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SUMMARY

Liver mitochondria undergo architectural remodeling that maintains energy homeostasis in
response to feeding and fasting. However, the specific components and molecular mechanisms
driving these changes and their impact on energy metabolism remain unclear. Through
comparative mouse proteomics, we found that fasting induces strain-specific mitochondrial cristae
formation in the liver by upregulating MIC19, a subunit of the MICOS complex. Enforced

MIC19 expression in the liver promotes cristae formation, mitochondrial respiration and fatty
acid oxidation while suppressing gluconeogenesis. Mice overexpressing hepatic MIC19 show
resistance to diet-induced obesity and improved glucose homeostasis. Interestingly, MIC19
overexpressing mice exhibit elevated energy expenditure and increased pedestrian locomotion.
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Metabolite profiling revealed that uracil accumulates in the livers of these mice due to increased
Uridine phosphorylase UPP2 activity. Furthermore, uracil-supplemented diet increases locomation
in wild-type mice. Thus, MIC19-induced mitochondrial cristae formation in the liver increases
uracil as a signal to promote locomotion, with protective effects against diet-induced obesity.
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Sohn et al. investigate how cristae formation in liver is regulated upon nutritional changes and the
effects of cristae on hepatic and whole-body energy metabolism. Hepatic MIC19 contributes to
cristae remodeling and plays key roles in maintaining systemic energy balance by elevating energy
expenditure and pedestrian locomotion.
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INTRODUCTION

Overnutrition from an imbalanced diet coupled with low physical activity causes metabolic
diseases that include obesity and type 2 diabetes (T2D). These metabolic diseases are
associated with serious clinical complications including cardiovascular disease, viral
infections, and cancerl:2. Moreover, accumulation of lipids in non-adipose tissues such

as the liver can cause non-alcoholic fatty liver disease (NAFLD), which can progress to
non-alcoholic steatohepatitis (NASH), liver fibrosis and cancer3->. Strategies to combat
overnutrition and clinical complications of obesity/T2D include personalized dietary
regimens in combination with physical activity. For instance, brisk walking can improve
maintenance of weight loss®. Even, small amounts of vigorous non-exercise physical activity
are associated with substantially lower mortality risk of cancer and cardiovascular diseases’.
However, failure to follow these recommendations leads to progression of these metabolic
diseases in most of cases®~12. Bariatric surgery or anti-diabetic treatments have initial
success, but management of body weight and long-term efficacy of diabetic therapies
remains a challenging aspect of the global obesity and T2D epidemic!314. While nutrient
excess increases energy expenditure, this dissipation is not sufficient to prevent weight gain,
leading to progression of obesity and T2D. Although much of the attention on energy
expenditure has focused on thermogenic adipocytes'>-18, liver energy metabolism also
contributes to energy balance and controls whole body nutrient homeostasis'®-22, Liver is

a major metabolic organ that efficiently re-distributes metabolites between different tissues
and becomes a central player during fasting/feeding transitions or physical activity22-25,
During fasting, liver promotes mitochondrial activity to support glucose production and
ketogenesis. These processes maintain blood glucose and supply ketone bodies to tissues
including the brain26-28, These responses maintain fasting metabolic states and protect
against obesity and T2D, as well as specific liver clinical pathologies including NAFLD?°,
However, the mechanisms that drive mitochondrial bioenergetics and dynamics in these
conditions are largely unknown. Mitochondria have inner membrane invaginations called
cristae that harbor functional respiratory complexes3031, Cristae enhances efficiency of
ATP production and accelerates nutrient oxidation by oxidative phosphorylation32:33, The
formation and dynamics of these structures is regulated through different components
including the mitochondrial contact site and cristae organizing system (MICOS) protein
complex and optic atrophy 1 (OPAL1) protein31:34, The MICOS complex is located at the
cristae junctions, narrow tubules that connect cristae to the boundary membrane and is
composed of two subcomplexes3®-38, The MIC10-MIC26-MIC27 subcomplex is responsible
for shaping and stabilizing cristae junctions3%. The MIC60-MIC19-MIC25 subcomplex

is essential for formation of contact sites between the inner and outer membranes and
maintenance of cristae junctions that ensure mitochondrial integrity“. Through MIC19, two
MICOS subcomplexes are interconnected®L. In brown fat, mitochondrial import of MICOS
complex subunit MIC19 is increased upon cold exposure to drive cristae formation38. The
regulation of MICOS complex components and cristae in the liver during fasting remains
unclear. Here, we show that MIC19, a limiting component of the MICOS complex, is
increased in liver mitochondria during fasting conditions and promotes cristae formation
and utilization of glucose and fatty acids. Ectopic expression of MIC19 in liver is

sufficient to protect against obesity and T2D. We find that the protective effects of
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MIC19 overexpression are mediated through increased energy expenditure. Surprisingly,
the increase in energy expenditure is not only regulated through rewiring of liver energy
metabolism, but also increased movement of animals which likely involves signaling

from liver mitochondria to the brain. This study elucidates nutrient-dependent regulatory
molecular mechanisms of cristae formation and how it affects liver and whole-body energy
metabolism in conditions of obesity and T2D.

The liver mitochondrial inner membrane proteome is remodeled upon fasting in CD-1 mice

CD-1 mice are resistant to developing hepatic steatosis in response to high-fat diet feeding,
unlike the widely used C57BL/6 (BL6) mouse model for diet-induced fatty liver disease®2.
Given the association between dysfunctional mitochondria and hepatic metabolic diseases*?,
we hypothesized that liver mitochondria in these two genetic backgrounds responded
differently to fasting. To test this, we took an unbiased proteomics approach to analyze

the changes in liver mitochondrial content upon ad /ibitum feeding vs. 24 hours fasting in
CD-1 vs. BL6 mice (Table S1). We identified a total of 839 mitochondrial proteins in CD-1
liver samples, where 145 (17.3%) of them were upregulated and 22 (2.6%) downregulated
(Figure 1A). In BL6, out of 811 mitochondrial proteins identified, 16 were upregulated
(2.0%) and 8 (1.0%) downregulated (Figure 1B). These results suggest more proteomic
flexibility in CD1 livers in response to fasting. Absence of changes in the levels of AST
and ALT in blood samples suggested that no detrimental effects occurred upon fasting
(Figure S1A). While there were canonical proteins regulated by fasting in both strains
(e.g., PDK4 upregulation), GO Term analysis revealed that there are differences between
fasting-induced upregulated proteins of CD-1 and BLS6 liver mitochondria. Upregulated
proteins in CD-1 liver mitochondria upon fasting were associated with mitochondrial

inner membrane structure and function, including respiratory chain complexes and cristae-
related proteins (Figure 1C). By contrast, this signature that suggested mitochondrial

inner membrane remodeling in the CD-1 strain upon fasting was absent from the BL6
strain (Figure 1D). Mitochondrial inner membrane forms invaginations named cristae,
where oxidative phosphorylation (OxPHOS) complexes are concentrated. As shown in
Figure 1E, the components of OXPHOS complexes I-V were induced by fasting in the
CD-1 strain. Moreover, the MICOS complex subunit Chchd3/MIC19 was most strongly
regulated when we analyzed the abundance of known mitochondrial cristae proteins (Figure
1F). Other MICOS complex subunits including Mic60, Mic26, Mic27 and mitochondrial
dynamin Opal showed a trend towards an increase (Figure 1F). Interestingly, mitochondrial
intermembrane space assembly (MIA) pathway for protein import into the mitochondria
was affected. MIA40 serves as a receptor on the trans side of the Translocase of the Outer
Membrane (TOM) complex on the outer membrane and is responsible for transporting
cysteine rich proteins into the intermembrane space (IMS) and their oxidative folding*4.
MIC19 is also a target of MIA40%5, MIA40 substrates were upregulated upon fasting in the
CD-1 strain (Figure 1G). Because these results suggested that mitochondrial cristae were
remodeled upon fasting in the CD-1 strain, we decided to focus on the MICOS complex
subunit MIC19. Western blots validated the upregulation of MIC19 protein upon fasting

in the CD-1 strain, but not the BL6 strain (Figure 1H). We noted that the TOM complex
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subunit TOM70, which is responsible for MIC19 protein import into mitochondria was also
increased upon fasting in the CD-1 strain (Figure 1H). Along with induction of MIC19
protein expression upon fasting (Figure 11), digitonin-based Blue-Native gel electrophoresis
assays showed that more MIC19 was incorporated into the MICOS complex upon fasting

in CD-1 livers (Figure 1J). The ratio between individual MIC19 protein and MIC19
incorporated into MICOS complex was not significantly changed upon fasting (Figure 1K),
further supporting that fasting-induced MIC19 proteins are incorporated into the MICOS
complex. Moreover, isolated mitochondria from the liver of fasted CD-1 mice showed
increased import of 3°S radiolabeled MIC19 compared to fed CD-1 mice (Figure 1L).

