S cells (Figures 51-5M). Taken together, these results suggest that in senescent MSCs
activated JNK upregulated GLS1 transcription, leading to increased glutamine catabolism,
urea accumulation, and impaired mitochondrial function.

GLS1 inhibition restores mitochondrial function and decreases DNA damage

Our results implicate urea accumulation due to glutamine catabolism in impairing
mitochondrial function in senescent stem cells. Therefore, we examined whether blocking
GLS1 activity could restore mitochondrial function and reverse the hallmarks of senescence.
Indeed, treatment of senescent MSCs with either BPTES or CB-839 for 10 days suppressed
urea production (Figure 6A), decreased ROS accumulation significantly (Figure S7A),

and restored mitochondrial membrane potential (Figures 6B and 6C), without loss of

cell viability (Figures S7B and S7C). Interestingly, senescent MSCs exhibited decreased
intracellular pH that increased upon GLS1 inhibition (Figures S7D and S7E), in agreement
with increased viability. In agreement, GLS1 inhibition significantly increased basal, ATP-
linked, and maximal respiration and fully restored the spare respiratory capacity of senescent
cells (Figures 6D—-6H). Interestingly, the extent of increase in mitochondrial respiration
depended on the CB-839 concentration (Figures S7TF-S7H). CB-839 treatment did not affect
COX IV expression (Figure S71) but increased the insulin sensitivity of senescent stem

cells (Figure S7J). Notably, BPTES or CB-839 treatment significantly decreased -y-H2AX
foci in the nuclei of senescent cells, indicating reduced DNA damage (Figures 61 and

6J) and reduced the mMRNA expression of key senescence-associated inflammatory genes,
particularly 1L1a and IL1p (Figures 6K-6N).

Furthermore, knocking down GLS1 in S cells (Figures S7TK-S7M) led to marked decrease
in intracellular urea concentration (Figure S7N), and this was accompanied by increased
mitochondrial membrane potential (Figures S70 and S7P) and improved mitochondrial
ATP-linked respiration and spare respiratory capacity (Figures S7TQ-S7S). Interestingly,
although blocking glutaminolysis did not reverse expression of SA-p-Gal (Figure S7T) or
cell cycle inhibitors (p53, p21, p16) in senescent MSCs (Figures STU-S7W), it did improve
mitochondrial function and decreased DNA damage and ROS accumulation, suggesting
overall improved cellular function. Collectively, these results implicate GLS1 as a potential
target for restoring mitochondrial function in aged stem cells.

GLS1 inhibition improved mitochondrial function in LAKI mice

We also examined the effect of GLS1 inhibition on a mice model of accelerated aging.
To this end, we injected CB-839 intraperitoneally in LAKI mice, three times per week
for 1 month. At the end of the experiment, mitochondria were isolated from the skin and
heart tissues, and mitochondrial respiratory chain activity was evaluated (Figures 7A and
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7F). Although no significant change was observed in complex Il activity (Figures 7B and
7G), complex IV activity was significantly improved with CB-839 treatment in both skin
(Figure 7C) and heart tissue (Figure 7H). Improved mitochondrial function was concomitant
with decreased urea concentration (Figures 7D and 71) and decreased ROS level (Figures
7E and 7J). Overall, our data confirm the /n vitro results showing that GLS1 inhibition
restored impaired mitochondrial function and suggest that blocking glutamine catabolism
by the anti-cancer drug CB-839 might have potential benefits in reversing age-associated
mitochondrial dysfunction.

DISCUSSION

Although significant progress has been made into understanding the mechanisms underlying
age-associated cellular dysfunction, many aspects related to impaired metabolism remain
unknown.38:37 Understanding metabolic impairments is critical for understanding aging and
developing strategies to prevent or delay age-related diseases. In this paper, we focused

on delineating the metabolic rewiring associated with mitochondrial dysfunction that we
observed in senescent MSCs. We found that glycolysis and mitochondrial respiration were
compromised in senescent MSCs, which rewired their metabolism to use glutamine as a
carbon source. Increased glutamine catabolism led to intracellular urea accumulation, which
further deteriorated mitochondrial function and induced senescence. Conversely, blocking
glutamine deamination by inhibiting GLS1 partially restored mitochondrial function and
decreased hallmarks of cellular senescence. Notably, similar results were also observed
with progeria cells derived from patients and mice suffering from HGPS as well as
physiologically aged mice, further supporting the physiological significance of metabolic
rewiring in aging.

