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The citrate transporters SLC13A5 and SLC25AT
elicit different metabolic responses and phenotypes
in the mouse

Gonzalo Fernandez-Fuente® 2, Katherine A. Overmyer3'4, Alexis J. Lawton® 3°, Ildiko Kasza®,
Samantha L. Shapiro'2, Patricia Gallego-Mufioz’, Joshua J. Coon® 3#8, John M. Denu3?,
Caroline M. Alexander® & Luigi Puglielli@ 22102

Cytosolic citrate is imported from the mitochondria by SLC25A1, and from the extracellular
milieu by SLC13A5. In the cytosol, citrate is used by ACLY to generate acetyl-CoA, which can
then be exported to the endoplasmic reticulum (ER) by SLC33A1. Here, we report the gen-
eration of mice with systemic overexpression (sTg) of SLC25A1 or SLC13A5. Both animals
displayed increased cytosolic levels of citrate and acetyl-CoA; however, SLCI3A5 sTg mice
developed a progeria-like phenotype with premature death, while SLC25A1 sTg mice did not.
Analysis of the metabolic profile revealed widespread differences. Furthermore, SLC13A5 sTg
mice displayed increased engagement of the ER acetylation machinery through SLC33AT,
while SLC25A1 sTg mice did not. In conclusion, our findings point to different biological
responses to SLC13A5- or SLC25A1-mediated import of citrate and suggest that the direc-
tionality of the citrate/acetyl-CoA pathway can transduce different signals.
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isms to respond to environmental fluctuations occurring

either intracellularly or extracellularly. These mechanisms
allow them to maintain homeostasis and ensure crosstalk between
different organelles and compartments! -3, Therefore, key cellular
metabolites that reflect the immediate activity of specific meta-
bolic enzymes and/or the functional metabolic state of intracel-
lular organelles have emerged as powerful signaling regulators.
The mechanisms through which they exert their functions and
influence cellular regulatory events are very complex and still
largely unknown. How these mechanisms act at the organismal
level and influence systemic phenotypes/diseases is even more
complex and less known.

The citrate/acetyl-CoA pathway is a recognized key node in
metabolism that has emerged as a novel branch of the more
general nutrient-signaling pathway2->. Compelling evidence
indicates that protein acetylation across multiple organelles and
compartments reflects the metabolic status of the cell. Evidence
also indicates that many proteins and biochemical pathways are
directly modulated by Ne-lysine acetylation through the avail-
ability and the intracellular compartmentalization of acetyl-CoA,
donor of the acetyl group for Ne-lysine acetylation!»3,

Cytosolic acetyl-CoA is mainly generated by ATP Citrate Lyase
(ACLY), which uses citrate and CoA®. Citrate is obtained through
active transport from the mitochondria by the citrate/malate
antiporter SLC25A1/CTP, and from the plasma membrane by the
citrate/Na™ symporter SLC13A5/NACT?. Cytosolic acetyl-CoA
has free access to the nucleus and can also serve as a substrate for
nuclear-based protein acetylation. Active transport of acetyl-CoA
from the cytosol into the lumen of the endoplasmic reticulum
(ER) is ensured by the ER membrane transporter SLC33A1/AT-1,
which exchanges acetyl-CoA for free CoA in an antiporter
fashion®. Therefore, the interplay between different membrane
transporters ultimately influences organelle-specific adaptive
responses to a specific metabolic signal: the intracellular avail-
ability and flux of citrate and acetyl-CoA (see Fig. 1a).

Mutations, microdeletions, and gene duplication events within
SLC25A1/CIC, SLCI3A5/NACT and SLC33AI1/AT-1 have been
associated with different diseases spanning from developmental
delay with multi-system deficits to progeria-like features, autism
spectrum disorder (ASD) and attention deficit hyperactivity dis-
order, different forms of epileptic encephalopathy, as well as
peripheral forms of neuropathy>7-14. Thus, genetic alterations
affecting the three membrane transporters that are key to the
intracellular flux and availability of citrate and acetyl-CoA are
linked to severe human diseases.

In this study, we report the generation and phenotypic char-
acterization of mice with systemic overexpression of either
SLC25A1 or SLC13A5. We show that the animals develop
strikingly different phenotypes and completely different meta-
bolic signatures within the lipidome and the acetylproteome,
indicating that the cell is able to differentiate between SLC25A1-
and SLC13A5-dependent pools of citrate and acetyl-CoA. We
also show that SLC13A5 is a much more powerful regulator of
AT-1 activity and ER acetylation than SLC25A1, suggesting that
the directionality of the citrate/acetyl-CoA pathway can transduce
different signals. As a result, the lethal phenotype displayed by
SLC13A5 mice can be rescued by inhibiting the two ER luminal-
based acetyltransferases, ATasel and ATase2, which act down-
stream of AT-1 to acetylate ER cargo proteins.

C ells have developed nutrient/metabolite sensing mechan-

Results

SLC13A5 sTg, but not SLC25A1 sTg, mice display a progeria-
like phenotype. To study the systemic role of citrate transporters
SLC25A1 and SLC13A5, we generated transgenic (sTg) mice with

an inducible overexpression Tet-Off system driven by the Rosa26
locus (Fig. 1a, b). For the purpose of this study, the animals with
systemic  overexpression of SLC25A1 (referred to as
SLC25A1 sTg) were maintained in the absence of doxycycline;
therefore, they overexpressed SLC25A1 since conception and
throughout their entire life, including development. The animals
were born with Mendelian ratio and were completely normal at
birth; however, within 1 month they appeared smaller than their
wild-type (WT) littermates (Fig. 1c). We did not observe any
effect on the lifespan of the animals, nor any phenotypic mani-
festation resembling progeria (Table 1). On the contrary, animals
with systemic overexpression of SLCI3A5 from conception
(referred to as SLC13A5 sTgOC) were born with Mendelian ratio
but died immediately after birth. Therefore, we also generated
mice where the overexpression of SLC13A5 was induced at birth
(referred to as SLCI3A5 sTgOB) or weaning (referred to as
SLC13A5 sTg®W) (see Fig. 1d).