Next, we determined whether MIC19 levels were transcriptionally regulated and quantified
the MRNA levels in the liver upon fasting. Poargc-1awas strongly induced by fasting

in both strains as expected, but Chchd3 levels remained unchanged (Figures S1B and

S1C). Regulation of MIC19 levels might depend on translation and/or protein import into
mitochondria. In sum, the mitochondrial inner membrane proteome in the liver is remodeled
by fasting in the CD-1 strain.

Proteomics data suggested that CD-1 mice reorganize mitochondrial cristae upon fasting. To
test this idea, we surveyed mitochondrial ultrastructure by transmission electron microscopy
(TEM) upon fasting in CD-1 and BL6 mice livers. Consistent with the proteomics data

and induction of MIC19, CD-1 liver mitochondria had more mitochondrial cristae per area,
whereas mitochondrial cristae remained unaltered in BL6 livers (Figures 2A-2D). Next,

we determined if mitochondrial respiration was increased upon fasting as more cristae
formed. Seahorse assays were carried out with isolated mitochondria to measure oxygen
consumption rates. We found that fasting promoted complex | (pyruvate+malate) and
complex Il (succinate) driven respiration in CD-1 liver mitochondria (Figure 2E), whereas
BL6 did not (Figure 2F). Interestingly, mitochondrial shape was regulated by fasting in both
strains, where fasting promoted elongation of mitochondria (Figures 2G and 2H). Previous
results had indicated that mitochondria are elongated upon starvation, which is protective
against autophagic degradation®. Thus, elongated mitochondria sustain cell viability by
increasing cristae and ATP production®”. Our results suggest that elongation of mitochondria
can be uncoupled from cristae formation, since BL6 mitochondria are elongated, yet they
don’t increase the number of cristae per mitochondrial area.

MIC19 promotes fatty acid oxidation and suppresses glucose production in BL6 primary

hepatocytes

Induction of the MICOS complex subunit MIC19 is a good candidate for driving
mitochondrial cristae formation upon fasting. Cold promotes MIC19 import into brown

fat mitochondria to form cristae38, and a similar mechanism might exist in the liver. We
tested whether modulation of MIC19 in a BL6 background could drive cristae formation and
alter energetic and metabolic processes in the liver that are normally regulated by fasting.
Fasting promotes hepatic glucose production and fatty acid oxidation, and we determined

if MIC19 had a role in regulating these processes. Primary hepatocytes were isolated from
BL6 livers and used siChchd3to downregulate MIC19 levels (Figures S2A and S2B) or
overexpress MIC19 (Figures S2A and S2C). We used 100 nM glucagon stimulation to
mimic fasting conditions in primary hepatocytes and measured hepatic glucose production
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from pyruvate and lactate. By using radioactively labeled substrates, we also quantified
the utilization of fatty acids and glucose through the TCA cycle in primary hepatocytes
(Figure S2D). Like fasting, glucagon stimulation induced glucose production and fatty
acid oxidation (Figures S2E, S2F, S2I, and S2J). Surprisingly, unlike fasting or glucagon,
MIC19 suppressed glucose production (Figures S2E and S2F). It is possible that MIC19
acts as part of a feedback loop that negatively regulates and attenuates glucose production
during fasting. We quantified the oxidation of 14C-glucose and 14C-palmitate through the
TCA cycle by measuring 14C-CO, release. In line with the glucose production results,
MIC19 boosted the oxidation of glucose through the TCA cycle (Figures S2G and S2H).
Like fasting and glucagon treatment, MIC19 increased fatty acid oxidation (Figures S2I
and S2J). These results suggest that overexpression of MIC19 can rewire the hepatic
metabolic program to suppress glucose production and promote fatty acid oxidation. In
addition, MIC19 downregulation reduced mitochondrial cristae abundance in the presence of
glucagon without changes in total area of mitochondria (Figures S2K and S2L), implying
that MIC19 autonomously regulate cristae formation in hepatocytes.

MIC19 is sufficient to drive cristae formation and promote mitochondrial respiration in the
BL6 mouse liver

Our experiments with primary hepatocytes revealed that MIC19 promotes fatty acid
oxidation and suppresses glucose production. Given these results, we hypothesized that
MIC19 overexpression in the liver might be beneficial in the context of obesity/T2D/fatty
liver disease, where there is lipid overload and unchecked glucose production by the liver.
To overexpress MIC19 specifically in the mouse liver, we used AAVs with the serotype 2/8
and administered it via the tail vein. Western blot analysis revealed that GFP or MIC19
was expressed in the liver (Figure 3A). When we checked other tissues (brown fat, inguinal
white adipose tissue (iWAT), brain, and skeletal muscle), MIC19 levels remained unchanged
(Figures S3A-S3D). There was also no alteration in serum AST and ALT levels upon
MIC19 expression (Figure S3E), implying that MIC19 overexpression does not induce
liver toxicity. We first tested whether MIC19 overexpression in the liver was sufficient to
alter mitochondrial ultrastructure and induce cristae formation. We found that MIC19 AAV
liver mitochondria had more cristae per area without changes in total area of mitochondria
(Figures 3B-3D). Blue Native Gel Electrophoresis analysis revealed that overexpressed
MIC19 was incorporated into the MICOS protein complex and MIC19 overexpression
induced dimerization of Complex V, a hallmark of increased cristae (Figure 3E). ATP
synthase dimers are conserved feature of mitochondrial inner membrane and are required
for cristae formation*8. Although total amount of OXPHOS protein was not altered in the
liver mitochondria by MIC19 overexpression, MIC19 upregulation induced the assembly
of respiratory supercomplex associated with enhanced respiratory capacity*®-51 (Figures 3F
and 3G). Next, we determined if more cristae formation translated into more mitochondrial
respiration. We used seahorse XF analyzer to measure complex | (pyruvate+malate) and
complex Il (succinate) driven respiration in isolated liver mitochondria and found that
MIC19 AAV liver mitochondria displayed higher respiration rates, without changes in
synthase activity (Figures 3H-3J). We also assessed cellular oxygen consumption rates in
MIC19 overexpressed hepatocytes. MIC19 was overexpression in primary hepatocytes by
AAV transduction. Upon MIC19 overexpression, basal and proton leak respiration were
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increased. Maximal respiration also appeared to be increased in MIC19 overexpressing
hepatocytes (Figure S3F). On the other hand, mitochondrial DNA copy number in the

liver were comparable between control and MIC19 overexpressing mice (Figure 3K).
These data imply that MIC19 in the liver regulates mitochondrial respiration but not,
mitochondrial biogenesis. Given the metabolic rewiring in BL6 primary hepatocytes by
MIC19 overexpression, we determined how fatty acid oxidation and glucose homeostasis
was affected in MIC19 AAV livers. We found that palmitate oxidation was increased in the
MIC19 AAV livers, consistent with the data in primary hepatocytes (Figure 3L). Consistent
with the increase in palmitate oxidation, malonyl-CoA levels were strongly reduced in
MIC19 AAV livers (Figure 3M). Malony-CoA is an allosteric inhibitor of CPTI, an enzyme
that controls the transfer of long-chain fatty acyl-coAs into the mitochondria for oxidation®2.
Our lipidomics analysis of MIC19 AAV livers revealed a decrease in acylcarnitines (6:0)
(Figure S3G), which are tightly linked to FAO and thought to be markers of T2D and
obesity®3. On a chow diet, there was no significant alteration in the body weight, lean mass,
fat mass, and the liver weight upon MIC19 overexpression (Figures 3N, S3H, and S3I). We
injected a bolus of glucose to challenge the animals and found that the blood glucose levels
in even lean MIC19 AAV animals recovered faster compared to GFP AAV (Figures 30

and 3P). However, fasting serum insulin levels of MIC19 overexpressing animals remained
similar to that of wild type (Figure S3J). These results suggest that MIC19 overexpression
in hepatocytes and in the liver in mice recapitulate similar metabolic effects: increased fatty
acid oxidation and improved glucose homeostasis.