Cellular senescence and loss of stem cell activity has been associated with decline in
mitochondrial function.12:38:39 Indeed, we observed severe mitochondrial defects, such as
loss of COX 1V, in senescent MSCs, leading to significantly diminished ATP production
from ETC. Surprisingly, despite nonfunctional ETC, senescent MSCs maintained higher
total ATP levels and demonstrated higher lactate production, compared with their non-
senescent counterparts, suggesting use of alternative carbon sources to maintain high energy
level. Indeed, senescent MSC exhibited higher glutaminase activity than proliferating cells.
Inhibition of GLS1 activity led to decreased levels of TCA cycle intermediates as well as
glycolytic/gluconeogenic metabolites such as pyruvate and lactate, indicating the role of
glutamine in increasing lactate efflux. Increased lactic acid in blood, urine, cerebrospinal
fluid, and in tissues has previously been reported in patients exhibiting defects in oxidative
phosphorylation (OXPHOS).40 Based on our observations, we surmised that elevated amino
acid catabolism might be leading to such a phenomenon.“0 Furthermore, intracellular ATP
concentration decreased significantly in aged MSCs by inhibiting GLS1, further implicating
glutamine as a primary energy source in senescent cells. Increased glutamine anaplerosis
has been reported in several cells carrying mitochondrial DNA (mtDNA) mutations and
exhibiting severe OXPHOS defects.1>16 In idiopathic pulmonary fibrosis, glutaminolysis
has been shown to promote apoptosis resistance through epigenetic regulation of XIAP and
survivin, members of the inhibitor of apoptosis family of proteins.?! Indeed, a-ketoglutarate
derived from glutamate is a cofactor of JIMJD3 histone demethylase, which was shown to
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bind to XIAP and survivin promoters in a glutamine-dependent manner. Since senescent
cells are known to be resistant to apoptosis,042-44 it is possible that metabolic rewiring
from glycolysis to glutaminolysis may serve to promote resistance to apoptosis and survival.
A recent study demonstrated increased dependence of oncogene-induced senescent cells on
glutamine for their survival, as blocking GLS1 led to increased mortality of aged cellsl’
that was attributed to drastic increase in intracellular acidosis. In contrast, in our system,

we observed a small but significant increase in pH upon GLS1 inhibition (Figures S7B and
S7C) and no significant change in cell viability (Figures S7D and S7E). This discrepancy
may be attributed to the different models of cellular senescence. Indeed, the effects of
senolytic drugs were shown to be not only cell-type dependent,>-48 but also dependent on
the mechanism of senescence induction with DNA-damage-induced, oncogene-induced, and
replicative senescence expressing varying levels of anti-apoptotic BCL family proteins.4? It
will be interesting to compare the anti-apoptotic, metabolic, or other pathways of various
senescence models to delineate the mechanisms responsible for the differential responses to
GLS1 inhibition.

JNK kinases were originally identified by their ability to phosphorylate c-Jun in response
to stress induced by a variety of stimuli such as TNF-a*4 or UV radiation.>? JNK was
shown to be a negative regulator of mitochondrial metabolic function, as its activation

was linked to phosphorylation of PDH, likely by pyruvate dehydrogenase kinase-2, in the
aged rat brain.51:52 Interestingly, INK isoforms may differ in their role regulating cellular
metabolism. For example, JINK1 was shown to negatively regulate aerobic glycolysis by
phosphorylating PDH in hepatocellular carcinoma,®? while JNK2 was shown to positively
regulate aerobic glycolysis in myeloma cancer cells.>* Interestingly, we discovered that
senescent MSCs had higher levels of phosphorylated JNK, and that blocking JNK kinase
activity by SP600125 or shRNA decreased GLS1 expression both at the mRNA and
protein levels. This was accompanied by decreased GLS activity, glutaminolysis, and

urea accumulation, ultimately leading to restoration of mitochondrial respiratory activity.
Although knocking down JNK1 or JNK2 decreased GLS1 activity and urea levels, INK1
knockdown was more effective than JINK2 in restoring mitochondrial respiration. JINK1
knockdown was also more effective than the GLS inhibitor, CB-839, suggesting that JNK1
might be affecting mitochondrial function through more than one metabolic pathway.

It is well known that senescent cells secrete pro-inflammatory cytokines (senescence-
associated secretory phenotype, SASP) that affect their neighbors and contribute to chronic
inflammation.52:55 1t would be interesting to examine whether JNK activation in senescent
cells is the result of SASP signaling, providing a link between inflammation and metabolic
rewiring in senescence.

Glutamine turns to glutamate that is subsequently converted to a-ketoglutarate fueling the
TCA cycle and, in the process, generating ammonia and urea, which is secreted out of the
cell via membrane transporters. In the body, urea is eliminated through body fluids, mainly
urine and also through blood and saliva.>® Several publications reported a highly active
urea cycle in the brain of patients suffering from Alzheimer’s disease, indicating potential
involvement in neurodegenerative diseases associated with aging.>”-°8 The importance

of the urea transporter in cardiac physiology was first shown when its knockdown led

to urea accumulation in the heart, severely compromising cardiac electrophysiology.>®
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Remarkably, our findings clearly revealed high urea accumulation in senescent cells and
aged tissues from progeria mice including the heart and skin. In addition to increased amino
acid breakdown, senescent MSCs showed decreased expression of the urea transporter
further increasing intracellular urea accumulation and exacerbating the aging phenotype, as
evidenced by impaired mitochondrial function, increased oxidative stress, and DNA damage.
Furthermore, treatment with urea or silencing of the urea transporter in young MSC induced
aging-related hallmarks such as mitochondrial dysfunction and DNA damage. Conversely,
inhibiting glutamine catabolism decreased urea, partially restoring mitochondrial function
and decreasing senescence hallmarks, indicating the importance of antibiotic-antimycotic
(AA) catabolism in the process of cellular senescence.