At visual inspection, recently born SLC13A5 sTgOC displayed
multiple skin lesions, suggesting that death was caused by the
mechanical stress associated with transiting through the birth
canal (Fig. le). When analyzed at embryonic day 18 (E18), the
skin of SLCI3A5 sTgOC mice exhibited a narrow stratum
granulosum with coarsely clumped keratohyaline granules
(Supplementary Fig. la). Importantly, the differentiation of
embryonic skin (E18) was severely impacted by SLC13A5 over-
expression. The basal (keratin 5; K5-positive) layer was
hyperplastic, increasing in thickness by 2-fold, and becoming 3
cells thick instead of a mostly single basal layer. Consistent with
this observation, almost 50% of K5-positive basal cells were in
mitosis (Supplementary Fig. 1b, c). The thickness of the more
differentiated cell layers (spinous and above) was relatively
unaffected by SLC13A5 over-expression (assessed by keratin 10
(K10) staining; Supplementary Fig. 1b). However, judged from
the histology, the differentiation of suprabasal keratinocytes was
inhibited, revealed as a depletion of the granular layer, decreased
cytoplasmic volume in suprabasal keratinocytes, and a depleted
enucleated cornified layer. A preliminary attempt to test the skin
barrier function showed no difference (Supplementary Fig. 1d).
Perhaps most surprising was the massive increase in dermal cell
mitotic index (Supplementary Fig. 1c) in SLC13A5 sTgOC skins,
together with a 2-fold thickening of dermis. This would suggest
that the dermis may be the origin of skin dysfunction, as it is for
several diseases and wound healing of mouse and human skins!°.

SLC13A5 sTgOPB and SLCI3A5 sTgOW were born with
Mendelian ratio and were completely normal at birth. However,
after approx. 2 and 10 months, respectively, they displayed a
severe phenotype (Fig. 1d, f; Table 1; Supplementary Movie 1)
that was reminiscent of segmental forms of progerias!®-19.
SLC13A5 sTgO mice remained smaller throughout their entire
life as compared to WT littermates (Fig. 1g) or even SLC25A1 sTg
(Fig. 1h). Both SLC13A5 sTgO® and SLC13A5 sTgOW displayed a
very short lifespan (Fig. 1i). The skin displayed hair loss,
disseminated lesions and reduced wound repair, and most of
the animals developed a hunched posture and rectal prolapse
(Table 1; Supplementary Movie 1). Evidence of systemic
overexpression of the transporters was documented by Western
blot (Fig. 1j, k). SLC13A5 sTg®® mice (simply referred to as
SLC13A5 sTg thereafter) were used as the main model for
our study.

SLC13A5 sTg mice display systemic inflammation, skin and
cornea alterations, reduced bone density and cellular senes-
cence. Histological assessment of SLC13A5 sTg mice revealed
aberrant skin structure with hyper-proliferative features of the
different layers, aberrant keratin accumulation, and inflammatory
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Fig. 1 SLC13A5 sTg and SLC25A1 sTg display different phenotypes. a Schematic view of the citrate/acetyl-CoA pathway. Image was generated using
BioRender. b SLC13A5 sTg and SLC25A1 sTg mice were generated with an inducible Tet-Off expression system under the control of the Rosa26 locus for
systemic overexpression. € SLC25A1 sTg mouse and WT littermate when 75 days old. d SLC13A5 sTg mice were studied under three different
experimental conditions based on the starting point of overexpression: overexpression from conception (OC), overexpression from birth (OB), and
overexpression from weaning (OW). e SLC13A5 sTgPC mice and WT littermate at birth. f Representative SLC13A5 sTgOW, SLC13A5 sTgOB, and WT
littermates when 125 days old. g Body weight of male and female WT, SLC13A5 sTgOB, and SLC13A5 sTgOW (n = 20/group). #P < 0.0005 via mean
comparison using Student's t test. h Body weight of male and female WT and SLC25A1 sTg animals (n =20/group). **P < 0.005 via mean comparison
using Student's t test. i Lifespan of WT, SLC25A1 sTg, SLC13A5 sTgOW and SLC13A5 sTgO8 mice (n = 25/group). Maximum lifespan of SLC13A5 sTgOB
mice: males =175 days, females =147 days; P<0.0005 via Kaplan-Meier lifespan test. j Representative Western blots showing SLC13A5 and SLC25A1
overexpression in different tissues (1, WT mice; 2, sTg mice). k Total protein quantification of different tissues from SLC13A5 and SLC25A1 sTg mice
displayed as fold of change vs WT animals (n=12/group). *P < 0.05, **P < 0.005, #P < 0.0005 via mean comparison using Student's t test.
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Table 1 Observed phenotype of SLC13A5 and
SLC25A1 sTg mice.