MIC19 overexpression in the liver is protective against weight gain on a high-fat diet (HFD)

MIC19 overexpression induced formation of mitochondrial cristae and fatty acid oxidation,
while suppressing glucose production. We determined how MIC19 AAV animals would fare
on an HFD. Strikingly, after 1 week on an HFD, MIC19 AAV animals gained significantly
less weight compared to wild type (Figure 4A). These effects became more apparent over
time, and after 8 weeks on an HFD, the fat mass was significantly less compared to GFP
AAV animals (Figure 4B), while the food intake remained the same (Figure 4C). Liver
triglycerides and fasting blood glucose was also decreased in MIC19 AAV animals (Figures
4D and 4E). Succinate driven mitochondrial respiration, but not citrate synthase activity,
increased in MIC19 AAV animals on an HFD (Figures 4F-4H), similar to lean animals.
These results demonstrate that MIC19 has beneficial effects on the liver and whole-body
energy metabolism.

Liver MIC19 overexpression leads to increased pedestrian locomotion

To investigate the effects of MIC19 overexpression on whole animal physiology, we used the
Promethion Mouse Multiplexed Metabolic System (Sable Systems International). Mice were
individually housed in metabolic cages and metabolic parameters, including locomotion,
energy expenditure and respiratory exchange ratio (RER), were measured. To focus on the
metabolic effects of liver, we chose to do this analysis at thermoneutrality (30°C), where
thermogenic effects of brown fat are negligible. We first assessed if the increased fatty

acid oxidation in the liver might shift RER in lean MIC19 AAV animals, since RER is an
indicator of carbohydrate vs. fat utilization as a fuel source. Our results showed no changes
in RER, suggesting that increased fatty acid oxidation in the liver is not sufficient to alter
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at the level of whole-body metabolism (Figures 5A and 5B). Total pedestrian locomaotion
(movement at speeds higher than 1cm/s) was increased significantly in lean MIC19 AAV
animals compared to GFP AAV animals (Figures 5C and 5D), and MIC19 AAV mice

had increased energy expenditure (EE) (Figures 5E and 5F). Further analysis revealed that
MIC19 AAV mice moved more frequently and at higher speeds (Figure 5G).

We determined if the increase in EE could be explained by thermogenesis in brown fat in
MIC19 mice. We quantified mRNA levels for thermogenic genes in brown fat and iWAT,
and found that there was no change (Figures S4A and S4B). Although we cannot rule out
the possibility that BAT activity could affect EE without regulation of thermogenic gene
expression, the effect of thermogenic activity on EE in MIC19 mice would be not significant
because the experiments were conducted under thermoneutral conditions. Next, we checked
if the increased EE was due to increased locomotion or intrinsic changes to liver energy
metabolism. We measured mean and sum EE during times when mice are immaobile or move
at certain speeds (Figures 5H and 51). We found that mean energy expenditure increased

in MIC19 AAV animals during times even when animals were immaobile for 20 minutes
(Figure 5H), suggesting that intrinsic liver metabolism contributes to this process. At higher
speeds, mean EE increased compared to immobility, but was not different between GFP and
MIC19 AAV animals (Figure 5H). Cumulative energy expenditure, on the other hand, was
increased in MIC19 AAV animals at higher speeds since they spent more time moving at
these speeds, whereas it didn’t change between the two groups when animals were immobile
(Figure 51). The increase in total pedestrian locomotion was also present in MIC19 AAV
mice on an HFD (Figure 5J). Since food intake was not different in GFP vs. MIC19 animals
(Figure 5K), these results suggest that the increase in EE is due to the combined effect of
increased pedestrian locomotion and rewiring of liver energy metabolism.

MIC19 overexpression in the liver leads to accumulation of uracil, which promotes

locomotion

Overexpression of MIC19 in liver mitochondria promoted locomotor activity in mice,
raising the possibility that a liver secreted metabolite influenced neurons that regulate
locomotion. Increased fatty acid oxidation in the liver can provide ketone bodies, which
can be oxidized in extrahepatic mitochondria, as well as act as signaling molecules. A
previous study had shown that fasting increased serum B-hydroxybutyrate (3-OHB), leading
to food anticipation and increased movement®#3, Thus, we tested serum levels of ketone
bodies, including p-OHB and acetoacetate, in GFP vs. MIC19 AAV mice. We found that
there was no change in B-OHB and acetoacetate levels (Figures S5A and S5B). Given this
result, we decided to take an unbiased approach and perform metabolomics to compare
metabolite levels in GFP vs. MIC19 AAV livers (Figure 6A and Table S2). One of the most
significantly enriched categories was ‘pyrimidine metabolism’ (Figure S5C). Upon closer
analysis of this category, we found that uracil accumulated in MIC19 AAV livers, whereas
uridine and cytidine were depleted (Figure 6B), suggesting their conversion into uracil.
Uracil levels in the liver oscillate with the circadian clock, and levels reach maximum right
before the dark phase when animals are more active®®. We supplemented wild-type mice
with exogenous uracil. Uracil supplementation was sufficient to increase total pedestrian
locomotion and uracil supplemented animals moved at higher speeds (Figures 6C and
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6D). Food intake remained the same (Figure S5D). When EE was analyzed, we did not
observe any difference in mean EE but observed an increase in cumulative EE at higher
speeds (Figures S5E and S5F). These data are consistent with a model where MIC19
overexpression in the liver has a two-pronged mechanism for increasing EE: i) rewiring of
liver mitochondrial energy metabolism and ii) increased locomotion through accumulation
of uracil. Interestingly, uracil levels in the brain were increased and serum uracil levels also
tended to be increased in MIC19 AAV animals (Figures S5G and S5H). However, it remains
unclear whether the increased locomotion is directly mediated by uracil or an uracil derived
metabolite.

Next, we investigated how uracil supplementation affected glucose homeostasis. Lean
animals supplemented with uracil had higher uracil levels in serum and lower fasting blood
glucose levels than control mice (Figures S51 and 6E). However, there was no changes in
body weight and fasting serum insulin level (Figures 6F and S5J). Cristae formation and
MIC19 protein expression in the liver also were not altered upon uracil supplementation,
suggesting that exogenous uracil regulates locomotive activity directly without changes

in hepatic MIC19 expression and cristae structure (Figures S5K and S5L). We tested if
uracil supplementation could also be protective against weight gain on HFD and started
feeding with this diet at the same time as uracil supplementation. Just after 3.5 days, uracil
supplemented animals gained less weight compared to the controls and these effects became
more apparent over time despite no changes in food intake (Figures 6H and S5M). These
results suggest that uracil supplementation can recapitulate most pedestrian locomotion
benefits provided by liver MIC19 overexpression.

MIC19 overexpression leads to increased UPP2 activity in the liver, leading to uracil
accumulation

MIC19 overexpression led to uracil accumulation, which promoted locomotion (Figure 6).
To investigate how uracil levels were regulated by MIC19, we tested if uridine, which can be
converted into uracil, could also induce locomotion when exogenously supplemented to wild
type animals. Addition of 3% uridine to the water caused increased pedestrian locomotion
(Figures 7A and 7B), while food and water intake remained unchanged (Figures S6A and
S6B). Uridine supplementation also protected against weight gain on an HFD (Figure S6C).
A previous study had shown that during fasting, adipose tissue is the main source of uridine
in the liver>’. We found that uridine levels remained the same in iWAT of MIC19 animals
(Figure 7C), suggesting that the liver might use local uridine or from other sources. Previous
reports demonstrated that uridine is converted into uracil by UPP2, whose expression is
regulated by the circadian clock®®. The fact that uridine was decreased but uracil increased
(Figure 6B), suggested that levels or activity of UPP2 might be increased in MIC19 AAV
livers. We quantified the levels of UPP2 by gPCR and Western blot and found that there

was no change (Figures 7D and 7E). We measured the conversion of 3H-uridine to 3H-uracil
to quantify UPP2 activity in liver lysates. MIC19 AAV liver lysates had increased UPP2
activity, and treatment with the UPP2 inhibitor 5-benzylacyclouridine (1 mM) inhibited
UPP?2 activity as expected (Figure 7F).
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Previously, we found that defects in mitochondrial OXPHOS were linked to compromised
mitochondrial one carbon pathway and reduction in NADPH and GSH levels®®. We assessed
if remodeling of liver mitochondria by MIC19 could increase the mitochondrial one carbon
pathway. We used isolated mitochondria from GFP vs. MIC19 AAV livers and tracked the
fate of 14C-serine and its release as 14C-CO,. Liver mitochondria from MIC19 AAV animals
had an increase in serine oxidation (Figure 7G), suggesting mitochondrial one carbon
pathway activity is increased upon MIC19 overexpression. This could potentially lead to an
increase in GSH levels in the liver and alter the activities of redox sensitive enzymes, such
as UPP2. Formation of a intramolecular disulfide bridge between Cys95 and Cys102 within
the protein can disable the UPP2 enzyme and reduced gluthathione (GSH) or DTT treatment
can increase enzymatic activity®®. GSH and GSH/GSSG ratios were increased in MIC19
AAV livers (Figure 7H), raising the possibility that redox balance is what drives UPP2
activity as previously reported. We obtained similar results, where the ratio of 3H-uracil

to 3H-uridine was slightly increased after DTT treatment (Figure 71). Consistent with our
model that UPP2 is redox sensitive, differences in UPP2 activity between GFP vs. MIC19
AAV livers disappeared after DTT treatment (Figure 71). These results suggest that UPP2 is
the regulatory point for uracil accumulation in the liver.