In summary, senescent stem cells exhibit impaired glycolysis and mitochondrial function,
including loss of ATP via the ETC. To compensate and survive, MSCs rewire their
metabolism to use amino acids, such as glutamine, as their primary energy source. In
addition to lactate overproduction, such metabolic reprogramming results in high levels

of urea accumulation causing mitochondrial dysfunction and DNA damage. Targeting
glutamine metabolism and signaling pathways regulating it as well as associated metabolites
and by-products might be a promising strategy to reverse or delay cellular senescence.

Limitations of the study

While GLS1 is highly expressed in the skin and heart tissues of both aged and progeria
mice, it is not clear whether this observation can be generalized to all tissues. Furthermore,
while inhibition of GLS1 by CB-839 significantly improved mitochondrial function and
decreased ROS levels in the progeria mouse heart and skin tissues, it remains unclear
whether CB-839 can improve health and extend lifespan.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Stelios T. Andreadis (sandread@buffalo.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

. Original microscopy (.czi) and Seahorse analyzer data (.asyr) are available upon
request.

. This paper does not report original code.

. Any additional information to reanalyze the data reported in this paper may
be directed to and will be fulfilled by lead contact Stelios T. Andreadis
(sandread@buffalo.edu).
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

Experimental animals—Lamin-A Knocked In (LAKI, C57BL/6, LmnaG609G/
G609G)32 mice were kindly donated by Dr. Dudley Lamming at the University of
Wisconsin-Madison School of Medicine Madison, Wisconsin, USA.82 Mixed gender of
mice at the age of 10 months were used in the study, when the heterozygous progeria mice
(LmnaG609G/+) show signs of aging. The mice were housed in a temperature-controlled
animal holding room (20.5° to 23.9°C) with 12-hour light/12-hour dark cycle between 6:00
and 18:00 standard time. Food and water were provided ad libitum. All animal experiments
were approved by the Institutional Animal Care and Use Committee (IACUC) at the
University at Buffalo.

Murine tissue samples—Heart and skin tissues from aged mice (19-24 months) or
young mice (4 months) of mixed genders and C57BL/6 strain were obtained from the tissue
bank of the National Institute Aging. Part of each tissue was stored frozen in liquid nitrogen
for protein, RNA and mitochondrial isolation, and part was prepared for OCT embedding.

Cell lines and cell culture—Human Hair Follicle derived-Mesenchymal Stem Cells
(hHF-MSCs here in denoted as MSCs) from a 73-year-old donor? were isolated as
previously characterized with respect to their proliferation and differentiation capacity.23
Human dermal fibroblasts from patients suffering from Hutchinson-Gilford Progeria
Syndrome (HGPS; HGADFN167) and from a healthy donor (HGADFN168, father of
HGADFN167) were obtained from the Progeria Research Foundation (Peabody, MA).

METHOD DETAILS

Treatment of mice with CB-839—Heterozygous Progeria mice (LmnaG609G/+) of
mixed gender, at the age of 10 months were intraperitoneally injected with CB-839
(10mg/kg) or vehicle control (5% DMSO in corn oil), three times a week for one month
followed by tissue collection.

Skin and heart tissues were harvested, and part of each tissue was snap frozen in liquid
nitrogen for protein, RNA or mitochondria isolation, and the remaining was immersed

in embedding medium immediately (OCT, Sakura Finetek, Torrance, CA) and frozen in
2-methylbutane (Sigma-Aldrich) chilled with dry ice. Embedded tissue sections (10um
thick) were cut using the freezing microtome (CM1950, Leica) and then placed on positively
charged glass slides (Stellar Scientific, Baltimore, MD), and stored at —80°C.

Cell culture—Human MSCs and human fibroblasts were cultured in high glucose
Dulbecco’s modified Eagle Medium (DMEM,; Invitrogen, Grand Island NY) supplemented
with 10% (v/v) fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA) and 1%
(v/v) Antibiotic-Antimycotic (AA, Gibco). On the other hand, the medium for starvation
condition was Dulbecco’s modified Eagle Medium (DMEM, Gibco, Grand Island, NY)
depleted of glucose and 10% (v/v) fetal bovine serum. In general, MSCs at passage 6—7
were characterized as young cells (YY), while MSCs at passage p13-16 were characterized
as aged or senescent cells (S). Human fibroblast, HGPS and the parental control fibroblasts
were used at passages 8-10. To generate cells expressing NANOG, we use a tetracycline-
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regulatable system which enables NANOG expression upon DOX treatment as previously
described.?! To evaluate the effect of NANOG on senescence phenotype, cells were induced
upon treatment with 1 pg/mL DOX (Sigma Aldrich, St. Louis, MO) to overexpress NANOG
for 9-11 days.