SLC13A508 SLC25A1
Median lifespan Reduced Normal
Maximum lifespan Reduced Normal
Body weight Reduced Reduced
Hunched posture Common Normal
Hair loss Pronounced Normal
Hair regrowth Reduced Normal
Skin lesions Pronounced Normal
Wound repair Retarded Normal
Dermal thickness Increased Normal
Adipose tissue Reduced Reduced
Bone density Reduced Normal
Liver size Normal Reduced
Spleen size Increased Normal
Lymph nodes size Increased Normal
Gallbladder size Normal Enlarged
Rectal prolapse Common Normal
Systemic inflammation Increased Normal
Peripheral WBC Neutrophilia Normal
Peripheral RBC Normal Normal
Citrate (cytoplasm) Increased Increased
Ac-CoA (cytoplasm) Increased Increased
Ac-CoA (ER) Increased Increased
Glycemia (fasting) Normal Normal
Ketone bodies (fasting) Increased Increased
Lipid droplets (number) Increased Increased
Lysosome (number) Increased Normal
Mitochondria (surface) Increased Increased
WBC white blood cell count, RBC red blood cell count

infiltration (Fig. 2a). Both males and females displayed severe
bone density loss, which was reminiscent of osteoporosis
(Fig. 2b). Postmortem examination revealed splenomegaly
(Fig. 2¢), enlarged lymph nodes (Fig. 2d), and tissue inflammation
(Fig. 2e, ). Chronic tissue inflammation is often associated with
markers of cellular senescence29-23, Therefore, we analyzed levels
of pl16, p21 and P-galactosidase (SA-P-gal), three established
markers of cell senescence. We consistently found increased levels
of all three markers in the SLC13A5 sTg mice (Fig. 2g, h).

About 10-15% of SLC13A5 sTg mice showed severe corneal
changes, which included exaggerated epithelia thickening,
abnormal epithelial stratification with keratinization, loss of
stromal collagen regular alignment with cellular infiltration, and
neovascularization. All these alterations manifested with severe
loss of corneal transparency in the living animal (Fig. 2i).

SLC25A1 and SLC13A5 sTg mice have altered intracellular
compartmentalization of citrate and acetyl-CoA, steatosis and
ketosis. Both SLC25A1 and SLC13A5 transport citrate into the
cytoplasm and feed into the citrate/acetyl-CoA pathway through
ACLY-mediated conversion of citrate and free CoA into acetyl-
CoA. Cytosolic acetyl-CoA can then be transported into the ER
by the ER membrane transporter AT-1 where it is utilized by two
ER-based acetyltransferases (Fig. 3a). To analyze the metabolic
profile induced by the overexpression of the individual trans-
porters, we performed subcellular fractionation of the liver and
resolved cell lysates, cytosol, ER, and mitochondria. As expected,
the cytosolic fraction of both SLC25A1 sTg and SLC13A5 sTg
mice displayed higher levels of citrate and acetyl-CoA when
compared to WT littermates (Fig. 3b, c). The increased cytosolic
levels of acetyl-CoA also translated into increased import of
acetyl-CoA in the ER lumen (Fig. 3b). These data show that
overexpression of either SLC25A1 or SLCI3A5 altered the

intracellular compartmentalization of citrate and acetyl-CoA,
resulting in increased steady-state levels of acetyl-CoA in both the
cytosol and ER lumen. SLC25A1 acts as an antiporter with
concurrent transport of citrate to the cytoplasm and malate to the
mitochondria (Fig. 3a). Consistently, SLC25A1 sTg mice dis-
played increased levels of malate in the mitochondria with cor-
responding reduced levels in the cytosol (Fig. 3d). As expected,
SLC13A5 sTg mice did not show altered compartmentalization of
malate (Fig. 3d).

Histological assessment revealed that both SLC25A1 sTg and
SLC13A5 sTg mice displayed increased propensity to liver
steatosis, which could be documented by both LipidTOX staining
and electron microscopy (Fig. 3e, f). In the case of the
SLC25A1 sTg mice, lipid droplets were not only more abundant,
but were also larger than those of WT and SLC13A5 sTg mice.
SLC25A1 sTg livers were also smaller in size when compared to
WT littermates (Fig. 3g). Metabolic assessment of SLC25A1 sTg
and SLC13A5 sTg mice revealed normal levels of circulating
glucose but increased levels of beta-hydroxybutyrate, indicative of
ketosis and increased B-oxidation of fatty acids (Fig. 3h).

Mice with systemic overexpression of SLC13A5 and SLC25A1
display different Ne-lysine acetylation profiles. Acetyl-CoA
dependent processes include lipid metabolism, citric acid cycle,
and Ne-lysine acetylation, which can occur in the nucleus and
cytoplasm?4, ER*2%, mitochondria®, and peroxisomes?’. Protein
acetylation is a mechanism of post-translational regulation that
can affect protein interactions and function, and can be inde-
pendent of protein expression changes?8. Therefore, it is possible
that fluctuations in acetyl-CoA availability occurring within the
range of affinity constants of different Ne-lysine acetyltransferases
might affect the acetylation status and the function of different
target proteins within different cellular organelles and
compartments.

