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SUMMARY

Perturbation of mitochondrial proteostasis provokes cell autonomous and cell
non-autonomous responses that contribute to homeostatic adaptation. Here,
we demonstrate distinct metabolic effects of hepatic metabokines as cell non-
autonomous factors in mice with mitochondrial OxPhos dysfunction. Liver-
specific mitochondrial stress induced by a loss-of-function mutation in Crif1
(LKO) leads to aberrant oxidative phosphorylation and promotes the mito-
chondrial unfolded protein response. LKO mice are highly insulin sensitive
and resistant to diet-induced obesity. The hepatocytes of LKO mice secrete
large quantities of metabokines, including GDF15 and FGF21, which confer
metabolic benefits. We evaluated the metabolic phenotypes of LKO mice
with global deficiency of GDF15 or FGF21 and show that GDF15 regulates
body and fat mass and prevents diet-induced hepatic steatosis, whereas
FGF21 upregulates insulin sensitivity, energy expenditure, and thermogenesis
in white adipose tissue. This study reveals that the mitochondrial integrated
stress response (ISR™) in liver mediates metabolic adaptation through
hepatic metabokines.

INTRODUCTION

Mitochondria are frequently exposed to conditions of stress, which induce mitochondrial quality con-
trol mechanisms that are essential to maintain mitochondrial function (Sorrentino et al., 2018). Cell-
autonomous communication from the mitochondria to the nucleus in response to mitochondrial stress
has been well-documented in multiple species (Cagin and Enriquez, 2015; Quiros et al., 2017). Concur-
rently, cell non-autonomous factors are induced by mitochondrial stress, resulting in the communica-
tion between tissues that regulate selective gene expression, metabolic reprogramming. and organ-
ismal longevity (Durieux et al., 2011; Forsstrom et al., 2019; Kim et al., 2013; Quiros et al., 2016).
These elaborated processes have been characterized as a part of the mitochondrial integrated stress
response (ISR™), which results from primary defects in mitochondrial DNA replication, the electron
transport chain, and mitoribosomal translation (Choi et al., 2020; Chung et al., 2017b; Durieux et al.,
2011; Forsstrom et al.,, 2019; Khan et al., 2017; Martinus et al., 1996; Michel et al., 2015; Quiros
et al., 2017).

The liver coordinates systemic metabolism by controlling hepatic metabolic function and regulating meta-
bolism in peripheral tissues. Hepatocyte mitochondria are essential for the maintenance of metabolic plas-
ticity and flexibility (Koliaki and Roden, 2016), and consistent with this, recent studies have shown that
mouse models of hepatic mitochondrial dysfunction have alterations in their systemic metabolism,
including changes in insulin sensitivity, energy expenditure (EE), and their response to diet-induced obesity
(Choetal, 2017; Kulkarni et al., 2016; Lee et al., 2017; Pospisilik et al., 2007). These findings suggest that the
hepatic adaptation to mitochondrial stress may affect systemic energy metabolism through alterations to
substrate utilization in the liver and the induction of metabokines that are secreted and can modulate en-
ergy metabolism. However, the significance of these hepatic metabokines in the control of systemic meta-
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Growth differentiation factor 15 (GDF15) and fibroblast growth factor 21 (FGF21) are representative metab-
okines that are responsive to mitochondrial diseases (Kalko et al., 2014; Lehtonen et al., 2016; Lovadi et al.,
2017; Montero et al., 2016; Morovat et al., 2017; Yatsuga et al., 2015), and their expression is stimulated
through ATF4, CHOP, and XBP1, key components of the integrated stress response (Chung et al.,
2017b; Forsstrom et al., 2019; Jiang et al., 2014; Khan et al., 2017; Kim et al., 2013; Patel et al., 2019; Zhang
et al., 2018).

These two metabokines have been well-documented as modulators to improve numerous metabolic pro-
cesses or diseases. One of the representative roles of GDF15 is its anorexigenic effect causing a reduction
of body weight, which was first described in mice overexpressing GDF15 (Johnen et al., 2007). A subse-
quent study showed that mice administered human GDF15 led to increased c-Fos activation in the area
postrema and the nucleus of the solitary tract (Tsai et al., 2014). Recently, the GDNF family receptor
a-like (GFRAL) has been discovered as a receptor for GDF15 mediating the anorexigenic action, but is
localized only in the hindbrain (Emmerson et al.,, 2017; Hsu et al., 2017; Mullican et al., 2017; Yang et al.,
2017). Despite the restriction of GFRAL expression in the hindbrain region of mice, there are numerous
studies that cannot simply be explained by the anorexigenic action via GFRAL, including insulin sensitivity,
lipolysis in adipose tissue, anti-inflammatory action, alleviation of hepatic steatosis, and muscle atrophy
(Chrysovergis et al., 2014; Chung et al., 2017a, 2017b; Garfield et al., 2019; Jung et al., 2018; Zhang
et al., 2018).

The physiological role of FGF21 also has an overlapping functional spectrum with GDF15, especially in
terms of energy metabolism. FGF21 was described as a novel metabolic regulator enhancing glucose up-
take in primary human adipocytes and reducing blood glucose in genetically obese mice administered
FGF21 (Kharitonenkov et al., 2005). During fasting or a ketogenic diet, the expression of FGF21 is depen-
dent on the peroxisome proliferator-activated receptor o (PPAR a), which mediates hepatic lipid oxidation,
ketogenesis, and gluconeogenesis (Badman et al., 2007, 2009; Inagaki et al., 2007; Potthoff et al., 2009).
Moreover, the cross talk between the liver and brain is mediated by FGF21, which regulates glucose ho-
meostasis during prolonged fasting (Liang et al., 2014) and refeeding (Markan et al., 2014), sugar prefer-
ence in response to carbohydrate intake (von Holstein-Rathlou et al., 2016), and the protein status (Hill
et al.,, 2019). Similar to GDF15, FGF21 reduces the body weight through a non-adipose tissue effect; in-
creases insulin sensitivity, adaptive thermogenesis, and uncoupling protein 1 (UCP1)-independent EE;
and reverses hepatic steatosis (BonDurant et al., 2017; Chen et al., 2017; Desai et al., 2017; Hill et al.,
2019; Ost et al., 2016; Pereira et al., 2017; Veniant et al., 2015; Xu et al., 2009). However, despite similar
metabolic roles and induction mechanism, few studies distinguished between the differing roles of
GDF15 and FGF21 in the context of metabolism.

Genetic or pharmacological inhibition of mitochondrial oxidative phosphorylation (OxPhos) results in the
activation of cell-autonomous mitochondrial stress signaling, which involves the activation of the mitochon-
drial unfolded protein response (UPR™) and mitophagy, as well as the secretion of cell non-autonomous
factors (Forsstrom et al., 2019; Sorrentino et al., 2018). Mice with a tissue-specific deficiency of Crif1, which
encodes a protein of the large subunit of the mitochondrial ribosome, have markedly impaired mitoribo-
some-mediated translation and display many molecular features of the ISR™, including both cell-autono-
mous and non-autonomous responses (Choi et al., 2020; Chung et al., 2017b; Kim et al., 2012). In the pre-
sent study, we have explored the effects of hepatic mitochondrial OxPhos dysfunction on energy
metabolism in the liver and other key metabolic tissues. We have characterized the adaptive response
to mitochondrial OxPhos dysfunction in the liver and investigated its effects on insulin sensitivity and EE.
Using double knockout mice (LKO/Gdf15~~, LGKO and LKO/Fgf21~/~, LFKO), we have identified distinct
roles of hepatic GDF15 and FGF21 in response to ISR™. GDF15 regulates body and fat mass and protects
against hepatic steatosis, whereas FGF21 increases insulin sensitivity and uncoupling protein (UCP)1-medi-
ated thermogenesis in inguinal adipose tissue (IWAT) in the context of hepatic mitochondrial dysfunction.

RESULTS

Aberrant OxPhos by Crif1 deletion is associated with ISR™ and impairments in insulin
signaling and insulin-stimulated glucose uptake in hepatocytes

To determine the impact of hepatic mitochondrial OxPhos dysfunction on systemic energy metabolism, we
generated liver-specific CrifT knockout (LKO) mice through selective disruption of Crif1 in hepatocytes us-
ing the Cre-loxP system (Figures S1A and S1B). The generated mice did not show any obvious
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Figure 1. The livers of liver-specific Crif1-deficient mice exhibit altered glucose metabolism and impaired insulin signaling

(A) Gross morphology of Ctrl and LKO mice at 8 weeks of age.

(B) Western blot analysis showing lower levels of CRIF1 and subunits of the OxPhos complex in the livers of Ctrl and LKO mice. The results of one
representative experiment of the two conducted are shown.

(C) BN-PAGE analysis of the assembled OxPhos complex in the livers of Ctrl and LKO mice (*: abnormal sub-complexes).

(D) Representative transmission electron microscopic images of livers from Ctrl and LKO mice (n = 4). The white arrows indicate hepatic glycogen granules.
(E and F) Quantitative PCR analysis of UPR™ mediators (E) and UPR®" and transcription factors involved in the mitochondrial stress response (F) in the livers of
Ctrl and LKO mice (n = 4-5 biological replicates from three independent experiments).

(G) Western blot analysis of UPR™ and UPR®" mediators in the livers of Ctrl and LKO mice. The results of one representative experiment out of the three
conducted are shown. Data are mean + SEM and were analyzed using Student’s t test (*p < 0.05 versus Ctrl).

(H) OCR (left panel) and individual parameters (right panel) in primary hepatocytes isolated from Ctrl and LKO mice (n = 10 biological replicates from two
independent experiments) treated with oligomycin (2 pg/mL), CCCP (10 uM), or rotenone (1 pM). Basal respiration, ATP production, and proton leakage
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Figure 1. Continued

were calculated after oligomycin treatment, and the maximal and non-mitochondrial respiration were calculated after CCCP and rotenone treatment,
respectively.

(I) Glycolysis assay (left panel) and glycolytic parameters (right panel) in primary hepatocytes isolated from the livers of Ctrl and LKO mice (n = 6 biological
replicates from two independent experiments). Non-glycolytic acidification was calculated after the addition of 2-DG (50 mM). Glycolysis, glycolytic capacity,
and glycolytic reserve were calculated after the addition of glucose (10 mM) and oligomycin (1 uM), respectively.

(J) Quantitative PCR analysis of Glut1 and Glut2 mRNA expression in livers from 8-week-old Ctrl and LKO mice (n = 6 biological replicates from three
independent experiments).

(K) Glucose uptake by primary hepatocytes from Ctrl and LKO mice (n = 6 biological replicates from two independent experiments). Insulin (1 pM) was added
20 min before the measurements.