Plasmids constructs and cell transduction—Gene knockdown was performed using
the shLVDP vector, developed in our laboratory.53 The ShRNA sequences have been listed
in the key resource table. Briefly, complementary oligos containing sequences targeting
INK1, INK2,61 SLC14A1 or GLS1 were mixed at 50uM each and annealed as previously
described.2 The annealed products were cloned downstream of the H1 promoter in the
shLVVDP. A scramble sequence without any homology to the human genome (confirmed by
BLAST) was used as control. For lentivirus production, three plasmids (lentiviral vector,
psPAX2, and pMD2.G) were used to transfect 293T cells, using the standard calcium
phosphate precipitation method. The virus was harvested 24h post-transfection, filtered
through a 0.45um filter (Corning, Corning NYY), and pelleted by centrifugation (50,0009 at
4°C for 2h). Finally, the pellet was resuspended in fresh DMEM and stored at —80°C until
use.

Senescence-associated B-galactosidase assay (SA-p- gal)—SA-p-gal activity was
detected using a kit according to the manufacturer’s recommendations (Abcam). Fixed
stained cells or tissue slides were then visualized and photographed using a Zeiss Axio
Observer Z1 inverted microscope with an ORCA-ER CCD camera (Hamamatsu, Japan).

For cells in culture, the percentage of SA-B-gal positive cells was determined from multiple
fields of view containing approximately 200 cells/sample. For tissue sections, we measured
the fraction of the SA-B-gal positive area over the total tissue area in each tissue sample.

RNA extraction, cDNA synthesis, and real-time PCR—Total RNA was extracted
using RNeasy Plus Kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol.
The cDNA was produced with OneStep RT-PCR kit (Qiagen). Real-time PCR was
performed with SYBR Green Supermix (Bio-Rad) using the primer pairs as listed in Table
S1.

Western blot analysis—For Western Blot analysis, cells were lysed on ice and lysates
were centrifuged at 15,000 x g for 10 min at 4°C. Supernatants were collected, and

the amount of protein in each sample was determined by Bradford assay. Subsequently,
20ug of total protein was loaded onto 4% to 20% Tris-Glycine SDS-PAGE gels. After
electrophoresis, proteins were transferred to PVDF membrane (Bio-Rad Laboratories,
Hercules, CA) and the expression level of the indicated proteins was then detected using
the antibodies. The primary antibody dilutions are listed in Table S2 (see key resource
table for details). The protein bands were detected using horseradish peroxidase-conjugated
secondary antibodies (Cell Signaling Technology) and SuperSignal West Pico PLUS
chemiluminescence substrate (Invitrogen). ChemiDoc MP imaging system (Bio-rad) was
then used to visualize protein bands and the images were analyzed using the Image Lab
software (Bio-Rad).
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Immunostaining—Immunostaining was performed, according to the manufacturer’s
recommendations. All primary antibodies were used at 1:200 dilution in 5% (v/v) goat
serum (Invitrogen)/PBS. The following primary antibodies were used: rabbit anti-p-PDHA,
rabbit anti-KGA/GAC, rabbit anti-phospho-Histone H2A.X and rabbit anti-TOMMZ20. The
primary antibody dilutions are listed in Table S2 (see key resource table for details).
Subsequently, samples were incubated with secondary antibody at 1:200 dilution in 5% (v/v)
goat serum/PBS for 1h at room temperature. Nuclei were counterstained with 12.5ug/mL
Hoechst 33342 (Invitrogen) for 5 min at room temperature. The results were analyzed using
Image J software and expressed as a ratio of fluorescence intensity to the cell number.

Immunohistochemistry—The tissue sections at —80°C were fixed in 10% buffered
formalin (Sigma-Aldrich) for 10min followed by several washes in PBS. Then the slides
were permeabilized with pre-cold methanol (Sigma-Aldrich) for 6 min at —20°C and rinsed
in PBS. For COX IV staining, samples were first processed with the M.O.M kit and
following the manufacture’s protocols (Vector Laboratories, Burlingame, CA) to reduce
non-specific endogenous mouse Ig staining. The next day, the samples were stained with
Alexa Fluor 568 conjugated goat anti-mouse secondary antibody at 1:400 dilution in 5%
(v/v) goat serum/PBS for 1h at room temperature. Next, tissues slides were incubated with
Cytokeratin 14 primary antibody (skin) or laminin primary antibody (heart), dissolved in 5%
(v/v) goat serum/PBS overnight at 4°C. Subsequently, slides were incubated in Alexa Fluor
488 conjugated goat anti-rabbit secondary antibody at 1:200 dilution. The primary antibody
dilutions are listed in Table S2 (see key resource table for details).