To determine whether that was the case, and to begin
dissecting the underlying phenotypic differences of the SLC13A5
and SLC25A1 sTg models at the mechanistic level, we performed
quantitative acetyl-proteomics using the liver as target tissue.
Specifically, we quantified steady-state acetylation stoichiometry
on lysine sites at the proteome level. In order to increase detection
resolution, we resolved cytoplasmic, nuclear/membrane, and
chromatin-associated fractions before measuring the stoichiome-
try of acetylation?®30. In the three fractions combined, we
detected a total of 6677 lysine sites in WT (2049 proteins), 6534
lysine sites in SLC13A5 (2014 proteins), and 6381 lysine sites in
SLC25A1 sTg mice (1988 proteins), respectively. When compared
to WT, we found 727 lysine sites (599 proteins) in SLC13A5 sTg
mice and 733 lysine sites (591 proteins) in SLC25A1 sTg mice
that had a statistically different acetylation stoichiometry (Fig. 4a).
When we compared the statistically significant stoichiometry
changes of SLC13A5 sTg and SLC25A1 sTg models, we observed
remarkable differences among the two sTg models with only
approx. 30% (224 sites and 193 proteins) overlap (Fig. 4a—c).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis of significantly changed acetylated proteins revealed
similar as well as distinct categories between SLC13A5 sTg and
SLC25A1 sTg mice (Fig. 4d-f). Common pathways were
pertinent to protein biosynthesis/processing, fatty acid metabo-
lism/degradation, and peroxisome-based acetyl-CoA/acyl-CoA
metabolism (Fig. 4d), while divergent pathways were pertinent to
different metabolic processes (Fig. 4e, f).

In addition, for both models, we evaluated the subcellular
location of all acetylated proteins that were significantly different
from WT. The general trend indicates increased acetylation in
both models (Fig. 4g). The 224 acetylation sites shared by the two
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Fig. 2 SLC13A5 sTg mice display a systemic phenotype that is consistent with a segmental form of progeria. a Representative H&E staining of skin
sections from WT and SLC13A5 sTg mice. b Faxitron X-ray (femur) and bone mineral density quantification of WT and SLC13A5 sTg mice (WT, n=7;
SLC13A5 sTg, n=10). *P < 0.05 via mean comparison using Student's t test. ¢ Image and weight of whole spleen from WT and SLC13A5 sTg mice (n = 6/group).
#P < 0.0005 via mean comparison using Student's t test. d Image and weight of axillary lymph nodes from WT and SLC13A5 sTg mice (n = 9/group). #¥P < 0.0005
via mean comparison using Student's t test. e Dot blot of liver tissue immunoglobulins determined with anti-mouse IgG. Representative images and quantification of
results (WT, n=4; SLC13A5 sTg, n=4). #P < 0.0005, via mean comparison using Student's t test. Extracellular, intracellular, and membrane fractions (EC, IC,
MB). f Western blot showing liver tissue immunoglobulins determined with anti-mouse IgG and quantification of results (WT, n=4; SLC13A5 sTg, n=4).
*P < 0.05, **P < 0.005 via mean comparison using Student's t test. Extracellular and intracellular fractions (EC, IC). Heavy chain and light chain (Hc, Lc). g SA-p-Gal
staining of liver slides from WT and SLC13A5 sTg mice. Representative images and quantification of results (n =4 mice/group; 150 cells/animal). *P < 0.05 via
mean comparison using Student's t test. h p21 and p16 mMRNA quantification in liver (n = 6/group). **P < 0.005 via mean comparison using Student's t test.

i Representative images and H&E stained cross-sections of the cornea from WT and SLC13A5 sTg mice.
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sTg models that displayed statistically significant divergence from
WT mice were distributed as follows: 150 in the cytosol, 35 in the
mitochondria, 22 in the nucleus, and 17 in the secretory pathway
(Supplementary Fig. 2). The gene-network plot constructed with
the 193 proteins that are shared among the two models using the
GO cellular component function database revealed categories
related to the protein biosynthetic (translational) machinery, as
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well as metabolic pathways associated with the mitochondria and
the peroxisomes (Fig. 4h). A similar output was observed when
building STRING-based networks (Supplementary Fig. 3a).
When SLCI13A5 sTg mice were compared to SLC25A1 sTg
mice, we found 698 acetylation sites distributed on 500 proteins
being uniquely affected by the overexpression of SLC13A5
(Fig. 5a, b). KEGG pathways that were highly represented in
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Fig. 3 SLC25A1 sTg and SLC13A5 sTg mice display elevated citrate and acetyl-CoA levels, lipid accumulation, and ketosis. a Schematic view of
potential metabolic effects triggered by the overexpression of SLC25A1 and SLC13A5. Image was generated using BioRender. b Total (cell lysate), cytosolic,
and ER levels of acetyl-CoA expressed as arbitrary units (n=7/group). *P < 0.05, **P < 0.005, #P < 0.0005 via mean comparison using Student's t test.
c Total (cell lysate), cytosolic, and mitochondria levels of citrate expressed as arbitrary units (n = 7/group). #P < 0.0005 via mean comparison using
Student's t test. d Cytosolic and mitochondria levels of malate expressed as arbitrary units (n = 7/group). *P < 0.05 and **P < 0.005 via mean comparison
using Student's t test. e Representative LipidTOX green staining and electron microscopy of liver sections. f Quantification of the fluorescence intensity
from LipidTOX green staining expressed as arbitrary units (n=10/group; 50 cells/animal). *P < 0.05 and **P < 0.005 via mean comparison using
Student's t test. g Liver to body weight ratio (n =9/group). *P < 0.05 and **P < 0.005 via mean comparison using Student'’s t test. h Fasting levels of blood
glucose and B-hydroxybutyrate (n=7/group). *P<0.05 and **P < 0.005 via mean comparison using Student's t test.

the SLC13A5 model included processes related to protein
biosynthesis, fatty acid metabolism, detoxification of xenobiotics,
and drug metabolism (Fig. 5¢c). The differential response of the
SLC13A5 manipulation was observed across different organelles
and compartments (Fig. 5d; Supplementary Fig. 4). The gene-
network plot representing the same 500 proteins using the GO
cellular component function database revealed a large representa-
tion of the protein biosynthetic machinery and ER-dependent
translation. Also represented were proteins involved with
metabolic processes within different cellular compartments
(Fig. 5e). A similar profile was observed when STRING-based
networks were constructed (Supplementary Fig. 3b).

