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Obesity, a major health care issue, is characterized by metabolic abnormalities in multiple
tissues, including the skeletal muscle. Although dysregulation of skeletal muscle metabolism

can strongly influence the homeostasis of systemic energy, the underlying mechanism remains
unclear. We found promoter hypermethylation and decreased gene expression of fibroblast
growth factor 6 (FGF6) in the skeletal muscle of individuals with obesity using high-throughput
sequencing. Reduced binding of the cyclic AMP responsive element binding protein-1 (CREB1) to
the hypermethylated cyclic AMP response element, which is a regulatory element upstream of the
transcription initiation site, partially contributed to the downregulation of FGF6 in patients with
obesity. Overexpression of Fgf6 in mouse skeletal muscle stimulated protein synthesis, activating
the mammalian target of rapamycin pathway, and prevented the increase in weight and the
development of insulin resistance in high-fat diet-fed mice. Thus, our findings highlight the role
played by Fgf6 in regulating skeletal muscle hypertrophy and whole-body metabolism, indicating
its potential in strategies aimed at preventing and treating metabolic diseases.

Introduction

The proportion of adults with a body mass index of 25 kg/m? or greater has substantially increased world-
wide in the years between 1980 and 2013 (1). The high prevalence of obesity and its close correlation to dis-
eases, such as insulin resistance, type 2 diabetes mellitus (T2DM), and cardiovascular diseases, make obesity
a major public health concern (2, 3). Skeletal muscle, comprising approximately 40% of total body mass in
mammals, plays a critical role in the regulation of total body mass and the homeostasis of systemic metab-
olism (4); it also accounts for a majority of insulin-stimulated glucose disposal in humans (5, 6). A growing
body of evidence indicates that insulin resistance in skeletal muscles is strongly associated with several met-
abolic syndromes and T2DM (7, 8). Saturated fatty acids and hyperglycemia have been reported to induce
a decline in the mass as well as function of skeletal muscle, further aggravating metabolic abnormalities (9,
10). In contrast, physical exercise not only consumes glucose and fatty acids but also facilitates mitochondrial
biogenesis, fiber remodeling or transformation, antioxidant defense mechanisms, and muscle hypertrophy,
enhancing metabolic fitness (11). However, the underlying mechanism between skeletal muscle and metabolic
disturbance has not been fully elucidated.

Although it is well established that there exists a genetic predisposition toward developing obesity and
diabetes, an increasing number of studies have suggested the important role of epigenetic modifications in the
complex interplay between genes and environment (12, 13). DNA methylation is one of the most extensively
studied epigenetic modifications and almost exclusively occurs on the cytosine residues of CpG dinucleotides.
Epigenome-wide association studies and other investigations have reported alterations in DNA methylation
in cases of obesity, T2DM, and several metabolic syndromes, linking DNA methylation to the development
or progression of metabolic disorders (13—-16). Romain Barres et al. (2009) reported hypermethylation of the
PPARYy coactivator-la (PPARGCIA) promoter in the skeletal muscles of patients with T2DM, concomitant
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with reduced mitochondrial content (17). Three years later, they reported a decrease in whole-genome meth-
ylation in skeletal muscle biopsies obtained from healthy men and women after acute exercise. Methylation of
the promoter regions of genes controlling whole-body energy and glucose homeostasis, including PPARGCIA,
PDKH4, and PPARD, decreased, which was accompanied by upregulation of transcripts (18). The findings from
these studies suggest a strong connection between DNA methylation in skeletal muscle and energy metabolism.

We performed high-throughput screening in skeletal muscle specimens from normal-weight individuals
and participants with obesity in this study to better understand the molecular mechanism of metabolic abnor-
malities in skeletal muscle of patients with obesity and provide evidence for future therapeutic strategies.
Fibroblast growth factors (FGFs), including FGF1-10, FGF16-18, FGF20, and FGF22, are considered para-
crine factors and are known for regulating tissue patterning and organogenesis during embryogenesis (19).
However, FGF19, FGF21, and FGF23 together constitute a unique endocrine-like subfamily and function
by regulating critical metabolic processes in a variety of tissues (20, 21). Unlike other FGFs detected in devel-
oping skeletal muscle, Fgf6 exhibits a restricted expression profile predominantly in the myogenic lineage (22,
23), indicating its role in myogenesis. Fgf6 expression was also recently reported to be dramatically induced
by exercise training in adipose tissue; it was identified as a potent inducer of uncoupling protein-1 expression
in adipocytes and preadipocytes, modulating systemic energy metabolism (24). In this study, we identified
downregulation of FGF6 transcript levels and hypermethylation of its promoter region in individuals with
obesity after we analyzed sequencing data of skeletal muscle specimens. Given the lack of understanding
about the functions of FGF6 in skeletal muscle metabolism, we aimed to investigate epigenetic modifications
in the FGF6 promoter region and its effects in skeletal muscle specimens of individuals with obesity. Further-
more, we examined the effects of Fgf6 overexpression in mice fed a high-fat diet.