Seahorse assay—We used Seahorse extracellular flux (XFe96) analyzer (Agilent
technologies, Santa Clara, CA) to measure the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR), which are measurements of mitochondrial
respiration and glycolysis. MSCs were seeded at 10,000 cells/well of XFe96 seahorse
culture plates. After 24 hours, cells were rinsed and switched into Seahorse Base

Medium (XF DMEM medium, #103575, Agilent technologies). For mitostress test, the
medium was supplemented with 10mM glucose and 1mM pyruvate to maintain cells’
viability. Glycolysis, glycolytic capacity and glycolytic reserve were measured after
sequential injection of 5mM glucose, 1uM oligomycin and 50mM 2-DG, in Seahorse Base
Medium. All calculations were performed according to the manufacturer protocol using the
measurement values.

Metabolic assays—/n vitro, MSCs or progeria fibroblasts were seeded in 96-well

white plates (3,000 cell/cm?2). The next day, cells were rinsed with PBS followed by
starvation in DMEM depleted of glucose and pyruvate medium for 15 min and then
incubated in high glucose DMEM supplemented overnight with various metabolites and/or
inhibitors as indicated. Assays to measure cellular ATP concentration (Abcam), intracellular
urea concentrations (Abcam), glutaminase activity (Biovision), reactive oxygen species
level (Abcam), and intracellular intermediate concentrations including TCA intermediates
(Abcam), glycolytic intermediates (Abcam) were conducted based on manufacturer’s
instructions.
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Mitochondrial isolation and respirometry of frozen mitochondrial sample—
Mitochondria were isolated from heart and skin tissues according to the protocol described
by Acin-Prez et al.54 Briefly, twenty milligrams of frozen tissue were homogenized in

200 pL of ice-cold mitochondrial assay (MAS) buffer. The homogenate was centrifuged

at 1000x g for 5 min at 4°C. The pellet was discarded, and the resulting supernatant was
centrifuged again at 10,000x g for 10 min at 4°C. The mitochondrial pellet was resuspended
in 100uL of MAS buffer and protein concentration was assessed by Bradford assay using
BSA as standard. The mitochondrial extract was used in respirometry and metabolic assays.
Mitochondrial respiratory chain oxygen consumption (OCR) was measured using Seahorse
extracellular flux (XFe96) analyzer (Agilent technologies, Santa Clara, CA) as described
previously.8* Briefly, heart mitochondria (1pg/well) and skin mitochondria (10ug/well) were
loaded onto Seahorse microplates and different substrates were used for assessing Complex
Il and IV activities: 2uM Rotenone and 2.5mM Succinate for Complex I1; 0.5mM TMPD
(tetra methyl phenylene diamine) and 1mM Ascorbic acid for Complex 1V; 5uM Antimycin
A and 50mM sodium azide were added to inhibit mitochondrial Complex 111 and Complex
IV, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance for each experiment was assessed by one-way or two-way ANOVA
followed by Tukey’s multiple comparison test, using GraphPad Prism 8. The data were
represented as mean + 95% confidence interval (Cl) of one representative experiment,

where each bubble represents one cell; or mean + standard error for multiple independent
experiments and in-vivo experiments. Each experiment was repeated at least three times with
triplicate samples for each condition to ensure reproducibility of the results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Overactivated glutaminolysis leads to increased urea production in senescent
cells

Loss of urea transporter leads to urea accumulation causing mitochondrial
dysfunction

JNK pathway positively regulates GLS1 expression

Inhibiting GLS1 improves mitochondrial function and ameliorates aging
hallmarks
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Figure 1. Impaired mitochondrial function in senescent mesenchymal stem cells restored by
NANOG

(A) Representative images of Mitotracker Red live stain of Y, S, and SN cells; scale bar
represents 50 um.

(B) Quantification of Mitotracker Red intensity per cell; data shown as mean + 95%
confidence interval (CI) for >100 cells.

(C) Immunostaining for cytochrome c¢; scale bar represents 50 pum.

(D) Quantification of cytochrome c intensity per cell; data shown as mean + 95% CI for
>100 cells.
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(E) Immunostaining for mitochondrial complex IV (COX 1V); scale bar represents 50 um.
(F) Quantification of COX IV intensity per cell; data shown as mean + 95% CI for >100
cells.

(G) Western blot for COX 1V and quantification (n = 3 independent experiments). GAPDH
served as loading control.

(H) Measurement of oxygen consumption rate (OCR) using Seahorse extracellular flux
analyzer.

(1-L) Basal respiration (1), ATP-linked respiration (J), maximal respiration (K), and spare
respiratory capacity (L) calculated from the OCR data in (H).

(M) ATP rate assay using Seahorse extracellular flux analyzer, demonstrating mitochondrial
ATP production rate significantly reduced in S cells.
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Figure 2. Increased glutamine consumption by senescent MSCs
(A)Y, S, and SN cells were starved for 30 min and then stimulated with medium containing

25 mM glucose and 4 mM glutamine, followed by measurement of TCA cycle intermediates
a-ketoglutarate, glutamate, oxaloacetate, and citrate and after 24hr.