(L) Western blot analysis of insulin signaling after the addition of insulin (200 nM) for 15 min to primary hepatocytes isolated from Ctrl and LKO mice. The
results of one representative experiment of the two conducted are shown. Data are mean + SEM and were analyzed using two-way ANOVA followed by
Scheff’s post-hoc test in (K) and Student’s t test in (E and F) and (H-J) (*p < 0.05 versus Ctrl or Ctrl-Vehicle). See also Figure S1.

abnormalities (Figure 1A). Deficiency of Crif1 was only present in the liver and resulted in lower expression
of OxPhos complex subunits, including NADH:ubiquinone oxidoreductase subunit A9 (NDUFA9), ubiqui-
nol-cytochrome ¢ reductase core protein 2 (UQCRC2), and cytochrome oxidase subunit 4 (COX4) (Fig-
ure 1B). Moreover, blue native PAGE (BN-PAGE) showed a reduction in the assembly of OxPhos complexes
I, V.and lll in mitochondria isolated from the livers of LKO mice (Figure 1C). Mitochondria of LKO liver in
electron microscopy showed swelling, decreased cristae number, and decreased electron density in the
matrix. Hepatocytes from LKO mice contained a small number of glycogen granules (Figure 1D). Histolog-
ical analysis of the LKO livers revealed enlarged nuclei and abundant cytoplasm, which are histological fea-
tures of proliferative cells, and an infiltration of mononuclear cells in the centrilobular areas (Figure S1C).
Although the serum activity of alanine aminotransferase (ALT) was high in LKO mice (Figure S1D), fluores-
cence-activated cell sorting analysis suggested that the liver of LKO mice had about a 3-fold increase of
infiltrated F4/80'°"CD11b"'" monocytes and a statistically significant decrease of F4/80""CD11b'*"-resi-
dent hepatic Kupffer cells. Infiltrated inflammatory cells, CDthigh/LyéGhigh (neutrophil) and CD1 1phigh/
LyChigh (monocyte), and immunosuppressive cells, CD4hishCpaghishcpe2L hish (Treg), were coincidentally
increased in liver of LKO mice (Figure STE). The hepatic protein levels of apoptosis markers, including
cleaved caspase 3 and PARP1, were similar to those of controls (Figure S1F).

Crif1 deletion induces the accumulation of untranslated OxPhos polypeptides in the mitochondrial matrix
due to the abnormal translation of OxPhos subunits (Kim et al., 2012), which initiates the mitochondrial
unfolded protein response (UPR™), and consistent with this, the transcripts of the co-chaperone Tid1,
the intrinsic protease Lonp1, and the mitochondrial deubiquitinase Usp30 were upregulated in the livers
of LKO mice (Figure 1E). The expression of C/EBP homologous protein (CHOP) and ATF5, which mediate
the UPR™ in a mammalian system (Fiorese et al., 2016; Zhao et al., 2002), were also high, but that of the
UPR®" regulators Atf4 and Grp78 were normal in the livers of LKO mice (Figure 1F). We also found an in-
crease in the hepatic protein levels of mtHSP70, TID1, LONP1, and CHOP in the livers of LKO mice
(Figure 1G).

Next, we conducted 2-deoxy-D-glucose (2DG) uptake analysis to determine whether the higher rate of
glycolysis is accompanied by higher glucose uptake into hepatocytes (Figures 1H-IJ ). The basal glucose
uptake by LKO hepatocytes was much higher than that by control cells, but the effect of insulin on glucose
uptake was attenuated in LKO hepatocytes (Figure 1K). Subsequently, we measured insulin-stimulated AKT
phosphorylation in cultured hepatocytes and found significantly lower insulin-induced phosphorylation of
AKT at Serd73 and Thr308 in primary LKO hepatocytes than in control hepatocytes (Figure 1L). Taken
together, these findings imply that hepatic OxPhos dysfunction in LKO mice is associated with activation
of ISR™ and lower insulin-stimulated AKT activation, but greater glycolysis and glucose uptake.

Defective hepatic OxPhos is associated with higher systemic insulin sensitivity and energy
expenditure

Chow-fed LKO mice exhibited similar body masses to control mice at 30 weeks of age (Figure 2A). Although
LKO hepatocytes were characterized by large nuclei and cytoplasmic volumes, the liver mass was similar to
that of control mice, whereas the fat mass of LKO mice was significantly lower than that of controls (Figures
2B and S2A). To determine whether poor hepatic OxPhos function affects systemic insulin sensitivity, we
conducted glucose or insulin tolerance testing in mice fed a chow diet at 8 weeks of age. Interestingly,
the glucose and insulin tolerance of LKO mice was superior to those of control mice (Figures 2C and
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Figure 2. Liver-specific Crif1-deficient mice exhibit superior energy metabolism and are protected against diet-induced obesity

Mice fed a chow diet were used in (A-K) and mice fed an HFD for 8 weeks were used in (L-S).

(A) Body masses of Ctrl and LKO mice from 6 to 31 weeks of age (n = 10 biological replicates from two independent experiments).

(B) Body composition of Ctrl and LKO mice (n = 5-6 biological replicates from two independent experiments).

(C) Glucose tolerance test (GTT) (left panel) and glucose area under the curve (AUC) (right panel) for Ctrl and LKO mice (n = 7 biological replicates from three
independent experiments).

(D) Insulin tolerance test (ITT) (left panel) and glucose area under the curve (AUC) (right panel) for Ctrl and LKO mice (n = 7 biological replicates from three
independent experiments).

(E) Blood glucose concentrations of Ctrl and LKO mice fasted for 6 h (n = 10 biological replicates from five independent experiments).

(F) Serum insulin concentrations in Ctrl and LKO mice fasted for 6 h (n = 10-12 biological replicates from three independent experiments).

(G) Measurement of energy expenditure (EE) per metabolic body mass of Ctrl and LKO mice (n = 7-8 biological replicates).

(H and 1) Correlation analysis between EE and total body mass (TBM) (H) and ANCOVA-adjusted EE (I) in Ctrl and LKO mice.

(J and K) Daily food intake (J) and cumulative food intake over 7 days (K) in mice (n = 7-9 biological replicates from five experiments).

(L) Body mass (n = 5 biological replicates from three independent experiments).

(M) Body composition in Ctrl and LKO mice (n = 7 biological replicates from two independent experiments).

(N) Representative images of H&E-stained liver sections, showing a central vein, from Ctrl and LKO mice (n = 5-6 biological replicates).

(O) Quantitative PCR analysis of the expression of genes involved in lipid metabolism in the livers of Ctrl and LKO mice (n = 4-5 biological replicates from two
independent experiments).

(P) Glucose tolerance test (GTT, left panel) and glucose area under the curve (AUC, right panel) for Ctrl and LKO mice (n = 5 biological replicates from three
independent experiments).
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Figure 2. Continued

(Q) Insulin tolerance test (ITT, left panel) and glucose area under the curve (AUC, right panel) for Ctrl and LKO mice (n = 5 biological replicates from three
independent experiments).

(R and S) EE per metabolic body mass (R) and ANCOVA-adjusted EE (S) in control and LKO mice (n = 7 biological replicates). Data are mean + SEM.
Statistical analyses were performed using Student's t test in (A-G), (J-M), and (O-R) or ANCOVA in (I) and (S) (*p < 0.05, **p < 0.01, ***p < 0.001 versus Ctrl).
See also Figure S2.

2D), which translated into lower blood glucose and serum insulin concentrations (Figures 2E and 2F).
Alongside the lower basal blood glucose levels in LKO mice, the fasting-induced expression of glucose
6-phosphatase (Gépase) and phosphoenolpyruvate carboxykinase (Pepck), which are the rate-limiting en-
zymes in gluconeogenesis, was also lower in LKO mice than in controls (Figure S2B). Furthermore, the ho-
meostatic model assessment for insulin resistance (HOMA-IR) suggested that LKO mice had significantly
higher systemic insulin sensitivity than controls (Figure S2C), despite the disruption to hepatic insulin
signaling. The serum triglyceride concentration of LKO mice was similar to that of controls, but the total
cholesterol concentration was lower (Figures S2D and S2E).

To explore the effects of hepatic OxPhos dysfunction on systemic EE, we measured O, consumption and
CO, production by indirect calorimetry. LKO mice had a higher EE/metabolic body mass (body mass®’?)
ratio than control mice (Figure 2G). Plots of individual data and the ANCOVA-adjusted EE with body
mass as a covariate revealed that LKO mice had significantly higher EE than controls, even after the effects
of mass were eliminated (Figures 2H and 2I). The factors that influence total EE in the mice were then as-
sessed by analyzing locomotor activity (Figure S2F), body temperature (Figure S2G), and food intake (Fig-
ures 2J and 2K), which were all similar in LKO and control mice. LKO mice had a tendency toward a lower
respiratory quotient (RQ) than control mice (Figure S2H), but there was no difference in the serum concen-
tration of the ketone body B-hydroxybutyrate (BHB) (Figure S2I). Taken together, these data suggest that
hepatic OxPhos dysfunction is associated with higher systemic insulin sensitivity and EE, but not differences
in body temperature or food intake, even though insulin signaling and gluconeogenesis are impaired in the
livers of LKO mice.

LKO mice are protected against diet-induced obesity and insulin resistance

To determine whether hepatic OxPhos dysfunction alleviates metabolic stress, LKO mice and controls were
fed a high-fat diet (HFD) for 8 weeks from 6 weeks of age. LKO mice were already gaining significantly less
body mass than controls after 1 week of HFD feeding (Figure 2L). After 8 weeks, the masses of iIWAT,
epididymal white adipose tissue (€WAT), and brown adipose tissue (BAT) in LKO mice were lower than
those of controls (Figure S2J). Thus, the lower body mass of LKO mice fed an HFD was likely the result
of resistance to fat accumulation (Figure 2M). LKO mice also showed lower hepatic lipid accumulation (Fig-
ure 2N), which was associated with lower hepatic expression of Srebp1, Srebp 1c, and Cd36 (Figure 20). The
glucose and insulin tolerance of LKO mice fed an HFD were higher than those of control mice on the same
diet (Figures 2P and 2Q), which was consistent with the lower blood glucose, insulin, and HOMA-IR in the
fasted LKO mice (Figures S2K, S2L, and S2M). The serum concentrations of triglyceride were similar in LKO
mice and controls (Figure S2N), but the total cholesterol concentration was lower in HFD-fed LKO mice
(Figure S20).

Next, we assessed the EE of the mice by indirect calorimetry. When consuming an HFD, the EE adjusted for
metabolic body mass was significantly higher in LKO than in control mice during both the night and day-
time (Figure 2R), but the ANCOVA-adjusted EE was similar in the two genotypes (Figure 2S). RQ tended to
be lower in LKO mice (Figure S2P), but the serum BHB concentrations were similar in the two groups (Fig-
ure S2Q). Taken together, these results demonstrate that LKO mice are resistant to diet-induced obesity
and protected against hepatic steatosis and insulin resistance when fed an HFD.

The adipose tissue of LKO mice exhibits enhanced insulin signaling and fatty acid oxidation

To assess the insulin sensitivity of key metabolic tissues in LKO mice, we evaluated insulin signaling and
action in the liver, iWAT, eWAT, BAT, and gastrocnemius muscle (GM) after the intraperitoneal injection
of insulin (4 U/kg). AKT phosphorylation at Ser473 and Thr308 was significantly lower in the livers of LKO
mice than controls (Figure 3A), but insulin-stimulated AKT phosphorylation at Serd73 and Thr308 was
much higher in both the IWAT and eWAT of LKO mice (Figures 3B and 3C). However, the AKT
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Figure 3. The white adipose tissue of liver-specific Crif1-deficient mice exhibits greater insulin signaling and fatty
acid metabolism

(A-C) Western blot analysis of AKT phosphorylation in the liver (A), iWAT (B), and eWAT (C) of Ctrl and LKO mice (n = 3
biological replicates per group). Mice were fasted for 6 h and then administered intraperitoneally with insulin (4 U/kg).
One representative experiment of the two conducted is shown.

(D) Representative images of hematoxylin and eosin-stained iWAT and BAT sections from Ctrl and LKO mice (n = 4
biological replicates).

(E) Quantitative PCR analysis of the expression of genes involved in glucose uptake and fatty acid metabolism in the iWAT
of Ctrl and LKO mice (n = 6 biological replicates from two independent experiments).