DISCUSSION

Living organisms constantly need to adapt to nutritional changes in the environment

and can switch between utilizing different fuel sources depending on their availability
(e.g., glucose or fatty acids). The loss of adaptive capacity to nutritional changes is a
typical hallmark of metabolic diseases including T2D and obesity59. Here, we show that
overexpression of the MICOS complex subunit MIC19 and formation of mitochondrial
cristae can rewire liver energy metabolism to suppress glucose production and promote
fatty acid oxidation. Altered liver redox status after MIC19 overexpression increases UPP2
activity and conversion of uridine to uracil, which are naturally oscillating metabolites in
the liver. Altered pyrimidine metabolism in the liver has far-reaching effects and promotes
locomotor activity in mice. Rewiring the liver energy metabolism and promoting physical
activity by MIC19 overexpression in the liver provides benefits during obesity and T2D.

Mitochondrial cristae formation and mitochondrial elongation

Elongation of mitochondria is a phenotype shared between the two mouse strains. Previous
reports have suggested that starvation elongates mitochondria with a clear mechanism of
action?647. cAMP levels are increased upon starvation, which induces PKA and leads to
DRP1 phosphorylation. Phosphorylated DRP1 is retained in the cytosol, favoring unopposed
mitochondrial fusion, which elongates mitochondria. Elongated mitochondria possess more
mitochondrial cristae. Our results show that BL6 strain can elongate mitochondria like the
CD-1 strain. Yet, BL6 is unable to remodel the inner mitochondrial membrane (Figures

1 and 2). These results suggest that the two processes can be separated. Mitochondrial
cristae formation is a complex process involving a coordinated effort of proteins like MICOS
complex and lipids to establish the curvature of membranes and cristae junctions. MIC10
and MIC60, subunits of the MICOS complex, have the ability bend membranes for cristae
biogenesis, whereas MIC19 was postulated to be a redox-dependent regulator of MICOS
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complex stability (reviewed in1). MIC19 shows two redox forms and only oxidized MIC19
can bind to MIC6062, potentially acting as a connector between two MICOS subcomplexes
and leading to cristae formation®!. In addition, interaction between MIC19 and MIC60
enhances the mitochondrial membrane-shaping activity and tetramerization of MIC60,
thereby controlling structure and function of cristae junction®3:64, Our work highlights
MIC19 as a rate-limiting subunit of the MICOS complex that is sufficient to drive cristae
formation in the liver and is differentially regulated in the CD-1 vs. BL6 livers upon fasting.

Mechanism of regulation of MIC19 levels by fasting in the CD-1 strain

Fasting leads to accumulation of MIC19 in mitochondria in the CD-1 strain, but not the
BL6 strain. The layer of regulation on MIC19 could be transcriptional, translational, or
based on protein degradation or mitochondrial import. We have ruled out transcriptional
regulation in our studies. Future work will reveal if the exact mechanism by which CD-1
upregulates MIC19 upon fasting. We have seen an increase in MIA40 substrates (Figure
1G) and TOM70 protein levels (Figures 1H and 11). Both pathways are responsible for
protein import into mitochondria and may act as key regulators to remodel the mitochondrial
inner membrane proteome upon fasting. Intriguingly, MIC19 was previously reported to

be a substrate for the MIA pathway in yeast#°. Previous studies have shown that post-
translational modifications on TOM70 by OGT can directly influence the import efficiency
of MIC19 into mitochondria in brown fat during cold exposure®8. Briefly, cold stimulation
activates PERK, a transmembrane kinase that localizes to the ER, which phosphorylates
OGT. OGT glycosylates TOM70, enhancing MIC19 import into mitochondria. OGT also
glycosylates CK2a and reduces its activity, which normally phosphorylates TOM70 to
decrease mitochondrial import. The signature from our proteomics dataset raises the
possibility that similar mechanisms that regulate mitochondrial import may exist in CD-1
liver. However, the regulatory mechanisms of fasting-induced MIC19 protein levels in the
liver mitochondria could be different between CD-1 and BL6. The lack of change in MIC19
protein levels upon fasting in BL6 liver mitochondria might be due to already elevated
expression under ad libitum condition (Figure 1H).

Contribution of intrinsic liver energy metabolism vs. locomotion to whole body energy
expenditure upon MIC19 overexpression

The increase in energy expenditure in MIC19 overexpressing mice had 3 potential
explanations: i) thermogenesis in the adipose tissue, ii) rewiring of liver energy metabolism
and iii) increased locomotor activity. Most of the work on increasing EE to battle obesity
and T2D in genetic and dietary mouse models has focused on thermogenic adipocytes and
physical activity. The contribution of liver metabolism to energy expenditure remains largely
underexplored. A previous study showed that the liver-targeted mitochondrial uncoupler
DNP, which induces the conversion of energy derived from mitochondrial substrate
oxidation into heat, has beneficial effects on metabolic disease5®. Similarly, our results
demonstrate that mitochondrial cristae formation driven by MIC19 overexpression in the
liver can increase EE in mice (Figure 5). Our experiments were done at thermoneutrality
(30°C), where contribution of adaptive thermogenesis to EE is negligible. Nor do we see
upregulation of thermogenic markers in adipose tissue (Figure S4), ruling out adaptive
thermogenesis. Physical activity also increases EE, and at 30°C accounts for 26% of total
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EE®6. To dissect the contribution of movement vs. intrinsic energy metabolism to EE in our
experiments, rather than immobilizing animals artificially, we mined the indirect calorimetry
data to focus on time points where animals don’t move or move at low or high speeds.

Our in-depth analysis of mice at 30°C shows that EE is increased even when MIC19
overexpressing animals are immobile, suggesting rewiring of liver energy metabolism is a
crucial contributor. We show that MIC19 overexpressing animals spend more time moving
at higher speeds, and as a result, the cumulative EE at higher speeds is increased in MIC19
overexpressing mice. These results suggest that both liver metabolism and physical activity
contribute to increased EE.

Regulation of pedestrian locomotion by pyrimidine nucleotides

We find that the conversion of uridine to uracil by UPP2 is important for the accumulation
of uracil in MIC19 overexpressing livers. Previously, uridine and uracil have been shown to
oscillate with the circadian clock in the liver through transcriptional regulation of UPP2%6,
The timing of uridine and uracil levels correlate with movement, where uracil reaches a
peak right before the dark phase where nocturnal mice feed and move more. In our study,
exogenous uridine or uracil supplementation was sufficient to promote locomotor activity

in mice. It is intriguing that mice that overexpress MIC19 in the liver are tapping into a
physiological response present in healthy animals to regulate physical activity. UPP2 gene
or protein expression levels remain unchanged in MIC19 overexpressing animals, suggesting
that the circadian rhythm is still intact in these mice. It is unclear whether a pyrimidine
nucleotide is responsible for crossing the blood-brain-barrier (BBB) and directly inducing
locomotion by binding purinergic receptors®’. Circulating uridine is able to cross the BBB
via the CNT2 transporter in rats58, but there is limited evidence for uracil uptake by the
brain. The brain uptake index of [*4C]-uracil and [*4C]-uridine were estimated to be 0.83%
and 4.18% respectively9:70, However, in our dataset, we observe a subtle but significant
increase in uracil in the whole brains of MIC19 overexpressing mice, but not uridine (Figure
S5G). It could be that these metabolites are enriched locally in specific subregions of the
brain, missed by our analysis.