When taken together, these data indicate very different
adaptive responses across the lysine acetylation landscape within
multiple cellular compartments and organelles. These differences
were observed regardless of the inclusion of the WT counterpart
in the data analysis process. In essence, although both
transporters provide citrate to the cytosol, the cellular response
triggered by the increased influx of citrate was very distinct.

Mice with systemic overexpression of SLC13A5 and SLC25A1
display different lipid profiles. To complement the acetyl-
proteomic data, we performed quantitative lipidomic analysis of
liver, serum, skin, and brain of WT, SLC13A5 sTg and
SLC25A1 sTg mice. Different lipid species, as well as classes of
lipids, were found to be statistically different from WT mice
across our sTg models (Fig. 6; Supplementary Figs. 5-7).

In the liver, a total number of 492 lipids were annotated with
molecular species or species level identifications!. When
compared to WT, 68 and 21 lipid species were significantly
different in SLCI3A5 and SLC25A1 sTg mice, respectively
(Fig. 6a). Comparison of the two mouse models revealed a
completely different lipid adaptive response to the increased
influx of citrate. Indeed, only one species, PC 34:6, was in
common (Fig. 6a). Furthermore, we observed a trend toward
increased lipid species levels in the SLC13A5 and reduced lipid
specie levels in the SLC25A1 model (Fig. 6b, c). When analyzed as
lipid groups, the serine (S), phosphatidylserine (PS), and S/PS-
related classes emerged with the highest level of upregulation
within SLC13A5 sTg mice (Fig. 6d).

The lipid adaptive response in the two sTg models varied
among the different tissues analyzed. The serum and the skin
mirrored the liver profile with more identified lipids that reached
statistical significance in SLC13A5 sTg mice (Supplementary
Figs. 5-6), while the brain showed more identified lipids in
SLC25A1 sTg mice (Supplementary Fig. 7). However, the overall
trend as well as individual lipid species and classes of lipids
diverged among the two models across all tissues analyzed.

When taken together, the above data indicate that, although
they both supply citrate to the cytosol, SLC13A5 and SLC25A1
elicit very different metabolic responses, which likely reflect the
striking phenotypic differences observed. Importantly, the lipid
adaptive response appeared to mirror the stoichiometry of
acetylation data.

Hyperactivity of the ER acetylation machinery contributes to
the progeria-like phenotype of SLC13A5 sTg mice. Cytosolic
acetyl-CoA is imported into the ER lumen by AT-1 through an
antiporter mechanism that involves exchange of cytosolic acetyl-
CoA for ER-luminal free CoA (Fig. 7a)’. The antiporter
mechanism allows AT-1 to respond to changes in availability of
acetyl-CoA and free CoA across the ER membrane®32-34. Mice
with systemic overexpression of AT-1 (AT-1 sTg) develop a
segmental form of progeria that can be rescued by inhibition of
the ER-based acetyltransferases, ATasel and ATase23%3. In light
of the phenotypic similarities between AT-1 sTg and
SLC13A5 sTg mice, we explored the possibility that the pheno-
type of SLC13A5 sTg was, at least in part, caused by increased
acetylation of ER cargo proteins.

Immunoblot assessment revealed a 3-fold upregulation of
endogenous AT-1 in SLC13A5 sTg mice, reaching levels of
expression that were almost similar to those observed in AT-1
sTg mice (Fig. 7b, c¢). AT-1 upregulation was not observed in
SLC25A1 sTg mice (Fig. 7b). A major difference between
SLC13A5 and SLC25A1 is that the former is a high-capacity
citrate transporter, while the latter is a low-capacity transporter
(discussed later). Therefore, we can speculate that the increased
levels of endogenous AT-1 in the SLCI13A5 model reflects an
attempt to compensate for the increased availability of acetyl-CoA
in the cytosol. In other words, the antiporter mechanism is
sufficient in SLC25A1 sTg mice, but not in SLC13A5 sTg mice.
Although we observed similar steady-state levels of acetyl-CoA in
the ER of the two sTg models (Fig. 3b), it is possible that the
excess acetyl-CoA in the SLC13A5 model is being used to
acetylate ER cargo proteins and that, therefore, the steady-state
levels do not truly reflect the underlying biology (see also Fig. 7j).
To verify this hypothesis, we isolated the ER from both sTg
models and compared levels of Ne-lysine acetylation of ER cargo
proteins. The results show increased acetylation in both SLC25A1
and SLC13A5 sTg mice, as compared to WT mice. However, the
levels of acetylation in the SLC13A5 model were much higher
than in the SLC25A1 model and appeared comparable to those
observed in AT-1 sTg mice (Fig. 7d). SLC13A5 sTg mice also
displayed increased Ne-lysine acetylation of nuclear-associated
proteins (Supplementary Fig. 8a, b) but normal levels of global
acetylation within the total lysate (Supplementary Fig. 8c).
Interestingly, the increased acetylation of the nuclear compart-
ment was not as dramatic as the ER compartment (compare
Fig. 7d to Supplementary Fig. 8a, b). Overall, these results point,
again, to a selective adaptive response and appear to reflect the
acetyl-proteome data (Figs. 4 and 5). The progeria phenotype of
AT-1 sTg mice is mechanistically linked to the increased
acetylation of ER-bound ATGYA, resulting in defective proteo-
static control3»3>. Direct assessment of the acetylation status of
ER-bound ATGY9A also demonstrated hyper-acetylation of
ATGY9A in SLCI3A5 sTg mice (Fig. 7e). Importantly, the
hyper-acetylation of ATG9A (approx. 4-fold; Fig. 4e) appeared
to match the upregulation of AT-1 (approx. 3-fold; Fig. 4b). Next,
we treated SLC13A5 sTg mice with an oral formulation of
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compound 9 (C9), a specific inhibitor of the ATases (see
Fig. 7a)32:36:37. C9 successfully reduced the levels of Ne-lysine
acetylation of ER cargo proteins (Fig. 7d), the acetylation status of
ER-bound ATGYA (Fig. 7e), and greatly improved the overt
phenotype of the animals (Fig. 7f-i; Supplementary Movie 1).
This was also accompanied by a significant increase in both
average and maximum lifespan of the mice (Fig. 7i). As expected,