(F) Western blot analysis of signaling upstream of UCP1 in the iWAT of Ctrl and LKO mice (n = 3 biological replicates). The
results of one representative experiment of the three conducted are shown. Mice were fed a chow diet. Data are mean +
SEM and were analyzed using two-way ANOVA followed by Scheff's post-hoc test in (A-C) and Student’s t test in (E) and
(F) (*p < 0.05 versus Ctrl or Ctrl-Saline). See also Figure S3.

phosphorylation in GM was similar in LKO and control mice, but the AKT phosphorylation at Ser 473 in BAT
was decreased in LKO mice (Figures S3A and S3B).

LKO mice exhibited cellular heterogeneity in their iWAT, but not BAT, upon histological analysis (Fig-
ure 3D). Moreover, the expression of Glut4, Ppara, Cptla, and acyl-CoA dehydrogenase medium chain
(Acadm) and very long chain (Acadvl) were significantly increased in the iIWAT (Figure 3E), but not in the
eWAT, BAT, or GM of LKO mice (Figures S3C and S3D). Interestingly, UCP1 expression was elevated in
the iIWAT and eWAT of LKO mice. Furthermore, the phosphorylation of CREB at Ser133 was significantly
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increased in the iIWAT of LKO mice (Figure 3F). This is consistent with the induction of adipose UCP1
expression in LKO mice. Taken together, these data suggest that hepatic OxPhos dysfunction is associated
with enhanced insulin signaling and fatty acid oxidation in adipose tissue depots.

Transcriptome analysis identifies altered biological pathways and transcripts associated with
adaptive mitochondrial stress in LKO mice

To better understand the effects of hepatic OxPhos dysfunction on systemic energy metabolism, multi-tis-
sue transcriptomic analysis was performed on the liver, iWAT, GM, and hypothalamus of the mice. A Venn
diagram shows the number of transcripts with a significant > +1.5-fold difference in the liver (1,325), iWAT
(251), GM (36), and hypothalamus (17) of LKO mice (Figures S4A and S4B, and Table S2). Pyruvate dehydro-
genase kinase 4 (Pdk4), switching the glucose catabolism to fatty acid utilization, and alkaline ceramidase 2
(Acer2), responding to DNA damage, were commonly increased in liver, iWAT, and GM of LKO mice. The
livers of LKO mice exhibited higher expression of transcripts related to the ISR™, including that of tran-
scripts encoding transcription factors (Nuprl, Atf3, and Atf5), hepatic metabokines (Gdf15 and Fgf21),
and proteins involved in single-carbon (1C) metabolism (Mthfd 1l and Mthfd2) (Figure 4A). Gene set enrich-
ment analysis (GSEA) suggested that CrifT deficiency activated glycolysis (Figure 4B, left panel). Functional
annotation charts based on the KEGG pathway also indicated that gene sets of glutamine, 1C, glycogen,
and fatty acid metabolism were increased in the liver of LKO mice (Figures S4C and S4D, and Table S3),
whereas steroid hormone biosynthesis and transcription factors involved in lipid metabolism were down-
regulated in LKO livers (Figures 4B, right panel, and S4E).

The transcripts associated with browning (Ucp1, Dio2, Cidea, and Cox7a1) and fatty acid oxidation (Ppare,
Cptlb, and Cd36) were upregulated in the iWAT of LKO mice (Figure 4C). The functional annotation chart
and GSEA in iWAT revealed that gene sets related to PPAR, PI3K-AKT, and the cyclic adenosine 3',5'-mono-
phosphate (cAMP) signaling pathways were significantly enriched in the LKO mice (Figures 4D and 4E, and
Table S3), which was confirmed by an increase in insulin signaling in the WAT of LKO mice (Figures 3B and
3F).

Cell non-autonomous factors induced during the ISR™ play a key role in inter-organ communication and
the reprogramming of systemic energy metabolism. We therefore analyzed the differentially expressed
genes (DEGs) termed as secreted proteins in liver and found that transcripts classified as growth factor, im-
mune response, lipoprotein, and mediators related with lipoid and glucose metabolism were associated
with defective OxPhos in liver (Figure 4F). Among the transcripts that have known to improve the insulin
sensitivity, Fgf21 (15.5-fold change) and Gdf15 (7.2-fold change) were mostly increased in the liver of
LKO mice with significance. Mitochondrial OxPhos dysfunction increased not only hepatic Gdf15 and
Fgf21 mRNA expression but also the serum concentrations of GDF15 and FGF21 in the LKO mice (Figures
4G and 4H). In addition, the expression of B-klotho, a co-receptor for FGF21, was also high in the iWAT of
LKO mice, which might be because of greater effects of FGF21 (Figure 41). Taken together, these data show
that mitochondrial OxPhos dysfunction in the liver alters the hepatic transcriptome involved in coordi-
nating the ISR™ (including cell-autonomous and non-cell autonomous factors), and these hepatic changes
were associated with greater insulin action in adipose tissues and the regulation of systemic energy
homeostasis.

Distinct roles of the hepatic metabokines GDF15 and FGF21 in systemic energy metabolism
Although the physiological role of GDF15 and FGF21 have been well established through respective
studies using pharmacological and genetic approaches, it is still unclear how concurrently induced metab-
okines differently act and which is more potential to improve the metabolism.

Therefore, to investigate the roles of these major hepatic metabokines in LKO mice, we generated LKO
mice with global Gdf15 deletion (LGKO) or global Fgf21 deletion (LFKO) on a C57BL/6 background (Fig-
ures S5A and S5B). LGKO and LFKO mice exhibited much lower expression of Gdf15 and Fgf21, respec-
tively, than control mice (Figures S5C and S5D). Interestingly, deficiency of one of these metabokines
did not affect the expression of the other metabokine in LKO mice (Figures S5E and S5F).

Next, we compared the effects of the two hepatic metabokines on systemic energy homeostasis. LGKO

mice had higher body and fat mass than LKO mice (Figures 5A and 5B). Although the ablation of GDF15
increased the food intake of both the GKO and LGKO mice, LKO mice (with endogenous plasma

8 iScience 24, 102181, March 19, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

A i B C ;
6s leer Glycolysis Steroid Hormone Biosynthesis 4 IWAT
: ] @ N
5- § g‘: <§ 0.2 Y |
S 4 5oz }(ES=1A41 5 00 NES=-151 I I
2 Erier E 0.1 [Nominal p-value ='0,007 E Nominal p-value =0,00 ’ o
o 3 & "'V FDR g-value = 0.04 902/ FpRgvalue=0.00 ~_ | Iz, Lar
= SMUpE P 00 S - ) 3 * Mup19 " gy
> 24 -0. 32
s Wl &
1 Cebpa i Mihfd2 reatt
0 LKO (liver) Ctrl (liver) LKO (liver) Ctrl (liver)
“Fold Change (log )5 2 0 2
g 2 Fold Change (logs)
D E
Functional annotation chart in iWAT ETC by Chemio;motic Coupling and Secreted protein
PPAR Signaling Pathway Heat Production by Uncoupling

PPAR signaling pathwa

o
o
e

PI3K-Akt signaling pathwa g e £05 Growth
Rap1 signaling pathwa: @04 | @ 0.4 factor
MicroRNAs in cancer T | /NES=183 203 NEg=181
cAMP signaling pathwa E 0.2/ Nominal p-value =0,00 E02] Norinal p-value = 0.0
' ) . 2 FDR g-value = 0.023 8 0.1 FDR g-value = 0.034
Cytokine receptor interactio 500 ;5§00 s
Pathways in cancer-
LILIL I I
Tuberculosi: == Up =] i
Transcriptional misregulatio ==_Down LKO (iWAT) Ctrl (iWAT) LKO (iWAT) Ctrl (IWAT)
o 5 10 15 20 T—
Gene number response
G H 1
c 12,03 Ctd = 45007 " § %] IWAT | BAT
ke] € B |
17} B LKO £ 3000 . 1) |
@ 104 Ay 2 8 4 , J
5 : £ 1500 S i
X2 8 £ . 3R 3 * |
= 2 5 << . | N * Lipoprotein
< = 6 [0} 20 |
Z 2 ® < | 1.8
z5 400+ €9 |
E 5 41 c 02 I ® Lipid
2 o L 200+ = ! g Metabolism
B 24 o ke : @
E FE X o B & N } Glucose
- metabolism
Gdf1s Fgf21 GDF15 FGF21 18
123123
Ctrl LKO

Figure 4. Liver-specific Crif1 deficiency increases the production of metabokines in liver

(A) Volcano plot showing the DEGs in the liver of LKO mice. The colored dots indicate the DEGs with > +1.5-fold difference from Ctrl mice. The red and blue
dots indicate the upregulated and downregulated transcripts, respectively.

(B) Gene set enrichment analysis (GSEA) using DEGs in the liver of Ctrl and LKO mice.

(C and D) Volcano plot showing the DEGs (C) and top-ranked functional annotation chart (D) in the iWAT of LKO mice. Functional annotation was categorized
using the KEGG pathway in DAVID (ver.4.8), and the results are ordered according to gene number.

(E) GSEA showing the upregulated gene set in the iWAT of LKO mice.

(F) Heatmap of the DEGs classified as “Secreted proteins” in the cellular compartment category (>2-fold difference, p < 0.05 versus Ctrl mice). The genes in
red were the two top-ranked transcripts, Fgf21 and Gdf15 in the liver of LKO mice.

(G) Quantitative PCR analysis of Gdf15 and Fgf21 mRNA expression in Ctrl and LKO livers (n = 5-6 biological replicates from four independent experiments).
(H) Serum GDF15 (n = 6-7 biological replicates) and FGF21 (n = 4-5 biological replicates) in Ctrl and LKO mice. Three independent experiments were
performed.

(1) Quantitative PCR analysis of Klb and Fgfric mRNA expression in adipose tissue of mice (n = 6 biological replicates).

The mice were studied at 8-9 weeks of age and fed a chow diet. Data in (G-I) are mean £ SEM. Statistical analyses were performed using Student's t test in
(G-1) (*p <0.05, **p <0.01, ***p < 0.001 versus Ctrl). The data in (D) were analyzed using a modified Fisher's exact p value (*p <0.05, **p < 0.01, ***p < 0.001).
Un.d, undetectable. See also Figure S4.

concentrations of GDF15 of 308 £88.04 pg/mL) consumed similar amounts of food as controls (Figure 5C).
By contrast, LFKO mice exhibited similar body and fat mass gains to LKO mice (Figures 5D and 5E) as well as
foodintake (Figure 5F). glucose tolerance test (GTT) revealed that glucose clearance was better in LKO and
LGKO mice thanin controls (Figure 5G), but LGKO mice showed an intermediate glucose disposal rate dur-
ing insulin tolerance test (ITT) (Figure 5H), which suggests that GDF15 affects insulin-stimulated glucose
disposal. By contrast, LFKO mice showed high blood glucose concentrations 15 min after glucose

iScience 24, 102181, March 19, 2021 9




¢? CellPress

OPEN ACCESS

A B C
35+ 359 ctrl =3 GKO
304 == LKO == LGKO
5 304 e 25 o —
Zos] _s-5-8 s 5 20 9%
B W i‘ 2 15 =
g 204 /——H”i < - % 8
> 45 -0 Ctrl g’ 6 * _# gf,
] -~ LKO 4 '_] Iy Og
s} e L
104 -4 GKO 2
-+ LGKO T
5- 0- 0__|_Y_|_|_|_
6 7we8eksg 10 LBM FM D1 D2 D3 D4 D5
D E F
30+ 45 = ctl =3 FKO
== LKO m=mm LFKO
—~ 25 L3 o s
2 -F 28 ASO &
£ 201 VQ_'L-/' C 29
o] = 29
H ° gc
> 1870 ctl g 5%
B -~ LKO 8
@ 109 -e- FKO =
—— LFKO
5- O——T—T—T 71—
6 7we8ek39 10 LBM FM D1 D2 D3 D4 D5
G
400+ 120 500
e} 5 o 5
= S 2 2 400+
300 = Q >
£ £ 23 €
g 3 35 g 00
8 200+ 8 o) g Q
3 El 3 S 200+
'g) 100 5 a S o
g o- Ctl -&- GKO S @ o S 100
e ~e— LKO =+~ LGKO < S <
O 7711711 T T T T T 0-
0 15_30 60 90 120 0 15 30 60 90 120
Time (min) Time (min)
J
400+ 18004  p=0.483 120+
= = *k — =
g T 1500 2 5
| [e)) o 6 o \ o))
% 800 £ 12004 + g § £
8 2 900 25 2
S 200 S g8 g
> S 6004 8 o =
3 O o e] &)
8 100 o cti -+ FKO S 300 ® 2
@ - LKO — LFKO =t . = <
T T T T T T — T T T T T T
0 15_30 60 90 120 6”\9{9{9 0 15_30 60 90 120
Time (min) ~ Q\g Time (min)

Figure 5. GDF15 regulates body and fat mass, and FGF21 regulates glucose clearance in liver-specific Crif1-
deficient mice fed a chow diet

(A) Body masses of Ctrl, LKO, GKO, and LGKO mice (n = 7 biological replicates from five independent experiments).
(B) Body composition, measured by DXA, of Ctrl, LKO, GKO, and LGKO mice (n = 7-11 biological replicates from three
independent experiments).