(B) Intracellular ATP concentration measured after cells were fed with glucose (5 mM)
alone or glucose with different cocktails of amino acids (5 mM) with different entry points
into the TCA cycle.
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(C) Intracellular ATP measured after cells were fed with glucose (5 mM) alone or glucose
with the indicated amino acid (5 mM).

(D) Quantification of gene expression of GLS7 via quantitative RT-PCR normalized to S and
internally normalized to RPL32 cycle number.

(E) Immunostaining for GLS1; scale bar represents 100 um.

(F) Quantification of GLS1 intensity per cell; data shown as mean + 95% CI for >100 cells.
(G) Glutaminase activity in medium containing only glucose (25 mM) or both glucose (25
mM) and glutamine (4 mM).

(H) Intracellular ATP measured in the presence or absence of GLS1 inhibitor, CB-839 (4
UM) at 24 h after treatment.

(1) Extracellular lactate concentration measured in the presence or absence of CB-839.

(J) Intracellular pyruvate concentration measured in the presence or absence of CB-839.
Data in bar graphs represented as means + SD.
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Figure 3. Urea accumulation causes mitochondrial dysfunction
(A) Intracellular ammonia and urea concentration measured in Y, S, and SN cells. Data

normalized to S and represented as mean + SD.

(B) Immunostaining for urea cycle enzyme, arginase-2 (ARG-2); scale bar represents 100
um.

(C) Quantification of ARG-2 intensity per cell normalized to S; data shown as mean + 95%
ClI for >100 cells.
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(D) Quantification of gene expression of SLC14A1 via quantitative RT-PCR normalized to S
and internally normalized to RPL32 cycle number. Y_shSLC denotes Y cells with SLC14A1
knockdown.

(E) Intracellular urea concentration measured in Y, S, and Y_shSLC cells, normalized to Y
cells.

(F) Immunostaining for COX 1V; scale bar represents 100 pm.

(G) Quantification of COX IV intensity per cell normalized to Y; data shown as mean + 95%
Cl for >100 cells.

(H) Mitotracker Red live stain images; scale bar represents 100 um.

(1) Quantification of Mitotracker Red intensity per cell; data shown as mean + 95% CI for
>100 cells.

(J) Measurement of oxygen consumption (OCR) using Seahorse extracellular flux analyzer.
(K-N) Basal respiration (K), ATP-linked respiration (L), maximal respiration (M), and spare
respiratory capacity (N) rates calculated from the OCR data in (L).

(O) Immunostaining for phosphorylated form of histone H2AX (y-H2AX), a measure of
DNA damage; scale bar represents 100 pm.

(P) Quantification of y-H2AX intensity per cell, normalized to Y; data shown as mean +
95% CI for >100 cells.
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Figure 4. Increased GLS1 expression and activity were associated with urea accumulation and
mitochondria dysfunction in LAKI mouse tissues

Representative immunostaining images (A) and quantification of GLS1 (B) and COX IV
staining (C) in skin. GLS activity (D), urea accumulation (E), and ROS level (F) were
measured in the skin of WT and heterozygous LAKI progeria mouse (LMNAG609G/+) at
the age of 10 months.

(G-I) Representative immunostaining images (G) and their quantification for GLS1 (H) and
COX IV (1) in the heart tissue. Measurements of GLS activity (J), urea accumulation (K),
and ROS levels (L). Data shown as mean + SE for each cohort of animals (each bubble
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represents one mouse, n = 5-8). * designates statistical significance compared with LAKI (p
<0.05).

Cell Rep. Author manuscript; available in PMC 2023 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choudhury et al.

Page 29

= 5 & —=F
E

p<.0001 1.5 . 1.5 .
pegoDl peOBOl |
pe.0001 pe,0001

b

1.0

relative mRNA
2
o

normalized to S

0.0

2]

D

10 . GLS activity Urea

.
p<.0001

intensity/cell
normalized to S
normalizedtoS T

normalized to S
normalized to S

4 &

Q
‘_9,'-'9

G

H .

14 pe.000t

12 .
pe.0001

intensity/cell
normalized to S

=
F

4 FCCP  rotenone/AA Basal Respiration ATP-linked Respiration
l 2 =Y 4 pe.0027 3
6 oligomyein . - 5
=a- shJNK1 2
4. - shJNK2

OCR (pmolimin/10°Cells)
Lo

=]

OCR {pmelimin/10°Cells)
QCR (pmolimin/10°Cells)

(1] 20 40 60 80
Time (min)

Maximal Respiration

OCR (pmolimin/10°Cells) ™

Figure 5. INK regulates GLS and suppresses mitochondrial function in senescent cells
Senescent MSCs were treated with SP600125 (5 pM), and (A) GLS1 expression was

measured via quantitative RT-PCR normalized to S and internally normalized to RPL32
cycle number; data shown as mean + SD.