8

C9 did not rescue the hyperacetylation in the nucleus thus
confirming its specificity toward the ER-based ATases (Supple-
mentary Fig. 8a, b).

In conclusion, the above results indicate that restoring the
proteostatic functions of the ER by inhibiting ATasel and ATase2
downstream of AT-1 ameliorates the progeria-like phenotype of
SLC13A5 sTg mice. It is also important to stress that for our
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Fig. 4 SLC25A1 sTg and SLC13A5 sTg mice show widespread changes in stoichiometry of lysine acetylation. a Venn diagram showing overlap between
SLC13A5 sTg and SLC25A1 sTg mice across statistically significant acetylation sites (upper panel) and acetylated proteins (lower panel). b Histogram
showing the distribution of all stoichiometry of acetylation changes from WT in SLC13A5 sTg and SLC25A1 sTg mice. Data are represented as box and
whisker plots: box represents 25th to 75th inner quartile range with middle line denoting the median and the inner square denoting the mean; whiskers
represent the interquartile distance with a coefficient of 1.5. **P < 0.005 via the Kolmogorov-Smirnov test. € Volcano plots displaying stoichiometry of
acetylation changes from WT in SLC13A5 sTg and SLC25A1 sTg mice. Statistically significant sites are shown in purple for SLC13A5 sTg mice and orange
for SLC25A1 sTg mice. P< 0.05 via Fisher's method with all other sites in gray (n =5 male mice per group). d The fold enrichment of KEGG pathways
determined from proteins harboring the acetylation sites that were significantly changed from WT mice. Proteins (total of 193) that are in common
between SLC13A5 and SLC25A1 sTg mice are shown. The top 10 categories sorted by enrichment score (>5) are shown with a filtered FDR score of 0.05.
e The fold enrichment of KEGG pathways determined from proteins harboring the acetylation sites that were significantly changed from WT mice. Proteins
(total of 406) that are unique to SLC13A5 sTg mice are shown. The top 10 categories sorted by enrichment score (>5) are shown with a filtered FDR score
of 0.05. f The fold enrichment of KEGG pathways determined from proteins harboring the acetylation sites that were significantly changed from WT mice.
Proteins (total of 398) that are unique to SLC25A1 sTg mice are shown. The top 13 categories sorted by enrichment score (>5) are shown with a filtered
FDR score of 0.05. g Distribution of proteins harboring the acetylation sites that were significantly changed from WT mice according to their Uniprot
subcellular annotation. Proteins are arranged by cellular location. P < 0.05 via one way ANOVA. h Gene-network plots of proteins (total of 193) harboring
the acetylation sites that were significantly changed from WT and shared by SLC13A5 and SLC25A1 sTg mice. Plots constructed via an overrepresentation
analysis using the GO cellular component function database. The dot size of each network category is scaled by the number of overlapping proteins within

the category. The top 8 categories sorted by enrichment score are shown with a filtered FDR score of 0.05.

postmortem analysis of treated animals (see Fig. 7d-h), we used 9
month-old SLC13A5 animals, which correspond to more than
triple the lifespan of untreated SLC13A5 sTg mice; thus
indicating that the protective effects of C9 were long lasting. A
schematic interpretation of the results is shown in Fig. 7.

Discussion

In the cytosol, acetyl-CoA is mainly generated by ACLY, which
uses citrate and CoA3. Citrate, in turn, is obtained through active
transport from the mitochondria by SLC25A1, and from the
plasma membrane by SLC13A5 (see Fig. la). Cytosolic acetyl-
CoA has access to the nucleus freely, and to the ER lumen
through active transport®. In this study, we report that mice with
systemic overexpression of the citrate transporters, SLC25A1 and
SLC13A5, develop strikingly different phenotypes, and present
different metabolic responses to changes in citrate/acetyl-CoA
availability. This divergent response was observed in the face of
overall similar levels of related metabolites at steady-state. Indeed,
both models had similar levels of citrate and acetyl-CoA within
the cytosol.

Same metabolite, different phenotypes. In contrast to the rather
benign phenotype of the SLC25A1 sTg model, SLC13A5 sTg mice
developed a severe phenotype that was tightly associated with the
overexpression of the transporter. Overexpression at conception
caused perinatal mortality, while post-natal overexpression
caused a segmental form of progeria with reduced lifespan, skin
lesions, osteoporosis, splenomegaly, lymphadenopathy with sys-
temic inflammation, hunched posture, rectal prolapse, and
accumulation of senescent cells. The progeria-like phenotype of
SLC13A5 sTg mice is consistent with the lifespan extension
caused by reduced Slc13a5 activity in lower organisms38-3°.