(C) Cumulative food intake over 5 days in Ctrl, LKO, GKO, and LGKO mice housed in individual cages (n = 7-11 biological
replicates).

(D) Body masses of Ctrl, LKO, FKO, and LFKO mice (n = 8-12 biological replicates from two independent experiments).
(E) Body composition, measured by DXA, of Ctrl, LKO, FKO, and LFKO mice (n = 7-10 biological replicates from two
independent experiments).

(F) Cumulative food intake over 5 days in Ctrl, LKO, FKO, and LFKO mice (n = 8-12 biological replicates from two
independent experiments).

(G) Glucose tolerance test (left panel) and glucose area under the curve (AUC, right panel) after fasting for 6 h in Ctrl, LKO,
GKO, and LGKO mice (n = 6-7 biological replicates per group from three independent experiments).

(H) Insulin tolerance test (left panel) and glucose area under the curve (AUC, right panel) in Ctrl, LKO, GKO, and LGKO
mice fasted for 6 h (n = 6-7 biological replicates per group from three independent experiments).
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Figure 5. Continued

(1) Glucose tolerance test (left panel) and glucose area under the curve (right panel) in Ctrl, LKO, FKO, and LFKO mice
fasted for 6 h (n = 7-8 biological replicates from three independent experiments).

(J) Insulin tolerance test (left panel) and glucose area under the curve (right panel) in Ctrl, LKO, FKO, and LFKO mice
fasted for 6 h (n = 7-8 biological replicates from three independent experiments).

The mice were studied at 8-10 weeks of age and fed a chow diet. Data are expressed as the mean + SEM and were
analyzed by ANOVA followed by Scheff's post-hoc test (*p < 0.05 versus Ctrl, **p<0.001, #p < 0.05 for LKO versus DKO,
&p < 0.05 for LKO versus GKO or FKO). See also Figure S5.

challenge and intermediate insulin tolerance, when compared with LKO mice, which indicates that FGF21
affects acute glucose clearance and disposal (Figures 51 and 5J). Taken together, these data suggest that
hepatic GDF15 secretion in the context of the ISR™ regulates body and fat mass, regardless of food intake,
whereas hepatic FGF21 has a glucose-lowering effect. Thus, both metabokines influence insulin-stimulated
glucose disposal.

Fgf21 deficiency is associated with less browning and lower systemic energy expenditure in
LKO mice

Next, to dissect the mechanism whereby hepatic metabokines affect insulin signaling in the WAT and the
EE of LKO mice, we measured the insulin-induced AKT phosphorylation in the iIWAT of double knockout
mice. LGKO mice showed consistently an increase in insulin-induced AKT phosphorylation at Thr308 in
iWAT (Figures 6A and S6A). Moreover, the high expression of Glut4, Ucp1, and Cpt1a/b that was identified
in the IWAT of LKO mice remained in LGKO mice (Figure 6B), whereas LFKO mice showed a decrease in
both phosphorylation at Thr308 and Ser473 in iWAT following intraperitoneal insulin injection (Figures
6B, 6C, and S6B). Interestingly, the expression of Ucp1 and Cptl a/b was significantly lower in LFKO
mice than in LKO mice (Figure 6D). EE was significantly higher in LGKO mice than in control mice during
the night (Figure 6E), even though the physical activity of the two groups was similar (Figure 4F). By contrast,
the high EE in LKO mice (day, p = 0.1385; night, p = 0.0535) was significantly reduced in LFKO mice, despite
similar physical activity (Figures 6G and 6H), which suggests that FGF21 is required for the high EE in LKO
mice. Taken together, these data suggest that FGF21 increases not only insulin signaling and EE but also
the expression of genes involved in energy metabolism in the iIWAT. However, GDF15 is involved the
glucose disposal mediated by insulin, not required for the improvements in energy homeostasis in mice
that have aberrant hepatic OxPhos.

GDF15 contributes to the prevention of hepatic steatosis in LKO mice fed a high-fat diet

To verify whether hepatic metabokines confer resistance to diet-induced obesity, all the groups of mice
were fed an HFD for 8 weeks. LGKO mice showed greater body mass gain than LKO mice, but that of
the LFKO mice was similar to that of the LKO mice when consuming an HFD (Figures 7A and 7B). The
masses of the iIWAT, eWAT, and BAT depots were much higher in LGKO mice than in LKO mice, but
Fgf21 deficiency did not alter the masses of adipose tissue depots in LKO mice (Figures 7C and 7D), which
suggests that GDF15 influences the body and fat mass of LKO mice fed an HFD.

The glucose clearance during GTT by HFD-fed LGKO and LFKO mice was similar to that of LKO mice (Fig-
ures 7E and 7G), but LGKO mice exhibited an intermediate rate of glucose disposal after insulin stimulation
(Figures 7F and 7H), which implies that GDF15, but not FGF21, is required for effective insulin action in mice
fed an HFD. Because of the lower hepatic lipid accumulation in LKO mice fed an HFD, we next analyzed the
liver histology of double knockout mice. LGKO livers contained larger numbers of intracellular lipid drop-
lets than LKO mice, whereas LFKO livers contained fewer lipid droplets (Figure 71). This suggests that the
GDF15 that is secreted in response to the ISR™ may protect against hepatic fat deposition in LKO mice fed
an HFD.

DISCUSSION

Recent studies have revealed that mitochondrial OxPhos dysfunction or proteotoxic stress can elicit an
adaptive hormetic response to overcome the initiating abnormalities, which are paradoxically associated
with improvements in systemic energy metabolism (Bhaskaran et al., 2018; Kleinridders et al., 2013; Pos-
pisilik et al., 2007) and greater longevity in multiple organisms (Feng et al., 2001; Houtkooper et al., 2013;
Kirchman et al., 1999; Liu et al., 2005; Owusu-Ansah et al., 2013). These benefits are thought to be medi-
ated by metabokines (Chung et al., 2017b; Durieux et al., 2011; Kim et al., 2013; Ost et al., 2016). The liver
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Figure 6. FGF21 increases insulin signaling and the expression of fatty acid metabolic genes in the iWAT of liver-
specific Crif1-deficient mice

(A) Western blot analysis of AKT phosphorylation in the IWAT of Ctrl, LKO, GKO, and LGKO mice. Mice were fasted for 6 h
and then injected intraperitoneally with insulin (4 U/kg). The results of one representative experiment of the two
conducted are shown.

(B) Quantitative PCR analysis of genes involved in glucose transport and fatty acid oxidation in the iWAT of Ctrl, LKO,
GKO, and LGKO mice (n = 5 biological replicates from two independent experiments).

(C) Western blot analysis of AKT phosphorylation in the iWAT of Ctrl, LKO, FKO, and LFKO mice. Mice were fasted for 6 h
and then injected intraperitoneally with insulin (4 U/kg). The results of one representative experiment of the two
conducted are shown.

(D) Quantitative PCR analysis of genes involved in glucose transport and fatty acid oxidation in the iWAT of Ctrl, LKO,
FKO, and LFKO mice (n = 5 biological replicates from two independent experiments).

(E) EE per metabolic body mass (BM®7%) in Ctrl, LKO, GKO, and LGKO mice (n = 8-12 biological replicates). After 2 days of
acclimatization, EE was measured for 2 days.

(F) Locomotor activity in Ctrl, LKO, GKO, and LGKO mice housed in individual cages (n = 8-9 biological replicates).
Activity was monitored after 1 day of acclimatization.

(G) EE per metabolic body mass (BM%7%) in Ctrl, LKO, FKO, and LFKO mice (n = 7 biological replicates).

(H) Locomotor activity in Ctrl, LKO, FKO, and LFKO mice housed in individual cages (n = 8-11 biological replicates). Data
are expressed as the mean + SEM and were analyzed by ANOVA followed by Scheff's post-hoc test (*p < 0.05 versus Ctrl,
#p < 0.05 for LKO versus DKO, &p < 0.05 for LKO versus GKO or FKO). See also Figure Sé.

is one of the first organs to respond to dietary factors (Kraegen et al., 1991) and demonstrates metabolic
plasticity and flexibility of its mitochondria to permit adaptation to changes in bioenergetic demand (Ko-
liaki and Roden, 2016). Liver-specific Cpt2-deficient mice exhibited improvements in metabolism that were
associated with high serum concentrations of GDF15 and FGF21 (Lee et al., 2017), but the direct effects of
changes in the secretion of these hepatic metabokines on energy metabolism were not described. More-
over, almost all studies have displayed the concurrent induction of GDF15 and FGF21 in response to
key regulators of ISR™, including CHOP and ATF4, but did not distinguish the metabolic role of each
metabokine. In the present study, we created a mouse model of liver-specific OxPhos dysfunction and
characterized the hepatic adaptive response, which we found to involve both cell-autonomous and
cell non-autonomous signaling. We suggest that mitochondrial stress in hepatocytes results in (1)
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Figure 7. Genetic ablation of Gdf15 in LKO mice worsens hepatic steatosis, independent of insulin sensitivity

(A) Body masses of Ctrl, LKO, GKO, and LGKO mice fed a high-fat diet (60% fat) from 6 to 14 weeks of age (n = 7 biological replicates from two independent
experiments).

(B) Body masses of Ctrl, LKO, FKO, and LFKO mice fed a high-fat diet from 6 to 14 weeks of age (n = 6-8 biological replicates from two independent
experiments).

(C) Tissue masses per unit body mass of Ctrl, LKO, GKO, and LGKO mice fed a high-fat diet (n = 7-8 biological replicates from two independent
experiments).

(D) Tissue masses per unit body mass of Ctrl, LKO, FKO, and LFKO mice fed a high-fat diet (n = 5 biological replicates from two independent experiments).
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Figure 7. Continued

(E and F) Glucose tolerance (E) and insulin tolerance test (F) data for Ctrl, LKO, GKO, and LGKO mice fed a high-fat diet (n = 5-8 biological replicates from
two independent experiments).