Interestingly, circulating uridine has been previously linked to regulation of feeding behavior
and thermoregulation via the hypothalamus in the brain®”:"1, AgRP neurons that promote
feeding express the purinergic receptor 6 (P2Y6), which is activated by UDP. The source of
hypothalamic UDP is circulating uridine, which is elevated during obesity’. Plasma uridine
levels are also tightly regulated by fasting/feeding cycles. In the fed state, the liver is the
major organ responsible for circulating uridine. During fasting, the adipose tissue takes over
uridine production and circulating uridine levels are increased, leading to a subtle drop in
body temperature®’. These studies raise the possibility that a pyrimidine nucleotide derived
signal could mediate the locomotor effects as well. Alternatively, glutamatergic neurons in
the midbrain could be the downstream and indirect targets of the pyrimidine metabolites to
regulate locomotion2.

Redox regulation of UPP2

Our results show that UPP2 activity is increased in MIC19 animals in a redox sensitive
manner (Figures 7H and 71). Previous reports demonstrated that a conditional disulfide
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bridge forms within UPP2 (between C95 and C102), and dislocates the critical phosphate-
coordinating arginine (R100) away from the active site, disabling UPP2 activity. Vice versa,
treatment with reducing agents increases the activity of UPP259, The increase in GSH in
MIC19 overexpressing livers likely explains the increase in UPP2 activity. Interestingly, we
found that the one carbon metabolism was increased in mitochondria isolated from MIC19
overexpressing livers (Figure 7G), a pathway that can supply GSH to cells®8.

In summary, these studies reveal that MIC19 in the liver provides metabolic benefits at

the whole-body level in mice during T2D and obesity, through changes in liver energy
metabolism and increased physical activity. Future work will further elucidate the signaling
pathways that link the liver mitochondria to the brain and the downstream effects of
pyrimidine nucleotides that are produced in the liver.

LIMITATIONS OF THE STUDY

This study suggested that enhanced UPP2 activity regulated by redox status promoted
uracil accumulation in the livers of MIC19 overexpressing mice, resulting in the increased
locomotion and energy expenditure. To clarify the roles of UPP2 in vivo, further analysis
using liver-specific UPP2 knockout mouse model will be needed. In addition, to validate
whether enzymatic activity of UPP2 is stimulated by increased GSH level in the liver

of MIC19 overexpressing mice, it is required to assess UPP2 activity in the liver and
locomotive activity upon manipulation of hepatic GSH level.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Pere Puigserver (Pere_Puigserver@dfci.harvard.edu).

Material availability

All the materials generated in this study are available upon reasonable request to the Lead
Contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Procedures.

All C57BL6/J mice were purchased from Jackson laboratories (Stock: 000664). Mice were
kept under a 12 h light/12 h dark cycle at 22 °C. Before handling, mice acclimated

for at least 1 week at the animal facility. All studies were performed according to
protocols approved by Beth Israel Deaconess Medical Center’s Animal Care and Use
Committee. Mice were fed a standard chow diet (13% kcal fat, LabDiet, no. 5053) or

an HFD (60% kcal fat, Research Diets, no. D12492i) for the indicated durations. For
uracil supplementation, we used the Open Standard Diet (D11112201) vs. the same diet
with 1% uracil supplementation. We also supplemented the drinking water of mice with
0.1% uracil due to low solubility in water. For uridine, 3% supplementation in drinking
water was used. Glucose tolerance tests were performed with 2 g/kg glucose injections via
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I.P. for lean animals and 0.5 g/kg glucose for DIO mice on an HFD. Blood glucose was
measured via tail bleed using a glucometer (OneTouch). For GTT and fasting blood glucose,
animals were fasted overnight for 16 hours. For all experiments, age matched animals were
used. AAV vector pAAV[Exp]-CAG>mChchd3[NM_001355667.1]:WPRE was purchased
from VectorBuilder (Chicago, Illinois) and packaged into serotypes 2 and 8 for liver

specific expression by Boston Children’s Hospital Viral Core (AAV2/8-CAG-GFP-WPRE
and AAV2/8-CAG-mChchd3-WPRE-bGH). GFP or MIC19 AAVs were administered via the
tail vein at 1.5x10gc per mouse.

Hepatocyte Isolation.

Primary hepatocytes were isolated from 8- to 12-week-old male C57BL6/J mice. Livers
of mice were perfused with liver digest medium (Invitrogen, 17703-034) and filtered
through a 70 um mesh. Primary hepatocytes were separated from other cell types and cell
debris by a Percoll (Sigma, P7828) gradient centrifugation. Cells were seeded in Plating
Medium (DMEM with 25 mM glucose, 10% FBS, 2 mM sodium pyruvate, 1% penicillin/
streptomycin, 1 UM dexamethasone, and 100 nM insulin). After 4 h, the Plating Medium
was removed and cells were incubated overnight in the Maintenance Medium (DMEM
with 5 mM glucose, 0.2% BSA, 2 mM sodium pyruvate, 1% penicillin/streptomycin, 0.1
UM dexamethasone, and 1 nM insulin). Cells were collected within 48 h and medium

was changed every day. For transient transfection, hepatocytes were transfected with DNA
plasmids and siRNA (Origene) using Lipofectamine 3000 (Invitrogen). For AAV infection,
cells were incubated for 16 h with AAV at MOI of 10000.

METHOD DETAILS

Indirect Calorimetry.

Metabolic parameters of mice were measured by using Sable System’s Promethion.
Briefly, animals were housed in individual metabolic cages and oxygen consumption,
carbondioxide production, food/water intake, body weight, physical activity was monitored
for 48 hours. RER, Energy Expenditure and Pedestrian Locomotion was calculated as
previously described 73 and data was analyzed using CalR software (https:/calrapp.org/)
74 Pedestrian speed and energy expenditure was calculated at 5-minute intervals and used
for speed cut-offs in analysis in Figures 5G, 5H, 51, S5E, and S5F. To analyze energy
expenditure at specific speeds, R software was used. Briefly, speeds were filtered according
to the different criteria, and the corresponding energy expenditure at those time points were
averaged or summed.

Glucose Production.

Hepatocytes were incubated for the last 3 hours in glucose-free medium (phenol-red/glucose
free DMEM, 0.2% BSA, 2 mM sodium pyruvate and 20 mM sodium lactate). 200 nM
glucagon was used for stimulation during the treatment and the cell medium was collected.
The glucose level in the medium was measured using a Glucose (GO) Assay Kit from
Sigma-Aldrich. 100 pl of assay buffer was added to 50 pl of cell medium. The mixture

was incubated for 30 min at 37°C. 100 pl 6 M Sulfuric acid was added to the samples and
absorbance was measured at 540 nm.
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14C-Glucose and “C-Palmitate Oxidation Assays.

Proteomics.

Hepatocytes were incubated in Maintenance Medium for 2 days. On the day of the
experiment, cells were treated with 14C substrates in DMEM without glucose, 0.2% BSA, 2
mM sodium pyruvate, 1% penicillin/streptomycin. 14C-glucose was added to 0.5 uC/well in
12-well plates.14C-palmitate was added to 0.4 uC/well in medium supplemented with 0.3%
BSA and 100 pM unlabeled palmitate in each well as previously described 7°. Circles of
Whatman filter paper were inserted into the cap of 2 ml Eppendorf tubes and 400 pl of 1

M perchloric acid added to the bottom of the tube. 30 pl 2 M Sodium hydroxide was added
to the filter paper to moisten it right before harvesting the medium from the cells. 800 pl
medium was added on top of the perchloric acid to trap the 14C-CO2 on the filter paper.
The samples were incubated for 4 hours and radioactive signal from the filter paper was
measured in the scintillation counter for 3 minutes.