The phenotype of SLC13A5 sTg mice was partially rescued by
inhibiting the ER-based acetyltransferases, ATasel and ATase2.
This would indicate that changes in ER acetylation are
responsible, at least in part, for the phenotype. In support of
this conclusion, we observed increased levels of AT-1, the ER
membrane acetyl-CoA transporter that ensures acetyl-CoA
availability within the ER lumen, increased acetylation of ER
cargo proteins, and increased acetylation of ATG9A, an
important partner of the ER acetylation machinery (reviewed
in®). Importantly, systemic overexpression of AT-1 also caused a
segmental form of progeria®2, The ER acetylation machinery,
namely AT-1, ATasel, and ATase2, has emerged as a novel

mechanism that regulates protein homeostasis (proteostasis)
within the ER and secretory pathway®. This is achieved by
ensuring (i) selection of correctly folded polypeptides so that they
can engage the secretory pathway, and (ii) removal of toxic
protein aggregates through reticulophagy>. The latter function
requires fine regulation of the acetylation status of ATG9A,
downstream of the ATases3>40-42, Inhibition of ATasel and
ATase2 corrected the hyper-acetylation of ATG9 and the
proteostatic defects observed in AT-1 sTg mice, and rescued
their progeria-like phenotype3%3>. A similar rescuing effect was
elicited in SLC13A5 sTg mice (present study). Therefore,
defective proteostasis within the ER and secretory pathway is
likely to play an important mechanistic role in the SLC13A5 sTg
progeria phenotype.

When comparing the SLC13A5 and SLC25A1 sTg models, the
stoichiometry of acetylation data reveled a striking representation
of the ribosomal machinery, the ER protein-translational
machinery, and the ER quality control machinery within the
SLC13A5 sTg model. Of note is also the different acetylation
profile of Sec62 and Stt3a that was observed in the SLC13A5 and
SLC25A1 sTg models. Sec62 is a component of the Sec61/Sec62/
Sec63 translocon complex, which ensures translocation of
membrane and secreted proteins across the ER membrane, while
Stt3a is the catalytic subunit of the oligosaccharyltransferase
(OST) complex, which is responsible for the N-glycosylation of
nascent glycoproteins as they emerge from the translocon
complex. Both Sec62 and OST are important partners of the
ER acetylation machinery. Specifically, Sec62 can engage non-
acetylated ATG9A to induce reticulophagy3242, while OST can
interact with the ATases*>. Consistent with the above, the
acetylation profile of SLC13A5 sTg mice revealed unique changes
on ER-based chaperones, such as Calr, Hsp90bl, Hspa8, Hspa5
and Hyoul/Grp170, and ER-based folding enzymes, such as Ppib
and Pdia3. These changes are all consistent with the increased
acetylation of ER cargo proteins observed in the same animals
and the effect of ATase inhibition.

Although they display strong phenotypic similarities, the
phenotype of SLC13A5 sTg mice was much more severe than
the one observed with AT-1 sTg mice3>3°. The reason for this
remains unknown. It is possible that the effect of AT-1
overexpression in AT-1 sTg mice is limited by the availability
of cytosolic acetyl-CoA. Indeed, AT-1 sTg mice displayed reduced
levels of acetyl-CoA within the cytosol caused by the increased
cytosol-to-ER transport32. This limitation is not present in mice
with overexpression of SLC13A5, where the combination of
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increased endogenous AT-1 and increased availability of acetyl- SLCI3A5 sTg mice, and that non-ER events are equally
CoA in the cytosol might be driving ER acetylation beyond the important. Interestingly, CamK2-driven neuron-specific (nTg)
levels observed in AT-1 sTg mice. Unfortunately, this cannot be  overexpression of AT-1, SLC25A1, and SLC13A5 caused an ASD-
fully captured at steady-state since acetylated proteins leave the like phenotype that was overall similar across the three models
ER with higher efficiency and are deacetylated once they reach the and remarkably similar in the SLC25A1 nTg and SLC13A5 nTg
Golgi apparatus®. Obviously, it is also possible that increased ER  models?®3%, In essence, the systemic effects of these three
acetylation is only partially responsible for the phenotype of membrane transporters differ from those elicited in the brain.
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Fig. 5 Comparison of SLC13A5 sTg mice to SLC25A1 sTg mice shows unique changes in stoichiometry of lysine acetylation. a Statistically significant
acetylation sites (698) and acetylated proteins (500) unique to SLC13A5 sTg. b Volcano plot displaying stoichiometry of acetylation changes that are
unique to SLC13A5 sTg mice. Statistically significant sites are shown in yellow. P < 0.05 via Fisher's method with all other sites in gray (n =5 male mice per
group). ¢ The fold enrichment of KEGG pathways determined from proteins harboring the acetylation sites that were significantly changed from
SLC25A1 sTg mice. The top 15 categories sorted by enrichment score (>5) are shown with a filtered FDR score of 0.05. d Distribution of proteins (total of
500) harboring the acetylation sites that were significantly changed from SLC25A1 sTg mice according to their Uniprot subcellular annotation. Proteins are
arranged by cellular location. P< 0.05, one way ANOVA. e Gene-network plots of proteins (total of 500) harboring the acetylation sites that were
significantly changed from SLC25A1 sTg mice. Plots constructed via an overrepresentation analysis using the GO cellular component function database.
The dot size of each network category is scaled by the number of overlapping proteins within the category. The top 15 categories sorted by enrichment

score are shown with a filtered FDR score of 0.05.

This cell- or tissue-specific divergence might reflect different
adaptive responses to the same metabolic signal.