(G and H) Glucose tolerance (G) and insulin tolerance test (H) data for Ctrl, LKO, FKO, and LFKO mice fed a high-fat diet (n = 5 biological replicates from two
independent experiments).

(I) Representative hematoxylin and eosin-stained liver sections from Ctrl, LKO, GKO, LGKO, FKO, and LFKO mice fed a high-fat diet for 8 weeks (n = 4-5
biological replicates).

(J) A schematic model showing consequence upon hepatic ISR™ and action of GDF15 and FGF21 in those mice. All data are expressed as the mean + SEM
and were analyzed using ANOVA followed by Scheff's post-hoc test (*p < 0.05 versus Ctrl, #p < 0.05 for LKO versus DKO, &p < 0.05 for LKO versus GKO or
FKO).

insulin-independent alterations in cellular energy metabolism and (2) systemic modulation of energy ho-
meostasis through the different actions of the hepatic metabokines GDF15 and FGF21.

In LKO mice, the reduction in hepatic OxPhos activates glycolysis and insulin-independent glucose uptake,
which seems to compensate for the energy deprivation. Although the hepatocytes of LKO mice use
different pathways for their energy production, the size of glycogen storage granules and the expression
of genes involved in gluconeogenesis and lipogenesis were lower in LKO livers. Although the detailed
mechanism underlying the reduction in gluconeogenesis associated with OxPhos dysfunction was not
defined in the present study, we identified reductions in the expression of transcription factors that regu-
late glucose and lipid metabolism, including Foxo3, ChREBP, and Srebp1/2, in the livers of LKO mice, which
suggests that there is cross talk between mitochondrial OxPhos and the nucleus to maintain gluconeogen-
esis and lipid metabolism. Another effect of mitochondrial OxPhos deficiency was that hepatic insulin
signaling, as assessed by the measurement of insulin-induced AKT phosphorylation, was markedly
impaired in LKO livers. In contrast to the phenotype of the LKO mice, liver-specific apoptosis-inducing fac-
tor (Aif) knockout mice exhibited an improvement in hepatic insulin signaling, even though hepatic OxPhos
was also impaired (Pospisilik et al., 2007). This discrepancy may be due to the differing levels of proteotoxic
or oxidative stress. A deficiency of hepatic Aif does not change the intracellular or extracellular reactive ox-
ygen species (ROS) concentrations compared with controls, but Crif1-deficient cells exhibit significantly
higher mitochondrial ROS production (Kim et al., 2012) and proteotoxic stress, which lead to additional im-
pairments in mitochondrial OxPhos.

In the present study, we have demonstrated that GDF15 and FGF21 are hepatic metabokines that modu-
late systemic energy metabolism in LKO mice (Figure 7J). Metabokines are well-known biomarkers of mito-
chondrial pathology (Davis et al., 2016), as well as important regulators of systemic energy metabolism. The
promoters of Gdf15 and Fgf21 contain binding sites for transcription factors, such as CHOP and ATF4,
respectively (Chung et al., 2017b; De Sousa-Coelho et al., 2012), which increase the levels of both metab-
okines during the ISR™. Most studies conducted to date focused on the role of single metabokines in the
regulation of insulin sensitivity and EE, whereas we have distinguished the differential effects of hepatic
metabokines using double knockout LKO/Gdf15~/~ (LGKO) and LKO/FngT’/’ (LFKO) mice. We have iden-
tified a role for GDF15 in the regulation of body mass, fat mass, and insulin-dependent glucose disposal in
LKO mice, whereas FGF21 improves insulin sensitivity and glucose homeostasis. Moreover, FGF21 ablation
reduced EE and the induction of UCP1 in the iWAT of chow diet-fed LKO mice. Interestingly, we also found
that GDF15 protects against hepatic steatosis and insulin resistance in mice fed an HFD, which was in
contrast to our finding of fewer hepatic lipid droplets in FGF21-deficient mice. Although the underlying
mechanism whereby GDF15 protects against hepatic steatosis is unclear, our data suggest that GDF15
and FGF21 have differing roles in liver fat homeostasis.

Recent studies have demonstrated effects of FGF21 (Ost et al., 2016) and GDF15 (Ost et al., 2020) secreted
by muscle using skeletal muscle-specific Ucp 1 transgenic (TG) mice. The TG mice exhibited a skeletal mus-
cle-specific mitochondrial stress response, but an improvement in systemic energy metabolism. However,
contrary to our findings, these studies demonstrated that skeletal muscle-derived FGF21 was not required
for the improvements in EE and insulin sensitivity (Ost et al., 2016). This discrepancy may be explained by
differences in the responsiveness of mice of different ages to FGF21. The previous study was conducted in
40-week-old mice, and the serum FGF21 concentrations of the wild-type mice were ~2 ng/mL, which was
10 times higher than the concentrations in the control mice in the present study, which suggests that older
mice may be FGF21 resistant. Although the molecular mechanism underlying FGF21 resistance requires
elucidation (Markan et al., 2017), aging is known to increase the FGF21 concentration and is negatively
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associated with FGF21 responsiveness (Villarroya et al., 2018). Another difference between the present
study and that of the Ucp1-TG mice regards whether GDF15 plays an important role in the UCP1-depen-
dent browning of iWAT. Browning in the Ucp1-TG mice was abolished in TG/Gdf15~"~ mice, which con-
trasts with our finding that genetic ablation of Gdf15 does not alter Ucp1 induction in LKO mice. GDF15
has an anti-inflammatory role in adipose-resident macrophages because it promotes M2-like polarization
(Jung et al.,, 2018), which is favorable for browning (Nguyen et al., 2011). Given that adipose inflammation
gradually increases with age (Schaum et al., 2019), the potential for browning would be maximized in older
mice through the activation of M2 macrophages. Our in vivo experiments were conducted in young mice
(8-10 weeks of age), which may have reduced the impact of GDF15 on the immune cells that favor the
browning of adipose tissue.

In our previous studies, we developed mice with mitochondrial OxPhos dysfunction caused by CrifT defi-
ciency in a tissue-specific manner (brain, adipose tissue, skeletal muscle, B-cell, and macrophage) (Choi
et al., 2020; Chung et al., 2017b; Jung et al., 2018; Kim et al., 2012, 2015). However, induction of metabo-
kines (GDF15, FGF21) were not observed in every genetic model. Mice with Crif1 deficiency in B-cells and
macrophages exhibited normal or reduced expression of metabokines, respectively, whereas deletion of
Crif1in adipose and skeletal muscle showed significantly increased metabokine levels, suggesting that the
mitohormetic effects and induction mechanism can vary tissue specifically.

As mentioned, we developed adipose-specific Crif1 KO mice (AdKO) (Choi et al., 2020) and observed the
roles of GDF15 and FGF21 in this model. We postulated that the metabolic effects of these metabokines
can vary depending on which tissue produces the metabokines. Several studies suggest that liver, but not
the adipose tissue, produces the circulating FGF21 in DIO mice (Markan et al., 2014) or in mice exposed to
cold (Ameka et al., 2019), which regulated glucose disposal or core body temperature, respectively. At least
in these conditions (DIO, acute cold exposure), FGF21 derived from adipose tissue was insufficient to
enhance the glucose disposal or regulate core body temperature. In agreement with these studies,
AdKO mice fed a chow diet showed only modest changes in glucose and insulin tolerance as well as EE
despite induction of GDF15 and FGF21 in white adipose tissue. In contrast to ADKO mice, LKO mice
fed a chow diet showed improved insulin tolerance. The effects on hepatic steatosis in mice fed an HFD
also differed between the two studies. In DIO-AdJKO mice, both GDF15 and FGF21 protected from hepatic
fat accumulation, whereas in DIO-LKO mice, only GDF15 showed a protective effect on hepatic fat
accumulation.

The previous study using male GDF15KO mice exhibited similar EE and cumulated food intake as controls,
but the fat mass was significantly increased in GDF15KO mice at 12-14 weeks of age (Tsai et al., 2013). How-
ever, the male GKO mice used in this study manifested similar body and fat mass with controls at 10 weeks
of age, which was consistent with another study observing the body and fat mass in GDF15KO mice up to
95 weeks of age (Ost et al., 2020). Moreover, unlike with the previous study, our male GKO and LGKO mice
exhibited significantly increased cumulative food intake for 5 days. This discrepancy can be caused by dif-
ferences in the normalization of food intake. The previous study displayed modest changes in food intake,
which was normalized to the total body weight, despite a different body composition (Tsai et al., 2013).
However, according to the guidelines for measuring energy intake and expenditure in mice, simple division
by body weight can overlook the relationship between body composition (fat and lean mass) and energy
metabolism (Tschop et al., 2011). This approach can only be adjusted in the case that the intercept of
regression line between mass and EE is zero.

GDF15 has a potent anorexigenic effect that is exerted via activation of the brainstem receptor GFRAL (Hsu
etal., 2017; Yang et al., 2017). Recent work has suggested that GDF15 administration affects food intake by
activating GFRAL (Borner et al., 2020). Although the mice were administered a low dose of GDF15 (20 png/
mL) in this study, the dose is still high compared with the normal physiological levels of GDF15 (~100 pg/mL
in C57BL/6 mice) (Patel et al., 2019). However, LKO mice with serum GDF15 concentrations of ~300 pg/mL
did not exhibit any differences in food intake, which was consistent with the phenotypes of several mouse
models that had endogenous serum GDF15 concentrations of ~400 pg/mL (Choi et al., 2020; Kim et al.,
2018; Ost et al., 2020). Pharmacological doses of recombinant GDF15 induce emesis and nausea, and
lead to about 60-fold higher concentrations than the serum GDF15 concentrations in the LKO mice.
Further evidence may be obtained from study of the soluble form of GFRAL, GFRAL-B (Li et al., 2005).
GFRAL has two splice variants: GFRAL-A, a membrane-bound full-length form, and GFRAL-B, which lacks
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the cysteine-rich domain 3. Although the expression of GFRAL-A and B is restricted to certain brain regions,
it still needs to be determined whether the soluble form of GFRAL can bind to circulating GDF15. GDF15
activity and the concentration threshold required for its effects on systemic energy metabolism may be
regulated by this soluble form of GFRAL. Therefore, further study is required to determine whether soluble
GFRAL has a role in metabolism.

Limitations of the study

Although the expression of Fgf21 and Gdf15 was only increased in the livers of LKO mice, it is difficult to
exclude an effect of the basal expression of these genes in other tissues on the mouse phenotype. Accord-
ing to previous study findings, global Gdf15knockout mice does not alter blood glucose, insulin tolerance,
or EE in male mice (Tsai et al., 2013). In addition, Fgf21 knockout mice did not show a difference in blood
glucose in the fed state (Liang et al., 2014; Potthoff et al., 2009). However, during fasting conditions, Fgf21
deficiency markedly impaired expression of key enzymes for gluconeogenesis (Liang et al., 2014). Further-
more, we only evaluated WAT browning by FGF21 and GDF15 in vivo and hence cannot exclude indirect
effects of these metabokines on metabolism. Finally, in a recent study, GDF15 was shown to be required for
the effect of the hepatic sympathetic outflow on triglyceride metabolism (Luan et al., 2019); therefore, the
hepatic abnormalities in the LKO mice may have altered some of the central actions of endogenous GDF15.
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Transparent Methods

Mice

All the experiments were performed in homozygous male mice. Liver-specific Crif1-deleted mice (LKO) were

17 control). Albumin-Cre mice

generated by crossing Albumin-Cre transgenic mice and floxed-Crif1 mice (Crif
were purchased from the Jackson Laboratory (Tg[Alb-Cre]21Mgn) and had been backcrossed on to the
C57BL/6J background, and floxed-Crif1 mice were generated as previously described (Kwon et al., 2008).
GDF15 null mice (Gdf157", GKO) and FGF21 null mice (Fgf21”~, FKO) were kindly provided by Dr. S. Lee
(Johns Hopkins University School of Medicine, Baltimore, MD) and Dr. N. Itoh (Kyoto University Graduate
School of Pharmaceutical Sciences), respectively. These null mice were crossed with floxed-Crif1 and
Albumin-Cre transgenic mice to generate LGKO (LKO/Gdf157") and LFKO (LKO/Fgf217"), respectively. The
mice were housed in a specific pathogen-free facility at the Preclinical Research Centre of Chungnam National
University Hospital (CNUH-019-A0077) under a 12 h light/12 h dark cycle, at an ambient temperature of

22+2 °C and at a relative humidity of 40—60%. They were fed a chow diet (Teklad global 18% protein, 2918C,
ENVIGO) and used in the experiments at 8—10 weeks of age. Diet-induced obesity (DIO) was induced by
feeding an HFD (60% of total energy intake as fat, TD.06414, ENVIGO) for 8 weeks, starting at 6 weeks of

age. All the experimental procedures complied with the guidelines of and were approved by the Institutional

Animal Care and Use Committees.