(B) Immunostaining for GLS1; scale bar represents 100 pum.

(C) Quantification of GLS1 intensity per cell, normalized to S; data shown as mean + 95%
ClI for >200 cells.
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(D) Glutaminase activity measurement in Y, S, and S cells treated with SP600125,
normalized to S; data shown as mean + SD.

(E) Intracellular urea concentration, normalized to S; data shown as mean + SD.

(F) Western blot for COX IV and quantification, normalized to S (n = 3 independent
experiments). GAPDH served as loading control.

(G) Live stain images of Mitotracker Red showing upregulation of mitochondrial membrane
potential in senescent cells after knocking down JNKZ1 or JNK2; scale bar represents 100
pm.

(H) Quantification of Mitotracker Red intensity per cell; data shown as mean + 95% CI for
>100 cells.

(1) Measurement of oxygen consumption (OCR) using Seahorse extracellular flux analyzer
inY, S, shINK1, and shJNK2 cells.

(J-M) Basal respiration (J), ATP-linked respiration (K), maximal respiration (L), and spare
respiratory capacity (M) rates calculated from the OCR data in (I).
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Figure 6. Inhibition of GLS1 improves mitochondrial function in senescent mesenchymal stem
cells

Senescent MSCs were treated with GLS1 inhibitor, BPTES (10 uM), or CB-839 (4 uM) or
for 10 days. (A) Intracellular urea concentration measurement, normalized to S; data shown
as mean = SD.

(B) Representative images of Mitotracker Red live stain of Y, S, S-BPTES, and S-CB cells;
scale bar represents 100 pum.

(C) Quantification of Mitotracker Red intensity per cell, normalized to S; data shown as
mean + 95% CI for >200 cells.
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(D) Measurement of oxygen consumption rate (OCR) using Seahorse extracellular flux
analyzer.

(E-H) Basal respiration (E), ATP-linked respiration (F), maximal respiration (G), and spare
respiratory capacity (H) calculated from the OCR data in (D).

(1) Immunostaining for the phosphorylated form of histone H2AX (y-H2AX); scale bar
represents 50 um.

(J) Quantification of y-H2AX intensity per cell, normalized to S; data shown as mean + 95%
CI for >100 cells.

(K-N) Quantification of gene expression of inflammatory cytokines via quantitative RT-PCR
normaliszed to S and internally normalized to RPL32 cycle number.
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Figure 7. GLS1 inhibition improves mitochondrial function in LAKI mouse tissues
(A) Measurement of oxygen consumption rate of isolated mitochondria from skin of WT,

heterozygous LAKI progeria mouse (LMNAG609G/+) and LAKI mice treated with CB-839
(LAKI-CB); data normalized to mitochondrial content.

(B and C) Complex Il and complex 1V activities calculated from the OCR data in (A).

(D and E) Measurement of urea concentration and ROS level in skin tissue; data normalized
to LAKI.
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(F) Measurement of oxygen consumption rate of isolated mitochondria from heart tissues,
normalized to mitochondrial content.

(G and H) Complex Il and complex IV activities calculated from the OCR data in (F).
(I'and J) Measurement of urea concentration and ROS level in heart tissue; data normalized
to LAKI. Data shown as mean * SE for each cohort of animals (each bubble represents one
mouse, n = 5-8). * designates statistical significance compared with LAKI (p < 0.05).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Cytochrome C Invitrogen Cat# MA5-11823; RRID: AB_10987059
COX-1V Abcam Cat# ab33985; RRID: AB_879754
PDHAL (phospho $293) Abcam Cat# ab92696; RRID: AB_10711672
KGA/GAC Proteintech Cat# 12855-1-AP; RRID: AB_2110381
Phospho-Histone H2A.X (Ser139) Cell Signaling Cat# 9718; RRID: AB_2118009
Tomm?20 Abcam Cat# ab186735; RRID: AB_2889972
Cytokeratin 14 Invitrogen Cat# PA5-32460; RRID: AB_2549929
Laminin Abcam Cat# ab11575; RRID: AB_298179
Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Invitrogen Cat# A11008; RRID: AB_143165
Alexa Fluor 488

Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Invitrogen Cat# A11012; RRID: AB_2534079
Alexa Fluor 594

Goat anti-mouse 1gG (H+L) Cross-Adsorbed Secondary Antibodly, Invitrogen Cat# A11001; RRID: AB_2534069
Alexa Fluor 488

Goat anti-mouse 1gG (H+L) Cross-Adsorbed Secondary Antibodly, Invitrogen Cat# A11005; RRID: AB_2534073
Alexa Fluor 594

SAPK/INK Cell Signaling Cat# 9252; RRID: AB_2250373
Phospho-SAPK/INK (Thr183/Tyr185) Cell Signaling Cat# 9255; RRID: AB_2307321