Same metabolite, different metabolic responses. The citrate/
acetyl-CoA pathway is a recognized key node in metabolism and
a powerful regulator of cell homeostasis>*°. The fact that the
increased import of citrate into the cytosol can trigger different
adaptive responses depending on where the citrate is coming
from, ie., the mitochondria or the extracellular milieu, adds
another layer of complexity to our knowledge on how cells
respond to fluctuations in nutrient/metabolite availability.
Importantly, this divergent response was observed at the level of
protein acetylation as well as lipid metabolism.

It is now evident that many proteins and biochemical pathways
are directly modulated by Ne-lysine acetylation through the
availability and intracellular compartmentalization of acetyl-CoA,
donor of the acetyl group for Ne-lysine acetylation!®. This is
likely achieved through fluctuations in acetyl-CoA availability
occurring within the range of affinity constants of different Ne-
lysine acetyltransferases, which enable substrate-mediated regula-
tion of protein acetylation. When analyzed at the stoichiometry
level, we found significant changes in Ne-lysine acetylation both
at the lysine site (the specific lysine residue) and protein level.
These changes were documented in both the SLC25A1 and
SLC13A5 sTg models; however, we also observed significant
divergence among mouse models.

The measured Ky, for citrate transport is in the 650-1400 pM
range for human SLC13A5 and 500-750 uM range for human
SLC25A144-48 However, citrate export from the mitochondria by
SLC25A1 is linked to the import of malate from the cytosol with a
measured Km of about 100-130 uM*4-48, As a result, the
antiporter mechanism is limited by the citrate/malate ratio in
both compartments. This limitation is not present with SLC13A5,
which is a citrate/Na™ symporter. In light of its transport
properties and the concentration of citrate to which it is exposed,
SLC13A5 is viewed as a high-capacity transporter3. Therefore,
different levels of citrate import, and consequent acetyl-CoA
availability, may skew the activity of different acetyltransferases,
changing the Ne-lysine acetylation profile within different cellular
compartments. Interestingly, SLC13A5 sTg mice displayed
changes in the acetylation profile of Coasy, a bifunctional protein
that carries out the last two biochemical steps in the biosynthesis
of CoA. This finding could be consistent with the argument of
increased need for CoA. However, the different adaptive response
observed in the two sTg models cannot solely be explained by the
levels of citrate import (see also Fig. 7j).

About 70% of the sites of acetylation and of the acetylated
proteins differed between the two models, highlighting a very
different adaptive response imparted upon by the SLC13A5 and
the SLC25A1 overexpression (Figs. 4 and 5). This different
adaptive response was also evident within the 193 shared proteins
where different lysine residues were affected (Supplementary
Fig. 2). In essence, the data suggest that the cell is able to

recognize whether the acetyl-CoA, common donor of the acetyl
group for acetylation, originates from citrate imported from the
mitochondria through SLC25A1, or the extracellular environment
through SLC13A5. When analyzed at the pathway level, specific
differences also emerged. In general, pathways that feed into the
TCA cycle system were uniquely represented in the SLC25A1 sTg
model. Highly represented in the SLC25A1 sTg model were also
pathways related to fatty acid metabolism and fatty acid
oxidation, which might reflect the increased levels of B-
hydroxybutyrate and the identification of the peroxisome
proliferator-activated receptor pathway among the annotated
categories. In contrast, pathways related to the metabolism and
biosynthesis of amino acids as well as translation-dependent
events, which probably reflect general changes in protein
biosynthesis, were abundantly represented in the SLC13A5 sTg
model. These include the general ribosomal machinery, the
protein translational machinery, as well as the quality control
machinery (already discussed above). Also uniquely represented
in the SLCI3A5 sTg model were pathways related to the
elimination of xenobiotics. Importantly, proteins involved with
the metabolism of acetyl-CoA/acyl-CoA intermediates within the
peroxisomes, as well as proteins involved with oxidative
phosphorylation, phosphate and ATP/ADP transfer, and the
general proton pump machinery within the mitochondria, were
abundantly represented in the acetylome of SLC13A5 sTg mice.
Together, these findings strengthen the argument for a unique
metabolic response to the overexpression of SLC13A5 and
SLC25A1. Unfortunately, large-scale pathway analysis does not
inform on the directionality of specific biochemical events;
therefore, the biological significance or the specific mechanism(s)
behind the divergent response remains to be fully dissected.

As mentioned above, fluctuations in acetyl-CoA availability
occurring within the range of affinity constants of different Ne-
lysine acetyltransferases enable substrate-mediated regulation of
protein acetylation!3. As a result, changes in acetyl-CoA levels
are not immediately mirrored by similar changes in lysine
acetylation of every protein and site. In other words, under
conditions where acetylation is dramatically increased on certain
proteins and sites, there are other proteins and sites that show a
simultaneous decrease?®:30-344950 This behavior is clearly
manifested at the level of the acetyl-proteome where, within the
same mouse model and tissue, we observed both increased and
decreased stoichiometry of acetylation (see Figs. 4, 5, Supple-
mentary Figs. 2 and 4). This differential response occurred in the
face of a general trend toward increased acetylation (see Fig. 4,
Supplementary Figs. 2 and 4). In other words, the cell can direct
the adaptive response to the increased availability of citrate and
acetyl-CoA towards certain biological and biochemical pathways.

The lipidomic analysis also revealed significant divergence
between SLC13A5 and SLC25A1 sTg mice. In general, lipid
species that are integral components of biological membranes
such as phosphatidylethanolamine or phosphatidylcholine were
affected by the SLC13A5 manipulation, while lipids that are more
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