Primary hepatocyte isolation and culture

As previously described (Kang et al., 2017; Yi et al., 2014), in situ perfusion was conducted in control and LKO
mice for the isolation of primary hepatocytes using EGTA solution (0.5 mM EGTA, 25 mM Tricine, 5.4 mM KCI,
0.44 mM KH2PO4, 140 mM NaCl, 0.34 mM NazHPO4, pH 7.2) and collagenase solution (0.8 mg/ml collagenase
type | in Hank’s Balanced Salt Solution; Worthington, Freehold, NJ, USA) for 30 min. The suspensions were
then filtered using 70 pm cell strainers (BD Falcon, Millville, NJ, USA) and centrifuged at 1,000 X g for 5 min.
The pelleted cells were resuspended and isolated with 40% Percoll solution (GE Healthcare, Buckingham, UK)

at 1,200 X g for 10 min at 4°C, and the isolated primary hepatocytes were seeded in Medium 199 (Sigma



Aldrich, MO, USA) containing 10% foetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) and 1%

penicillin and streptomycin (Welgene, Daegu, South Korea) at a density of 3 X 10° cells per well.

Blue native polyacrylamide gel electrophoresis (BN-PAGE)

For the mitochondrial isolation, 30 mg of liver tissue were homogenized in isolation buffer (210 nM mannitol, 70
mM sucrose, 1 mM EGTA, 5 mM HEPES, pH 7.2) using WiseStir (HS-30E, Daihan, Wonju, South Korea). The
samples were then centrifuged at 600 X g for 10 min at 4°C and the supernatants were re-centrifuged at
17,000 X g for 10 min at 4°C. The pelleted mitochondria were resuspended and the constituent proteins
separated using a Native PAGE Novex Bis-Tris Gel system (Invitrogen). To quantify the mitochondrial OxPhos
complexes, 30 ug of each mitochondrial fraction in Native PAGE sample buffer (Invitrogen) and 10% n-
dodecyl-B-D-maltoside were loaded onto Native PAGE 3-12% Bis-Tris gels. After electrophoresis, the
separated proteins were transferred to PVDF membranes using iBlot gel transfer stacks (Invitrogen) and fixed
in 8% (v/v) acetic acid. After overnight drying, the membranes were incubated with anti-OxPhos complex
cocktail (#457999, Invitrogen; sc-58347, Santa Cruz) for 90 min and visualized using a Western Breeze

Chromogenic Western Blot Immuno-detection kit (Invitrogen).

Oxygen consumption rate

The mitochondrial OCR and extracellular acidification rate (ECAR) were measured using a Seahorse XF-24
extracellular flux analyzer (Seahorse Bioscience, North Billerica, MA, USA). Primary hepatocytes were isolated
and cultured overnight at a concentration of 1 X 10* cells per well on Seahorse XF-24 plates. The calibration
cartridge (#102416-100, Seahorse Bioscience) was hydrated using calibration buffer (#100840-000, Seahorse
Bioscience) 1 day prior to the analysis and incubated at 37°C in a non-CO»-containing incubator. The cells
were then washed and incubated in XF Assay medium lacking sodium bicarbonate (#102365-100, Seahorse
Bioscience) at 37°C in a non-CO»-containing incubator for 1 h. The calibration plate was then loaded into the
Seahorse XF-24 analyzer and calibration was performed for 30 min at 37°C. The OCR and ECAR were then

analyzed at baseline and following the addition of three mitochondrial inhibitors: oligomycin (2 ug/ml), CCCP



(10 uM) and rotenone (1 uM). The measurements were programmed for four cycles of 2 min of mixing, 2 min

of waiting and 3 min of measurement at both baseline and following the addition of each inhibitor.

Glycolysis assay

Glycolysis was assessed in primary hepatocytes by measuring the ECAR using a Seahorse XF Glycolysis
Stress Test Kit (#103020-100, Seahorse Bioscience) and the Seahorse XF-24 extracellular flux analyzer.
Primary hepatocytes were seeded at a concentration of 1 X 10* cells per well in Seahorse XF Culture
Microplates. The calibration cartridge was hydrated at 37°C in a non-CO,-containing incubator 1 day before the
assay. The growth medium was replaced with Seahorse XF Base Medium (#103193-100, Seahorse
Bioscience) containing glutamine (1 mM) and the cells were incubated at 37°C in a non-CO2-containing
incubator for 1 hour. To measure the ECAR, three reagents were used: glucose (10 mM), oligomycin (1 uM)
and 2-deoxyglucose (50 mM). These measurements were conducted over three cycles of 2 min of mixing, 2

min of waiting and 3 min of measurement at baseline and following the addition of each chemical.

Transmission electron microscopy

The livers of control and LKO mice were cut into 1 mm?3 specimens and pre-fixed with 2.5% glutaraldehyde in
pH 7.4 phosphate buffer (0.1 M) overnight at 4°C. The specimens were then washed in phosphate buffer three
times for 10 min, which was followed by post-fixation using 1% osmium tetroxide (0.1 M) in phosphate buffer
for 1 h at 4°C. After dehydration in a graded series of ethanol mixtures (50%, 75%, 90%, 95% and 100%), the
ethanol were replaced by propylene oxide and mixtures of Embed 912 resin (EMS). After embedding and
polymerization in fresh resin for 24 hours, the blocks were sectioned at 80 nm on an ultramicrotome (Leica,
Bensheim) using a diamond knife and mounted on 200-mesh copper grids. The sections were then stained
with uranyl acetate and lead citrate, and examined using a Le0912 transmission electron microscope (Carl

Zeiss, Oberkochen) at 120 kV.

Quantitative real-time PCR (QPCR)



Tissues were homogenized using a TissueLyser |l (Qiagen) and RNA was isolated using TRIzol™ Reagent
(15596018, Life Technologies, Thermo Fisher Scientific). cDNA was synthesized from the RNA (5 pg) using
Oligo(dT)15 Primer (Promega) and M-MLV Reverse Transcriptase (Thermo Fisher Scientific). QPCR was
performed using a 7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA) and GoTaq qPCR
Master Mix (BRYT Green, Promega). Relative quantification was performed using Applied Biosystems 7500
Software (ver. 2.0.6) and the AACT method, and gene expression was normalized to that of 18s rRNA. The

primers used are listed in Table S1.

Glucose uptake assay

Isolated primary hepatocytes were seeded at a density of 1 X 105 cells per well in a sterile 96-well plate and
incubated for 24 h before the assay. The cells were serum-starved for 2 h and incubated in 2% BSA/KPRH
buffer (20 mM HEPES, 5 mM KH2PQO4, 1 mM MgSOs, 1 mM CaClz, 136 mM NaCl, 4.7 mM KCI, pH 7.4) for 40
min. Some of the wells were treated with insulin (1 uM, 19278, Sigma Aldrich) in KPRH buffer for 20 min.
Glucose uptake was measured using 2-DG and a Glucose uptake assay kit (ab 136955, Abcam, Cambridge,
UK), according to the manufacturer’s instructions. Glucose uptake was calculated according to the colorimetric
change, which was measured using a microplate reader (VersaMax, Molecular Devices) at 412 nM at 2 min

intervals.

Western blotting

Mouse tissues were homogenized using a TissuelLyser Il in lysis buffer (50 mM Tris-HCI, pH 7.4; 150 mM
NaCl; 1 mM EDTA, pH 8.0; 0.1% Triton X-100) containing a protease inhibitor cocktail (#11836145001, Roche,
Basel, Switzerland) and phosphatase inhibitors (04906837001, Roche) on ice for 30 min. After centrifugation at
16,000 g for 15 min, the protein concentrations of the supernatants were measured using a BCA protein assay
(#23227, Thermo Fisher Scientific). Fifty micrograms of protein per sample were loaded onto 8—-12%
polyacrylamide gels and electrophoresis was performed. The separated proteins were then electrotransferred
to 0.45 um PVDF membranes (#IPVH00010, Millipore) at 200 mA for 2 h. Membranes were blocked with 5%

skimmed milk (#T145.2, Roth) in TBS/T buffer (20 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.6) for 1 h and



then incubated with primary antibodies overnight at 4°C. After washing three times with TBS/T, the membranes
were incubated with secondary antibodies for 1 h at room temperature and then visualized using ECL solution
(#34580, Thermo Fisher Scientific). Target protein levels were normalized to those of B-actin, a-tubulin or

glyceraldehyde 3-phosphate. The antibodies used are listed in Table S4.

Hematoxylin and eosin (H&E) staining

Liver, iWAT and BAT samples were obtained from male control, LKO, GKO, LGKO, FKO and LFKO mice that
had been fed a chow or HFD (60% fat) for 8 weeks. The tissues were fixed in 10% neutral formalin (BBC
Biochemical, Mt. Vernon, WA, USA) overnight and then embedded in paraffin wax. After sectioning (4 um
thickness), the tissue samples were deparaffinized by three immersions in xylene for 4 min each and washed
with a graded ethanol series for 2 min each. After washing with distilled water for 4 min, the tissue sections
were stained with hematoxylin (S2-5, YD Diagnostics, Yongin, South Korea) for 4 min and eosin (#HT1101128,
Sigma Aldrich) for 3 min. The sections were then dehydrated with a graded ethanol series for 2 min each and
immersed three times in xylene for 4 min each, and then mounted and examined using an upright microscope

(#BX53, Olympus, Tokyo, Japan).

Glucose tolerance and insulin tolerance testing

For glucose (GTT) and insulin (ITT) tolerance testing, mice were fasted for 6 h from 08:00 to 14:00. GTT was
conducted by the intraperitoneal injection of 2 g/kg glucose (dextrose, Choongwae) in chow diet-fed mice or 1
g/kg glucose in HFD-fed mice. For ITT, mice were injected intraperitoneally with 0.75 U/kg insulin (Humalog,

Lilly, Indianapolis, IN, USA). After each injection, the glucose concentrations of tail vein blood were measured

after 0, 15, 30, 60, 90 and 120 min using a glucometer (Accu-Chek Active, Roche).