Proteomics was performed as previously described 76, Briefly, livers were harvested and
homogenized in MSHE Buffer (210 mM Mannitol, 70 mM Sucrose, 1 mM EGTA, 5

mM HEPES). Homogenized livers were centrifuged at 1000g for 5min at 4°C twice

and the supernatant saved. The supernatant was centrifuged at 12000g for 20 minutes at
4°C to pellet mitochondria and mitochondria were washed with MSHE buffer 3 times.
Mitochondria were solubilized in SDS lysis buffer (2% SDS, 250 mM NaCl, PhoStop
Roche, phosphatase inhibitors, EDTA free protease inhibitor cocktail (Promega) and 100
mM HEPES, pH 8.5). Samples were reduced with 5 mM TCEP at 60°C for 30 minutes

and alkylated with 14 mM iodoacetamide for 45 minutes. After chloroform/methanol
precipitation, samples were solubilized in 8 M urea dissolved in 50 mM HEPES, pH 8.5
and protein content measured. 500 pug of protein for each samples was diluted to 4 M urea
with digestion buffer (25 mM HEPES, pH 8.5). Proteins were digested with LysC (Wako, 2
pg/ul, 1:100) for 2 hours. Samples were then diluted to 2 M urea and further digested with
LysC and Trypsin (0.5 pg/ul, 1:100) overnight at 37°C. In the morning, samples were diluted
to 1 M urea and digested with Trypsin for 6 hours at 37°C. Samples were then acidified with
200 pl 25% acetic acid and centrifuged at maximum speed for 5 minutes and subjected to
C18 solid-phase extraction (SPE) (50mg, Sep-Pak, Waters). 50 ug of digested peptides were
labeled with tandem mass tag (TMT) reagents (Thermo Fisher Scientific), combined into
one fraction, acidified with 20 pl of 20% FA (pH ~2) and subjected to C18 SPE on Sep-Pak
cartridges (50 mg). Next, basic pH reversed-phase HPLC, followed by MS analysis was
performed. Mitochondrial proteins were identified based on MitoCarta3.0. DAVID (https://
david.ncifcrf.gov/tools.jsp) was used for Gene Ontology (GO) Term analysis.

Oxygen Consumption Measurements.

Isolation of mitochondria was performed as described in the proteomics section, with the
addition of 1% BSA to MSHE to prevent clumping of mitochondria. Liver mitochondria
were diluted in MAS Buffer (70 mM Sucrose, 220 mM Mannitol, 10 mM KHyPQOy4, 5 mM
MgCly, 2 MM HEPES, 1 mM EGTA, 0.2% BSA) and seeded on an XFe24 Seahorse plate
(Seahorse Biosciences 102340-100) at 5-10 pg/well. The plate was centrifuged at 2000g
for 20 minutes. For complex I-dependent OCR, the OCR was measured following treatment
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with 5 mM pyruvate+3 mM malate, 1 mM ADP, and 5 uM oligomycin+ 5 uM FCCP.

For complex I1-dependent OCR, the OCR was measured following treatment with 5 mM
succinate+8 pM rotenone, 1 mM ADP, and 5 pM oligomycin+ 5 pM FCCP. OCRs (pmol/
min) were assessed for each condition at 37°C using the Seahorse Bioanalyzer instrument as
previously described 1. We also used the Oroboros O2K system to measure mitochondrial
respiration. Injections were 1 mM ADP for maximal respiration, 1 M oligomycin and

1 uM FCCP for maximal uncoupled respiration. Respiration rates were normalized to

citrate synthase activity /’. Cellular OCR was analyzed using primary hepatocytes. Prior to
analysis, primary hepatocytes were infected with AAV and were incubated in assay medium
(25 mM glucose, 1 mM sodium pyruvate, 2 mM L-glutamine, and 0.2% fatty acid—free
BSA in Seahorse XF base medium at pH 7.4). For mitochondrial stress tests, the OCR was
measured following treatment with 3.75 uM oligomycin, 1 uM FCCP, and 4.5 pM antimycin
A with 1.5 pM rotenone.

MIC19 Protein Import Assay.

Liver mitochondria were isolated and resuspended in the isolation buffer (20 mM HEPES-
KOH, pH 7.4, 75 mM sucrose, 225 mM mannitol and 0.05 mM EGTA). The T7-based

TnT reticulocyte system (Promega) was used to produce 3°S-labeled MIC19 proteins in
accordance with the manufacturer’s instructions. 20 pg of mitochondria were resuspended in
100 pL of Protein Import Buffer (50 mM HEPES-KOH, pH 7.4, 250 mM sucrose, 80 mM
KOAc, 5 mM MgAOc, 0.1% BSA (fatty acid free), 2 mM ATP, 20 mM sodium succinate
and 1 mM methionine). In order to eliminate non-imported precursors, proteinase K (50
pg/mL) was added to the TnT reticulocyte product and then incubated for 15 minutes on ice.
To neutralize proteinase K, mitochondria were diluted in wash buffer with newly added 1
mM PMSF, and then centrifuged at 12,000 g for 3 minutes. There were two cycles of this
wash.

Transmission Electron Microscopy (TEM).

Livers were perfused in 2.5% Glutaraldehyde 2.5% Paraformaldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) and cut into small pieces to store in the same buffer overnight

at 4°C. Primary hepatocytes were fixed using a 1:1 mixture of cell media and the same
buffer (2x) overnight at 4°C. After fixation the samples were submitted to Harvard Medical
School Electron Microscopy Core. Liver tissue was shed in 0.1 M cacodylate buffer and
post-fixed with 1% Osmiumtetroxide (0sO4)/1.5% Potassiumferrocyanide (KFeCNG6) for 1
hour, washed in water 3x and incubated in 1% aqueous uranyl acetate for 1 hr followed by 2
washes in water and subsequent dehydration in grades of alcohol (10 min each; 50%, 70%,
90%, 2x10min 100%). The samples were then put in propyleneoxide for 1 hr and infiltrated
ON in a 1:1 mixture of propyleneoxide and TAAB Epon (Marivac Canada Inc. St. Laurent,
Canada). The following day the samples were embedded in TAAB Epon and polymerized
at 60°C for 48 hrs. Ultrathin sections (about 80 nm) were cut on a Reichert Ultracut-S
microtome, picked up on to copper grids, stained with lead citrate and examined in a

JEOL 1200EX Transmission electron microscope or a TecnaiG? Spirit BioTWIN. Images
were recorded with an AMT 2k CCD camera and saved as TIFF files. For quantification,
cristae numbers were normalized to mitochondrial area. Mitochondrial area was calculated
in ImageJ by manually tracing the outer mitochondrial membrane for each mitochondrion.
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Metabolomics.

Lipidomics.

500 ul of 80% Methanol (v/v) was added to approximately 10-15 mg of pulverized tissues
and homogenized using metal beads in a shaker for 3 minutes. The samples were incubated
at —80°C for 4 hours and centrifuged at 14000g for 10 minutes at 4°C. The supernatant was
stored at —80°C and the pellet was used for re-extraction with 80% Methanol. 200 pl of 80%
Methanol (v/v) was added to 50 pl of serum and incubated at —80°C for 6 hours. These
were centrifuged twice at 14000g for 10 minutes at 4°C. Supernatants from both extractions
were combined and lyophilized using a SpeedVac (Thermo Fisher Scientific) overnight

at 4°C. Lyophilized samples were resuspended in 20 pl ultrapure water and subjected to
metabolomics profiling using AB/SCIEX 5500 QTRAP triple quadrupole instrument as
previously described 7879, Data analysis was performed using Metaboanalyst software.

Lipidomic analysis was performed as previously described 8°.10 mg pulverized liver tissue
was suspended with 200 pl water and mixed with 1.5ml of HPLC-grade methanol and 5

ml of methyl tert-butyl ether (MTBE). Samples were agitated at room temperature for 1
hour. Next, 1.25 ml of water was added to each glass tube and centrifuged at 1000g for 10
minutes to promote phase separation. The upper MTBE phase was collected and dried in a
SpeedVac at 4°C overnight. Dried samples were resuspended in 30 ul of 1:1 LC/MS grade
isopropanol:acetonitrile methanol and subjected to lipidomics analysis using the QExactive
Plus Orbitrat (Thermofisher Scientific) instrument. Data analysis was performed using
Metaboanalyst software.

UPP2 Activity Assay.

Measurement of UPP2 enzymatic activity was adapted from 59. Briefly, Frozen pulverized
livers were homogenized in 350 pl 50 mM Tris-HCI (pH 7.5 without DTT). Tissue
homogenates were cleared by centrifugation at 14000g for 15 minutes at 4°C. The
supernatant was used to measure UPP2 activity. The enzyme reaction was carried out in

a total volume of 100 pl of 50 mM Tris Buffer (pH 7.5) containing 1 mM potassium
phosphate, 10 pl tissue extract and 0.3 uCi [5-3H]uridine at 37°C for 30 minutes. 1

mM BAU was used to inhibit UPP2 activity. UPP2 activity was measured by monitoring
conversion of [5-3H]uridine to [5-3H]uracil using TLC chromatographic separation. Aliquots
of 10 pl from each sample were applied to TLC silica plates prespotted with 1 ul of uridine
and 3 pl of uracil as markers. TLC plates were developed with chloroform:methanol:acetic
acid (85:15:5, v/v). The unlabeled markers were visualized under UV light, and the
radioactivity for uridine and uracil was measured in a scintillation counter by scraping off
corresponding areas into scintillation liquid.