P38 MAPK Cell Signaling Cat# 8690; RRID: AB_10999090
Phospho-p38 MAPK (Thr180/Tyr182) Cell Signaling Cat# 4511; RRID: AB_2139682
P44/42 MAPK (Erk1/2) Cell Signaling Cat# 4695; RRID: AB_390779
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Cell Signaling Cat# 4370; RRID: AB_2315112
JINK1 Santa Cruz Biotechnology =~ Cat# sc-1648; RRID: AB_675868
JINK2 Cell Signaling Cat# 9258; RRID: AB_2141027
NANOG R&D Systems Cat# AF1997; RRID: AB_355097
GAPDH Cell Signaling Cat# 5174; RRID: AB_10622025
Anti-rabbit IgG HRP linked Cell Signaling Cat# 7074; RRID: AB_2099233
Anti-mouse 1gG HRP linked Cell Signaling Cat# 7076; RRID: AB_330924

Antibody dilutions and application, see Table S2

Biological samples

Heart and skin tissues from aged mice (19-24 months) or young National Institute on N/A
mice (4 months) of mixed genders (C57BL/6 strain) Aging

Chemicals, peptides, and recombinant proteins

Mitotracker Red Invitrogen Cat#t M7512
DCFDA/H2DCFDA-Cellular ROS Assay Kit Abcam Cat# ab113851
2-NBDG Invitrogen Cat# N13195
SYBR green PCR mix Applied Biosystems Cat# 4309155
Antimycin Sigma Cat# A8674
Rotenone Sigma Cat# R8875
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligomycin Sigma Cat# 04876
TMPD Sigma Cat# 87890
Succinate Sigma Cat# S9512
L-Ascorbic Acid Fisher Scientific Cat# A61100
Sodium Azide Sigma Cat# S8032
2-DG Sigma Cat# D8375
Glucose Agilent technologies Cat# 103577-100
Pyruvate Agilent technologies Cat# 103578-100
Glutamine Agilent technologies Cat# 103579-100

Seahorse XF DMEM Medium

Augilent technologies

Cat# 103575-100

Seahorse XFe96 FluxPak

Agilent technologies

Cat# 102416-100

CB-839 (GLS inhibitor) Selleckchem Cat# S7655
BPTES (GLS inhibitor) Selleckchem Cat# S7753
Corn QOil Selleckchem Cat# S6701

M.0.M Immunodetection kit

Vector Laboratories

Cat# BMK-2202

Hoechst 33342 Invitrogen Cat# 62249
Critical commercial assays
Luminescent ATP detection Assay Kit Abcam Cat# ab113849
Lactate-Glo Assay Promega Cat# J5021
Glutamate Assay Kit Abcam Cat# ab83389
Alpha Ketoglutarate Assay Kit Abcam Cat# ab83431
PicoProbe Glutaminase Assay Kit Biovision Cat# K455-100
Pyruvate Assay Kit Abcam Cat# ab65342
Ammonia Assay Kit Abcam Cat# ab83360
Urea Assay Kit Abcam Cat# ab83362
DCF ROS/RNS Assay Kit Abcam Cat# ab238535
Senescence Detection Kit Abcam Cat# ab65351
Experimental models: Cell lines
Human: Mesenchymal stem cells isolated from hair follicle Bajpai et al 80 N/A
Human: dermal fibroblasts from patients suffering from Hutchison- The Progeria Research HGADFN167
Gilford Progeria Syndrome with classic mutation Foundation
Human: dermal fibroblasts from father of HGPS patient without The Progeria Research HGADFN168
mutation Foundation
Experimental models: Organisms/strains
Mouse: LAKI (C57BL/6, LmnaGto9G/+) Provided by Dr. Dudley N/A

Lamming
Oligonucleotides
shRNA targeting human SLC14A1 This paper N/A
GGGCTCTGAGTATATAACTGT
shRNA targeting human JNK1 You et al.® N/A

GGGCCTACAGAGAGCTAGTTCTTAT
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REAGENT or RESOURCE SOURCE IDENTIFIER
shRNA targeting human JNK2 You et al.® N/A
GCCAACTGTGAGGAATTATGTCGAA
shRNA targeting human GLS1_1 GGAGCAATTGTTGTGACTTCA  This paper N/A
shRNA targeting human GLS1_2 GCATTCCTGTGGCATGTATGA  This paper N/A
Primers for gPCR, see Table S1 N/A N/A
Software and algorithms
Graphpad Prism 8 Graphpad https://www.graphpad.com/
ImagelJ NIH https://imagej.nih.gov/ij/
Biorender Biorender https://biorender.com/
Zen 3.0 (blue edition) Carl Zeiss https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html
Microsoft Publisher Microsoft N/A

Seahorse Wave Desktop

Augilent technologies

https://www.agilent.com/en/product/
cell-analysis/real-time-cell-metabolic-
analysis/xf-software/seahorse-wave-
desktop-software-740897
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