Serum biochemical measurements

Blood was collected from a retro-orbital sinus, incubated at room temperature for 2 h and then centrifuged at

600 g for 5 min to obtain serum. Serum triglyceride, cholesterol, GOT/AST and GPT/ALT (#1650, #1450,



#3150, #3250, Fujifilm) were measured using a Fuji DRI-CHEM 7000i (Fuijifilm, Tokyo, Japan). The insulin (80-
INSMSU-EO1, Alpco), GDF15 (MGD150, R&D Systems, Minneapolis, MN, USA), FGF21 (MF2100, R&D
Systems), leptin (MOBO0O0, R&D Systems), lactate (#K607-100, Bio Vision, Milpitas, CA, USA) and [3-
hydroxybutyrate (Free Style Optium H B-Ketone, Abbott, lllinois, USA) concentrations were determined in

serum.

Body composition and indirect calorimetry

Lean body mass (LBM) and fat mass (FM) were measured by dual energy X-ray absorptiometry (DXA)
(Medikors, Seongnam, South Korea) in control, LKO, GKO, LGKO, FKO and LFKO mice fed a chow diet or an
HFD (60% fat). The total body, lean and fat masses were automatically quantified using InAlyzer (ver. 1.00).
EE was measured by indirect calorimetry. Before this measurement, the mice were placed in individual
metabolic cages and acclimatized for 2 days. Oxygen consumption (VO.), carbon dioxide production (VCO>),
EE, respiratory exchange rate (RER), physical activity and food intake were measured every 3 minutes using
an OxyletProTM system (Panlab, Barcelona, Spain). The mean values for the daytime (from 08:00 to 18:00)

and night-time (from 18:00 to 08:00) were calculated using METABOLISM software (ver. 2.2, Panlab).

RNA sequencing

RNA was isolated from the liver, iWAT, GM and hypothalamus of 8-week-old control and LKO mice. To
construct cDNA libraries, 1 ug RNA and a TruSeq RNA Library Prep Kit v2 (RS-122-2001, lllumina, San Diego,
CA, USA) were used, and the results were quantified by QPCR using an 2100 Bioanalyzer (Agilent Technology
Inc., Santa Clara, CA, USA). The libraries were used for 100 nt paired-end sequencing by an Illlumina
HiSeq4000 (lllumina). After removing the low-quality and adapter sequences using Trimmomatic, the reads
were aligned with the Mus musculus genome (mm10) using HISAT (ver. 2.0.5) (Kim et al., 2015). Two types of
indexes were used for alignment (a global, whole-genome index and tens of thousands of small local indexes),
which were downloaded from the UCSC table browser (http://genome.uscs.edu). StringTie (ver. 1.3.3b) was
used to assemble the transcript, and provided the relative abundance estimates as fragments per kilobase of

exon per million fragments mapped (FPKM) values of the transcript or gene. After excluding the genes with



one more than zero FPKM values, the signal value (FPKM+1) was transformed to a base 2 logarithm and
normalized by quantile normalization methods to reduce the systematic bias. These values were used for the
analysis of the differential expressed genes (DEGs) in the mouse groups. The statistical significance of the
DEG values was calculated using independent t-tests (p<0.05) and fold change (|FC|=2). The false discovery
rate (FDR), which estimates the frequency of type | statistical errors, was determined by adjusting the p-value

using the Benjamini and Hochberg algorithm.

Bioinformatic analysis

Transcriptome data for the liver, iWAT and GM were used for bioinformatic analysis. The Database for
Annotation, Visualization and Integrated Discovery (DAVID ver. 6.8, https://david.ncifcrf.gov) (Huang da et al.,
2009) was used to functionally annotate the data. The transcripts that satisfied the |FC|=2 and p<0.05 criteria
were matched with Entrez IDs to identify up- and downregulated genes. GOTERM_BP, which is based on
Gene Ontology, and KEGG_PATHWAY'S (Kyoto Encyclopaedia of Genes and Genomes) were used as the
annotation categories. Gene Set Enrichment Analysis (GSEA) was performed in the liver transcriptome using
GSEA v4.1.0, as described previously (Mootha et al., 2003; Subramanian et al., 2005). Gene sets including C2
KEGG subset (186 gene sets) and C2 REACTOME subset (1532 gene sets) of canonical pathways were
downloaded from the Molecular Signatures Database (MSigDB, http://software.broadinstitute.org/gsea). For
the graphical analysis of the transcriptome, PermutMatrix (ver. 1.9.3) and Network2Canvas were used, as
previously described (Caraux and Pinloche, 2005; Tan et al., 2013). For hierarchical clustering and the
identification of network nodes, the normalized z-score, based on the FPKM of the transcriptome, was used
and is visualized using a gradation of colors. Proteins secreted by the liver were classified using the PANTHER

classification system (v.14.0) (Mi et al., 2013).

Quantification and statistical analysis

Statistical analyses were performed using IBM SPSS Statistics software (ver. 24, IBM, Armonk, NY, USA). Data
are presented as means * standard errors of the mean (SEMs). All the experimental data were analyzed using

Student’s two-tailed t-test, one-way ANOVA followed by Scheff's post-hoc test or analysis of covariance



(ANCOVA) with the covariate of total body mass. P < 0.05 was considered to represent statistical significance.
The number of biological replicates (n), the number of independent experiments and the method of statistical

analysis used are reported in the corresponding figure legends.
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Figure S1. Liver-specific Crif1-deficient mice exhibit infiltration of mononuclear cells in the liver

(Related to Figure 1).

(A) Schematic illustration of the deletion of exon2 of the Crif1 allele on chromosome 8 through the crossing of

Crif1'oxox> mice and Albumin-Cre transgenic mice.

(B) Quantitative PCR analysis of Crif1 mRNA expression in the liver, eWAT, BAT and gastrocnemius muscle

(GM) of control (Ctrl) and LKO mice (n=3 biological replicates from two independent experiments).

(C) Representative haematoxylin and eosin-stained liver sections from Ctrl and LKO mice at 10 weeks of age



(n=4 biological replicates from two independent experiments). The yellow arrows indicate mononuclear cells in

the liver.

(D) Serum ALT and AST activities in Ctrl and LKO mice at 11 weeks of age (n = 4 biological replicates from

three independent experiments).

(E) FACS analysis of infiltrated monocytes (IM, F4/80°*CD11b"9"), kupffer cells (KCs, F4/80"9"CD11b'),
neutrophils (CD11b"9"Ly6G"e"), inflammatory monocyte (CD11bM"LyChe") and Treg cells

(CD4hishCD44M"CDB2LM") in liver of control and LKO mice at 8 weeks of age (n=4 per group).

(F) Western blot analysis of apoptotic markers in the livers of Ctrl and LKO mice at 10 weeks of age (n=3
biological replicates, left). The results of one representative experiment of the two performed is shown. The
relative band densities of cleaved caspase 3 and PARP1 in the liver (right). There were no significant
differences. The mice were fed a chow diet (6% fat). Data are mean + SEM and were analysed using Student’s

t-test (*p<0.05 vs. Ctrl).
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Figure S2. Liver-specific Crif1-deficient mice have low fat mass and high insulin sensitivity when

consuming a chow diet and high-fat diet (Related to Figure 2).
Mice fed a chow diet were used in (A-l) and mice fed an HFD for 8 weeks were used in (J-Q).

(A) Tissue mass per unit body mass in Ctrl and LKO mice (n=5 biological replicates from three independent

experiments).

(B) Quantitative PCR analysis of the expression of genes involved in gluconeogenesis in Ctrl and LKO livers

(n=5-6 biological replicates from two independent experiments). Mice were fasted for 6 hours.



(C) HOMA-IR, calculated using the serum insulin and glucose concentrations of Ctrl and LKO mice (n=12

biological replicates).

(D and E) Serum triglyceride (D) and total cholesterol (E) in Ctrl and LKO mice (n=6 biological replicates from
two independent experiments).

(F) Physical activity, assessed using the locomotor activity count in Ctrl and LKO mice housed in individual
cages (n=7-8 biological replicates).

(G) Body surface temperature, measured using an infrared thermometer, in Ctrl and LKO mice (n=7 or 10
biological replicates from two independent experiments).

(H) RQ in mice fed a chow diet (n=7-8 biological replicates).

(I) Serum B-hydroxybutyrate in Ctrl and LKO mice that had been fasted for 16 hours (n=7 or 11 biological
replicates).

(J) Tissue masses in Ctrl and LKO mice fed a high-fat diet (n=8 biological replicates from two independent
experiments).

(K-M) Blood glucose (K), serum insulin (L) and HOMA-IR (M) in 6 h-fasted Ctrl and LKO mice fed a high-fat
diet (n=4 biological replicates).

(N and O) Serum triglyceride (N) and total cholesterol (O) of Ctrl and LKO mice fed a high-fat diet (n=4
biological replicates).

(P) RQ of Ctrl and LKO mice, fed a high-fat diet, at 14 weeks of age (n= 6 or 8 biological replicates).

(Q) Serum B-hydroxybutyrate of Ctrl and LKO mice, fed a high-fat diet, at 14 weeks of age (n=8 biological

replicates). Mice were fasted for 18 h before the measurement. Data are mean + SEM and were analysed

using Student’s t-test (*p<0.05, **p<0.01, ***p<0.001 vs. Ctrl).
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Figure S3. Liver-specific Crif1-deficient mice exhibit normal insulin signalling and normal mRNA

expression of fatty acid metabolic genes in GM and BAT (Related to Figure 3).

(A and B) Western blot analysis of AKT phosphorylation in the GM (A) and BAT (B) of Ctrl and LKO mice at 9
weeks of age (n=3 biological replicates). Mice were fasted for 6 h and then insulin was administered

intraperitoneally (4 U/kg).

(C) Quantitative PCR analysis of Glut1 and Glut4 mRNA expression in the eWAT, BAT and GM of Ctrl and LKO

mice at 9 weeks of age (n=6 biological replicates from two independent experiments).

(D) Quantitative PCR analysis of fatty acid oxidation gene expression in the eWAT, BAT and GM from Ctrl and
LKO mice at 9 weeks of age (n=5-6 biological replicates from two independent experiments). Data are
expressed as the mean + SEM and were analysed using two-way ANOVA followed by Scheff's post-hoc test in

(A) and (B), and Student’s t-test in (C) and (D) (*p<0.05 vs. Cirl).
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Figure S4. RNA sequencing suggests the downregulated lipid metabolism in the liver of LKO mice
(Related to Figure 4).
(A) Venn diagram of the differentially expressed genes (DEGs) obtained from RNA sequencing in the liver,

iWAT, GM and hypothalamus of mice (n=3 biological replicates). The numbers represent the differentially

expressed transcripts in LKO mice, compared with Ctrl mice (fold difference = +1.5-fold, p < 0.05).

(B) Volcano plot showing the DEGs in GM (left panel) and hypothalamus (right panel) of LKO mice compared

with controls. The colored dots indicate the DEGs with = +1.5-fold difference from Ctrl mice. The red and blue



dots indicate the upregulated and downregulated transcripts, respectively.

(C) Top-ranked functional annotation chart for the liver, using DEGs (DEGs; = +1.5-fold difference from Ctrl).
Functional annotation was categorised using the KEGG pathway in DAVID (ver.6.8) and ordered according to

gene number.
(D) Heat map showing the DEGs termed as ‘Upregulation-Metabolic pathways’ in (C).