Blue-Native Gel Electrophoresis, SDS-PAGE and Western blot analysis.

Blue-Native Gel electrophoresis and western blot were performed as described previously
51 Only modification to the Blue-Native Gel Electrophoresis assay was that the
solubilization of mitochondria was done at 4 g per g digitonin/protein ratio. The list of
antibodies that were used: anti-SDHA (Abcam, catalog no. ab14715, 1:3,000), anti-ATP
synthase alpha (Life Technologies, catalog no. 459240, 1:1,000), anti-MTCO1 (Abcam,
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catalog no. ab14705, 1:3,000), anti-actin (Cell Signaling Tech., catalog no. 4967 1:1000),
anti-MIC60/Immt (Proteintech, catalog no. 10179-AP, 1:2000), anti-OPAL (Cell Signaling
Tech., catalog no. 67589S, 1:1000) anti-MI1C19/Chcd3 (Life Technologies, catalog no.
PA531578, 1:1000), anti-TOM70 (Santa Cruz Biotech., catalog no. SC-390545, 1:100),
anti-UPP2 (Life Technologies, catalog no. PA550894, 1:100).

Serum and Liver Biochemistry Measurements.

Serum samples were gathered from blood collected from the orbital sinus, tail vein, or
heart. To extract fats from liver, ~200 mg of pulverized liver tissue was homogenized

in 800 ul PBS with a metal bead in a Tissuelyser for 3 minutes. Some homogenate

was saved to measure protein concentration as a control. 400 pl of the homogenate was
transferred to a new tube and 800 pl chloroform:methanol (2:1) added and vortexed for 3
minutes. The samples were incubated at 60°C for 15 minutes and centrifuged at maximum
speed for 10 minutes at 4°C. 400 pl of the bottom layer was transferred to a new tube

and dried overnight. The dried lipids were resuspended in 50 pl of 60% butanol, 40%
solution of Triton-X:Methanol (2:1). Kits used to measure B-hydroxybutyrate (MAKO041)
and triglycerides (TR0100) were purchased from Sigma. Kits used to assess aspartate
transaminase (EASTR100) and alanine transaminase (EALT100) were purchased from
Bioassay Systems. Serum insulin was measured with Ultra Sensitive Mouse Insulin ELISA
Kit (Crystal Chem, 90080).

RNA Isolation and qPCR.

Pulverized livers, brown fat, and iWAT were used to extract total RNA using TRIzol reagent
(Ambion, Life Technologies. cDNA was prepared from 2 ug of total RNA with High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). RT-qPCR reactions were
ran using Sybr Green gPCR mastermix (Applied Biosystems) and analyzed by a CFX384
Real-Time system (Bio-Rad).

Supplementary Material

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

Fasting induces strain-specific cristae formation and MIC19 in liver
mitochondria

MIC19 drives cristae formation in BL6 liver and protects against diet-induced
obesity

Hepatic MIC19 promotes mitochondrial respiration and energy expenditure

MIC19 overexpression in liver promotes pedestrian locomotion through uracil
production
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Figure 1. Fasting remodels the mitochondrial proteome in CD-1 livers, but not BL6.
(A and B) Volcano plots showing changes in the mitochondrial proteome in 24 hour fasted

vs. ad-libitum fed mice in CD-1 and BL6. n=3 for CD-1 and n=2 for BL6 in separate

expe

riments. Dotted lines denote the significance cut-off (p<0.05).

(C and D) GO Term Analysis of upregulated genes in CD-1 and BL6 liver mitochondria.
(E) Heatmap showing fold change increase in specific subunits of the respiratory chain
complexes |-V upon fasting in the CD-1 strain (p<0.05).
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(F) Box plots extending from minimum to maximum values that show fold change in
mitochondrial cristae proteins including OPA1 and MICOS complex components.

(G) Heatmap showing fold change increase in MIA40 substrates.

(H) Western blot validating MIC19 protein levels in isolated pure mitochondria of CD-1 and
BLS6 liver under fed or fasted conditions.

(1) Mitochondrial protein levels in the liver mitochondria of CD-1 upon fasting (n=3).

(J) Blue-Native Polyacrylamide Gel Electrophoresis blot showing more MIC19 incorporated
into the MICOS complex upon 24 h fasting in the CD-1 strain. Lower band is around
700kDa, representing the MICOS complex and the upper band represents mitochondrial
intermembrane bridging (MIB) supercomplex (n=3).

(K) The ratio of MIC19 incorporated into MICOS complex to individual MIC19 protein
calculated based on (1) and (J).

(L) /n vitro protein import of MIC19 using isolated liver mitochondria from CD-1 mice
under fed or fasted conditions (n=3).

Data represented as mean+SD (K, L). *p< 0.05, **p< 0.01 by Student’s t-test (A, B, E-G, K,
L). n represents the number of biological replicates. See also Figure S1.
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Figure 2. Fasting promotes mitochondrial cristae formation and mitochondrial respiration in
CD-1 livers, but not BL6.

(A and B) Transmission Electron Microscopy (TEM) analysis of liver mitochondria in 24
hour fasted vs. ad libitum fed CD-1 and BL6 (n=2 mice, >5 section of images per animal).
(C and D) Number of mitochondrial cristae per mitochondrial area (a.u.) in fasted vs. fed
animals in CD-1 and BL6 livers (n>14 mitochondria per group).

(E and F) Measurement of complex I- and complex I1-linked oxygen consumption rate
(OCR) in isolated liver mitochondria from fasted vs. fed CD-1 and BL6 (n=3).
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(G and H) Percentage of mitochondria that are round, oblong, or elongated in fasted vs. fed
animals in TEM images of CD-1 and BL6 mouse livers. Number of mitochondria analyzed
are denoted in the figure.

Data represented as mean+SD (C-F). **p< 0.01, ***p< 0.001 by Student’s t-test (C-F). n
represents the number of biological replicates.
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Figure 3. Overexpression of MIC19 in BL6 livers promotes mitochondrial cristae formation and

respiration.

(A) Western blot showing overexpression of GFP or MIC19 in the livers of ad libitum fed

BL6.

(B-C) TEM images of GFP AAV vs. MIC19 AAV mouse livers (n=2, >5 section of liver

images per animal).

(D) The mitochondrial area (a.u.) in GFP vs. MIC19 AAV liver.
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(E) Blue-Native Polyacrylamide Gel Electrophoresis showing the MICOS complex,
monomers and dimers of CV (ATP5A1) and CIl (SDHA) in GFP vs. MIC19 AAV liver
mitochondria (n=4).

(F) Western blot showing expression of mitochondrial proteins (n=2).

(G) Respiratory complex assemblies in the liver mitochondria isolated from GFP or MIC19
AAV mice (n=2).

(H and 1) Complex I- and Complex Il-dependent OCR measured by Seahorse XF analyzer in
isolated mitochondria from GFP AAV vs. MIC19 AAV livers (n=3).

(J) Citrate synthase activity (CSA) in the mitochondria isolated from GFP AAV vs. MIC19
AAV liver.

(K) Relative mitochondrial DNA content assessed by 16s rRNA levels normalized to HK2
MRNA level.

(L) 14C-palmitate oxidation in liver homogenates from GFP vs. MIC19 AAV livers
normalized to CSA, shown relative to GFP AAV (n=3).

(M) Relative abundance of malonyl-CoA in the liver of GFP vs. MIC19 AAV mice (n=3).
(N) Body weight of GFP AAV vs. MIC19 AAV animals on regular chow at weeks 11-17
(n=10).

(O) Blood glucose levels during a Glucose Tolerance Test (GTT) in GFP vs. MIC19 AAV
animals (n=10). Data represented as mean+SEM.

(P) Area Under the Curve (AUC) for the GTT comparing GFP vs. MIC19 animals.

Data represented as mean+SD (A, C-E, H-N). *p< 0.05, **p< 0.01, ***p< 0.001 by
Student’s t-test (A, C-E, H-M, O, P). n represents the number of biological replicates. See
also Figures S2 and S3.
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Figure 4. MIC19 overexpression in the liver has protective effects on an HFD.
(A) Body weight of GFP (n=10) vs. MIC19 (n=9) AAV animals on an HFD. 6-week-old

BL6 animals were administered GFP or MIC19 AAV via the tail vein and put on an HFD at
9 week-old. Data represented as mean+SEM.

(B) Fat and lean mass determined by Magnetic Resonance Imaging (MRI) imaging after 8
weeks on an HFD.

(C) Food intake in grams per mouse measured in metabolic cages across 3 days in GFP vs.
MIC19 AAV animals.

(D) Liver triglyceride levels in GFP vs. MIC19 AAV animals on an HFD (n=4).

(E) Fasting blood glucose in GFP (n=10) vs. MIC19 (n=9) AAV animals after HFD.

(F) Western blot showing expression of mitochondrial proteins in samples used to measure
mitochondrial respiration (n=2).

(G) OCR measured by Oroboros in isolated mitochondria from GFP AAV vs. MIC19 AAV
livers (n=6). OCR was normalized to CSA.

(H) CSA in the mitochondria isolated from HFD-fed GFP AAV vs. MIC19 AAV liver (n=3).
Data represented as mean+SD (C, G, H). *p< 0.05, **p< 0.01, ***p< 0.001 by Student’s
t-test (A-E, G, H). n represents the number of biological replicates.
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Figure 5. Animals that overexpress MIC19 in the liver have increased pedestrian locomotion.
Metabolic parameters across light and dark cycles for GFP vs. MIC19 AAV mice at 30°C.

(A-F) Respiratory Exchange Ratio (RER), cumulative pedestrian locomotion, and energy
expenditure (n=10).

(G-1) Fraction of time spent at certain speeds, mean energy expenditure at certain speeds,
and cumulative energy expenditure at certain speeds (m/s). n=10 for GFP and n=9 for
MIC19 AAV mice.
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(J) Pedestrian locomotion in GFP vs. MIC19 AAV mice with a body weight difference on an
HFD (n=9).

(K) Hourly Food Consumed in kcal (n=10).

Data represented as mean+SD (B, D, F-K) or as mean+SEM (A, C, E). *p< 0.05, **p< 0.01
by Student’s t-test (B, D, F-K). n represents the number of biological replicates. See also
Figure S4.
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Figure 6. Uracil accumulates in MIC19 AAV livers and promotes locomotion.
(A) Heatmap showing metabolites that change significantly between GFP vs. MIC19 AAV

livers (p<0.05,

n=3).

(B) Relative abundance of pyrimidine nucleotides in GFP vs. MIC19 AAV livers.
(C and D) Pedestrian locomation in mice supplemented with uracil (0.1% in drinking water,

n=5).

(E-G) Fasting blood glucose, body weight, and fasting serum insulin level of mice on a
standard chow diet with or without 1% uracil supplementation (n=4~5).
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(H) Body weight of mice on an HFD supplemented with uracil (0.1% in drinking water,
n=4).

Data represented as mean+SD (D-H) or as mean+SEM (B, C). *p< 0.05, **p< 0.01, ***p<
0.001 by Student’s t-test (A, B, D-H). n represents the number of biological replicates. See
also Figure S5.
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Figure 7. Conversion of uridine to uracil is increased in MIC19 AAV animals in a redox sensitive

manner.

(A and B) Pedestrian locomotion in mice supplemented with uridine (3% drinking water,

n=3 mice).

(C) Relative abundance of uridine and uracil in iWAT in GFP vs. MIC19 AAV mice from a

metabolomics experiment (n=3).

(D) UPP2 and MIC19 mRNA expression levels in GFP vs. MIC19 AAV livers (n=5).
(E) Western blots showing UPP2 protein levels in GFP vs. MIC19 AAV livers. Red arrow

denotes the size for UPP2.
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(F) Ratio of 3H-uracil to 3H-uridine as a measure for UPP2 activity in GFP vs. MIC19 AAV
liver lysates. Treatment of GFP AAV lysates with 1 mM BAU inhibits UPP2 activity (n=5).
(G) Left: Cartoon depicting the oxidation of serine through the mitochondrial one carbon
pathway and its connection to glutathione. Right: 14C-serine oxidation in liver homogenates
from GFP vs. MIC19 AAV livers normalized to CSA, shown relative to GFP AAV (n=3).
(H) Reduced and oxidized glutathione levels in GFP vs. MIC19 AAV livers (n=3). (I) UPP2
activity in GFP vs. MIC19 AAV liver lysates with or without 10 mM DTT treatment (n=3).
Data represented as mean£SD (B, C, F, H, 1) or as meantSEM (A). *p< 0.05, **p< 0.01,
*** < 0.001 by Student’s t-test (B-D, F-I). n represents the number of biological replicates.
See also Figure S6.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SDHA Abcam Cat#ab14715; RRID:AB_301433
ATP5A1 Life Technologies Cat#459240; RRID:AB_2532234
MTCO1 Abcam Cat#ab14705; RRID:AB_2084810
Actin Cell Signaling Tech. Cat#4967; RRID:AB_330288
MIC60 (Immt) Proteintech Cat#10179-AP; RRID:AB_2127193
OPA1 Cell Signaling Tech. Cat#67589S; RRID:AB_2799728

MIC19 (Chchd3)

Life Technologies

Cat#PA531578; RRID:AB_2549051

TOMT70 Santa Cruz Biotech. Cat#SC-390545; RRID:AB_2714192
UPP2 Life Technologies Cat#PA550894; RRID:AB_2636346
GFP Abcam Cat#ab290; RRID:AB_303395
OXPHOS Abcam Cat#Ab110413; RRID:AB_2629281
NDUFS2 Abcam Cat#ab192022; RRID:AB_2895019
Tubulin Cell Signaling Tech. Cat#D3U1W; RRID:AB_2715541

Bacterial and virus strains

AAV2/8-CAG-GFP-WPRE Boston Children’s N/A

Hospital Viral Core
AAV2/8-CAG-mChchd3-WPRE-bGH This study N/A
Chemicals, peptides, and recombinant proteins
Oligomicyn A Sigma Aldrich Cat#75351
FCCP Sigma Aldrich Cat#75351
Rotenone Sigma Aldrich Cat#R8875
Antimycin Sigma Aldrich Cat#A8674
Uracil Sigma Aldrich Cat#U0750
Uridine Sigma Aldrich Cat#U3750
[5-3H]uridine Moravek Cat#MT602
Benzylacyclouridine (BAU) Med Chem Express Cat#HY-106406
14C-glucose Perkin Elmer Cat#NEC042X
35S-methionine Perkin Elmer Cat#NEG709A
14C-palmitate Perkin Elmer Cat#NECO75H
14C-serine Perkin Elmer Cat#NEC827
Dexamethasone Sigma Aldrich Cat#D4902
Insulin Sigma Aldrich Cat#16634
Percoll Sigma Aldrich Cat#P7828
Perchloric acid Sigma Aldrich Cat#244252
PhosStop phosphatase inhibitor Roche Cat#4906845001
cOmplete EDTA-free protease inhibitor cocktail Roche Cat#4693159001
Digitonin Sigma Aldrich Cat#D141
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Glucose (GO) Assay Kit Sigma Aldrich Cat#GAG020

B-hydroxybutyrate assay kit Sigma Aldrich Cat#MAKO041

Serum Triglyceride Determination Kit Sigma Aldrich Cat#TR0100

Aspartate Transaminase Assay Bioassay Systems Cat#EASTR100

Alanine Transaminase Assay Kit Bioassay Systems Cat#EALT100

Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chem. Cat#90080

NativePAGE 3-12% Bis-Tris Protein Gels Thermo Fisher Sci. Cat#BN1001BOX

Deposited data

Mitochondria proteome from mouse liver This study Table S1

Mouse liver metabolomics This study Table S2

Experimental models: Cell lines

Mouse primary hepatocytes This paper N/A

Experimental models: Organisms/strains

C57BL6 mice Jackson Laboratory Cat#000664

CD-1 mice Charles River Cat#022

Oligonucleotides

siRNA for M.musculus Mic19 (chchd3) Origene Cat#SR406213

siRNA for negative control Origene Cat#SR30004

gPCR oligos Table S3, this paper N/A

Recombinant DNA

pAAV[Exp]-CAG>mChchd3[NM 001355667.1]:WPRE | VectorBuilder N/A

pET-T7-MIC19 (mouse) (Latorre-Muro et al., 2021) | N/A

Software and algorithms

CalR (Mina et al., 2018) https://calrapp.org/

R R Development https://cran.r-project.org/
Core Team

Image J NIH https://imagej.nih.gov/ij/

Graphpad Prism 9 Graphpad https://www.graphpad.com

Other

liver digest medium Invitrogen Cat#17703-034

High fat diet Research Diets Cat#D12492i

Open Standard Diet Research Diets Cat#D11112201

1% uracil diet Research Diets N/A
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