(E) Heat map showing the differentially expressed transcription factors that regulate glucose and lipid
metabolism (downregulation) and the cellular stress response (upregulation) in the livers of Ctrl and LKO mice
(n=3 biological replicates). The data in (C) were analysed using a modified Fisher’s Exact p-value (*p<0.05,

**p<0.01, ***p<0.001).



A B

500— —Cre —cre

Internal Alb-Cre Internal Alb-Cre
200— — |

control control
300— —Floxed . — Floxed i

—WT Crif1 —WT Crif1
100—
500— —Ko —-wT
Gdf15 Fgf21

200— —WT —KO

(bp) Ctrl LKO GKO LGKO (bp) Ctrl LKO FKO LFKO

m
M

— Ctrl =3 GKO
10qmEm LKO = LGKO

— Ctrl =3 FKO
40qmm LKO BmE LFKO

N

o

o
|

mGDF15 in serum (pg/ml)
8
o
|
*
S
3 *
mFGF21 in serum (pg/ml)

[
|

8000

6000

200 4000+

(gene/18s)

100+ 2000

Relative mRNA expression
Relative mMRNA expression O

crift  Gdf15 crift  Fgf21 &4.04.04949(49 IS

Figure S5. LGKO and LFKO mice were generated by crossing LKO and global GKO (Gdf1”") and LKO

and global FKO (Fgf21”") mice, respectively (Related to Figure 5).

(A) PCR genotyping results for control mice (Ctrl, Crif1™), liver-specific Crif1-null mice (LKO, Crif1"4"®) global
Gdf15-null mice (GKO, Gdf157") and liver-specific Crif1- and global Gdf15-null mice (LGKO, Crif1"
Ab/Gdf157"). The PCR bands show the DNA amplification of Cre (565 bp), Crif1 (Crif1-WT, 171 bp; Crif1-loxp,

205 bp) and Gdf15 (Gdf15-WT, 228 bp; Gdf15-KO, 598 bp).

(B) PCR genotyping results for control mice (Ctrl, Crif1™), liver-specific Crif1-null mice (LKO, Crif1"A®) global
Fgf21-null mice (FKO, Fgf217), and liver-specific Crif1- and global Fgf21-null mice (LFKO, Crif1”Ab/Fgf217"-).
The PCR bands show the DNA amplification of Cre (565 bp), Crif1 (Crif1-WT, 171 bp; Crif1-loxp, 205 bp) and
Fgf21 (Fgf21-WT, 540 bp; Fgf21-KO, 240 bp).

(C and D) Quantitative PCR analysis of Crif1 and Gdf15 mRNA expression (C), and Crif1 and Fgf21 mRNA

expression (D) in the liver of mice (n=6 biological replicates).

(E and F) Serum GDF15 protein (E) and FGF21 protein (F) in Ctrl, LKO, GKO, LGKO, FKO and LFKO mice



(n=4-7 biological replicates from two independent experiments).
The mice were studied at 8-9 weeks of age and fed a chow diet. Data in (C-F) are mean + SEM. Statistical

analyses were performed using ANOVA followed by Scheff's post-hoc test in (C-F) (*p<0.05, **p<0.01,

**%<0.001 vs. Ctrl).
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Figure S6. Genetic ablation of Gdf15 and Fgf21 in LKO mice attenuated the phosphorylation of AKT after

insulin stimulation (Related to Figure 6).

(A) Relative band of phosphorylation of AKT at Thr308 (left panel) and Ser473 (right panel) in iWAT of Ctrl,
LKO, GKO, LGKO mice fed a chow diet. Mice were fasted for 6 h and then administered intraperitoneally with
insulin (4 U/kg).

(B) Relative band of phosphorylation of AKT at Thr308 (left panel) and Ser473 (right panel) in iWAT of Ctrl,
LKO, FKO, LFKO mice fed a chow diet. Mice were fasted for 6 h and then administered intraperitoneally with
insulin (4 U/kg). One representative experiment of the two conducted is shown. As less biological replicates

within the group, statistical analysis were not conducted.



Table S1. Primers used for the quantitative PCR analysis of mRNA expression in mice

Gene Forward (5'—3) Reverse (5'—3')

Acadm TGACGGAGCAGCCAATGA TCGTCACCCTTCTTCTCTGCTT
Acaadvl TTACATGCTGAGTGCCAACATG CGCCTCCGAGCAAAAGATT
Aco ATGACCCCACTTCCTGACAC GAAGGTCAGCCACCATGATT
Adipoq TCTCCTGTTCCTCTTAATCCTGCC CATCTCCTTTCTCTCCCTTCTCTCC
Atf3 TGCCTGCAGAAAGAGTCAGA CCTTCAGCTCAGCATTCACA
Atf4 GGGTTCTGTCTTCCACTCCA AAGCAGCAGAGTCAGGCTTTC
Atf5 TGGGCTGGCTCGTAGACTAT GTCATCCAATCAGAGAAGCCG
Atp23 GACTGCTCCCTTGTGAACGA CGCACGCAAGTCTGATGATG
Atp5a AGGCCTATCCTGGTGATGTG CTTCATGGTACCTGCCACCT
Cd36 TGCTGGAGCTGTTATTGGTG TGGGTTTTGCACATCAAAGA
Chop (Ddit3) CCACCACACCTGAAAGCAGAA AGGTGAAAGGCAGGGACTCA
Clpp GCCATTCACTGCCCAATTCC TGCTGACTCGATCACCTGTAG
Cpt1a TATAACAGGTGGTTTGAC CAGAGGTGCCCAATGATG
Cpt1b TCGCAGGAGAAAACACCATGT AACAGTGCTTGGCGGATGTG
Crif1 GAACGCTGGGAGAAAATTCA ATAGTTCCTGGAAGCGAGCA
Fasn CCCTTGATGAAGAGGGATCA ACTCCACAGGTGGGAACAAG
Fgf21 AGATCAGGGAGGATGGAACA TCAAAGTGAGGCGATCCATA
Fgfric CCGTATGTCCAGATCCTGAAGA GATAGAGTTACCCGCCAAGCA
G6pase TCTGTCCCGGATCTACCTTG GTAGAATCCAAGCGCGAAAC
Gcek CCCAGAAGGCTCAGAAGTTG GCATCACCCTGAAGTTGGTT
Gdf15 GAGCTACGGGGTCGCTTC GGGACCCCAATCTCACCT
Glut1 GCCCCCAGAAGGTTATTGA CGTGGTGAGTGTGGTGGATG
Glut2 GGCTAATTTCAGGACTGGTT TTTCTTTGCCCTGACTTCCT
Glut4 TGATTCTGCTGCCCTTCTGT GGACATTGGACGCTCTCTCT
Grp78 GTGTGTGAGACCAGAACCGT AGTCAGGCAGGAGTCTTAGG
Hspd1 GAGCTGGGTCCCTCACTCG AGTCGAAGCATTTCTGCGGG



Htra2 TCCCCGGAGCCAGTACAAT GAAAGGGTGCCGGTCTAGG
Immp1l ATGACCCATGCACGCTTTGA TCTGCTACCACCAGCCATAA
Immp2I ACATGTGGGTTGAAGGCGAT CCCAGAGAAACCGGTCCAAA

Kib (BKlotho) GGAGGAGACCGTAAACTCGGGCTTA ACGACCCGACGAGGGCTGTT

Lonp1 AGCCCTATGTTGGCGTCTTC CCGGCTGATGTGAATCCTTCT
Pepck GCATAACTAACCCCGAAGGCAAG CATCCAGGCAATGTCATCGC
Pgcla TCACACCAAACCCACAGAAA CTTGGGGTCATTTGGTGACT
Ppara AGAAGTTGCAGGAGGGGATT TTGAAGGAGCTTTGGGAAGA
Ppary TGCAGCTCAAGCTGAATCAC ACGTGCTCTGTGACGATCTG
SpXbp1 CTGAGTCCGAATCAGGTGCAG GTCCATGGGAAGATGTTCTGG
Srebp1 AAACTCAAGCAGGAGAACCTAAGTCT GTCAGTGTGTCCTCCACCTCAGT
Srebp1a GCGCCATGGACGAGCTG TTGGCACCTGGGCTGCT

Srebp1c ATCGCAAACAAGCTGACCTG AGATCCAGGTTTGAGGTGGG
Srebp2 CAAGCTTCTAAAGGGCATCG CACAAAGACGCTCAGGACAA
Tfam TAGGCACCGTATTGCGTGAG CAGACAAGACTGATAGACGAGGG
Tid1 GGAAGCAAGGATAGGCGAGA GTTGACCGCTTTCCTCAGCAG
Ucp1 CACCTTCCCGCTGGACACT CCCTAGGACACCTTTATACCTAATGG

Usp30 ACAAGCCCTTTTCTCCGCTT GAACTGGGGAGTGATCGGTG




Table S4. Antibodies used for the Western blotting assays

Name Source Identifier

anti-CRIF1 Santa Cruz Cat# sc-374122; RRID:AB_10917749
anti-NDUFA9 Abcam Cat# ab14713; RRID:AB_301431
anti-SDHA Cell Signaling Cat# 5839S; RRID:AB_10707493
anti-UQCRC2 Abcam Cat# ab14745; RRID:AB_2213640
anti-COX4 Santa Cruz Cat# sc-58348; RRID:AB_2229944
anti-ATP5A Invitrogen Cat# 459240; RRID:AB_2532234
anti-TOM20 (FL-145) Santa Cruz Cat# sc-11415; RRID:AB_2207533
anti-B-actin Sigma Aldrich Cat# A2066; RRID:AB_476693
anti-OxPhos BN WB Antibody Cocktail  Invitrogen Cat# 45-7999; RRID:AB_2533834
anti-COX | (1D6) Santa Cruz Cat# sc-58347; RRID:AB_2229888
anti-HSP60 Abcam Cat# ab46798; RRID:AB_881444

anti-mtHSP70 (JG1)

anti-TID1 (EPR12414)
anti-LONP1

anti-CLPP (EPR12414)
anti-CHOP (L63F7)
anti-GRP78 (C50B12)
anti-XBP1

anti-a-tubulin
anti-phospho-AKT-Ser473
anti-phospho-AKT-Thr308 (244F9)
anti-AKT
anti-phospho-GSK3a/3-Ser21/9
anti-GSK3p

anti-Caspase3

anti-PARP1 (F-2)

anti-PGC1a

anti-PGC1p

Thermo Fisher Scientific
Abcam
Abcam
Abcam

Cell Signaling
Cell Signaling
Santa Cruz
Sigma Aldrich
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Santa Cruz
Abcam

Abcam

Cat# MA3-028; RRID:AB_325474
Cat# ab181024

Cat# ab103809; RRID:AB_10858161
Cat# ab124822; RRID:AB_10975619
Cat# 2895; RRID:AB_2089254
Cat# 3177; RRID:AB_2119845
Cat# sc-8015; RRID:AB_628449
Cat# T5168; RRID:AB_477579
Cat# 9271; RRID:AB_329825
Cat# 4056; RRID:AB_331163
Cat# 9272; RRID:AB_329827
Cat# 9331; RRID:AB_329830
Cat #9315S; RRID:AB_490890
Cat# 9662; RRID:AB_331439
Cat# sc-8007; RRID:AB_628105
Cat# ab54481; RRID:AB_881987

Cat# ab61249; RRID:AB_946298



anti-mtTFA (E-16)
anti-NRF2

anti-UCP1
anti-phospho-CREB-Ser133
anti-CREB (48H2)
anti-phospho-PKA-Thr197
anti-PKA

anti-ATGL

anti-GAPDH (14C10)

Santa Cruz
Cell Signaling
Abcam

Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling

Cell Signaling

Cat# sc-30963; RRID:AB_2255881
Cat# 4399; RRID:AB_1950359
Cat# ab10983; RRID:AB_2241462
Cat# 9191; RRID:AB_331606
Cat# 9197; RRID:AB_331277
Cat# 5661; RRID:AB_10707163
Cat# 4782; RRID:AB_2170170
Cat# 2138s; RRID:AB_2167955

Cat# 2118; RRID:AB_561053
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