Results

The FGF6 promoter is hypermethylated and mRNA levels are decreased in the skeletal muscle of individuals with obe-
sity. To investigate the effects of obesity on skeletal muscle in human beings, we performed a genome-wide
DNA methylation sequencing analysis in conjunction with transcriptomic analysis and further verified
the results in a larger sample cohort (Figure 1A). First, 7 pairs of age-matched skeletal muscle samples
from men were subjected to methylated DNA immunoprecipitation sequencing (MeDIP-Seq) and RNA
sequencing (RNA-Seq; Figure 1B and Supplemental Table 1; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.149969DS1), revealing that both DNA methylation and
transcriptomic profiles were altered in the skeletal muscles of people with obesity (Supplemental Fig-
ures 1 and 2). Among the differential genes, 13 genes exhibited a hypermethylated promoter region and
decreased transcript expression in the skeletal muscle of participants with obesity (Supplemental Table 2).
Of these, we selected 3 genes for further analysis that are mainly expressed in the skeletal muscle (MYH3,
FGF6, and XIRPI), and YTHDCI, which encodes an N°methyladenosine reader protein, because of its
important role in m°A methylation-mediated regulation of adipogenesis and liver steatosis (25, 26). The
expressions of these genes were validated in 35 pairs (19 male pairs and 16 female pairs) of age-matched
skeletal muscle specimens (Supplemental Table 3). Quantitative reverse transcription PCR (qPCR) results
showed that skeletal muscle samples from individuals with obesity exhibited lower FGF6 levels than those
from normal-weight participants (Figure 1C). The expression levels of the other 3 genes were not affected
by obesity (Supplemental Figure 3, A-C). Next, pyrosequencing was utilized to evaluate the DNA meth-
ylation levels in the promoter region of FGF6. Sequences from —286 bp upstream to +119 bp downstream
from the transcriptional start site (TSS) were amplified, and the DNA methylation levels were estimated.
Details of the nucleotide sequences and the specific location of each CpG site are presented in Figure 1D.
Among the 22 CpG sites analyzed, the average methylation levels ranged from 43.58% to 76.95%, with
CpG 2 and CpG 18 exhibiting a stark reduction in methylation compared with the methylation levels
of surrounding sites (47.64% for CpG 2 and 43.58% for CpG 18; Figure 1E and Supplemental Table 4).
Further, people with obesity showed significantly higher levels of DNA methylation than normal-weight
individuals in a majority of the 22 CpG sites (Figure 1F and Supplemental Table 5).

Increased methylation of the cAMP responsive element inhibits the transcription of FGF6. To further elucidate
the transcriptional regulation of FGF6, the JASPAR database was used to identify possible trans-acting fac-
tors and their corresponding binding sequences in the promoter region of FGF6. The sequences analyzed
for DNA methylation, as shown in Figure 1D, were scanned for promoter binding sites, and the top 10
results contained 2 cis-acting elements, the cAMP responsive element (CRE; Figure 1G) and the enhancer
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Figure 1. FGF6 promoter is hypermethylated in the skeletal muscle of participants with obesity, leading to the inhibition of CREB1-mediated transcrip-
tional activation. (A) Flow chart of the experimental design to screen differentially expressed genes in the skeletal muscle of normal-weight individuals and
participants with obesity. (B) Abridged general view of the 7 pairs of age-matched skeletal muscle specimens from men subjected to MeDIP-Seq, RNA-Seq,
and further analysis. (C) Comparison of relative mRNA levels of FGF6 in 35 pairs of age-matched skeletal muscle specimens from normal-weight individuals
and participants with obesity. (D) Sequences of the FGF6 promoter region selected for validation by pyrosequencing in 35 pairs of skeletal muscle tissues. (E)
Mean methylation level of each CpG site (n = 35 pairs). (F) Variation of methylation levels between skeletal muscles from individuals with obesity and their
matched normal-weight controls (n = 35 pairs). (G) CRE in the promoter region of FGF6. (H) Luciferase activity of the WT Fgf6 reporter or the mutant Fgfé
reporter, containing the CRE deletion (Fgfé-luc del CRE), in HEK293T cells transiently expressing either an empty vector or CREB1-expressing vector, treated
with forskolin (FSK) or 5-Aza; n = 3 per group. (1) ChIP analysis of phosphorylated CREB1 (p-CREBT1) binding on the putative CRE identified in the Fgf6 promoter
or on the B-globin promoter in mouse gastrocnemius muscle (n = 3 per group). Data information: The box plot represents data from the first quartile to the
third quartile. The second quartile is the median of the data (C). Other results (E, F, H, and I) are represented as mean + standard error of mean. Statistical
analysis was done using paired and unpaired Student’s t tests or Wilcoxon's signed rank sum tests where appropriate. *P < 0.05, **P < 0.01, ***P < 0.001.

box (E-box; Supplemental Figure 3D), which were composed of CpG 2 and CpG 18, respectively (Supple-
mental Table 6). CREB1 was predicted to bind to the CRE (283 bp to —272 bp from the TSS), while basic
helix-loop-helix proteins, including MXI1, MYC, MNT, and MAX, showed high affinity toward the E-box
(+17 bp to +29 bp downstream of the TSS). The relatively low methylation levels of CpG 2 and CpG 18
(Figure 1E and Supplemental Table 4) further strengthened the reliability of the predictions. Next, luciferase
reporter assays using the Fgfé promoter region, consisting of the CRE and E-box, were performed. MYC
was selected as a candidate to be overexpressed together with CREB1, as MYC activities are modulated by
a network of nuclear basic helix-loop-helix leucine zipper proteins, with MYC-MAX complexes activating
transcription and MXI1 and MNT acting as antagonists of MYC. The results showed that overexpression of
CREBI1 moderately increased the transcription activity of HEK293T cells transfected with the CRE lucifer-
ase reporter (Figure 1H). The combination of CREB1 overexpression and forskolin, an inducer of intracellu-
lar cAMP generation, significantly increased the reporter activity of luciferase, which was further increased
with the addition of 5-Aza-2’-Deoxycytidine (5-Aza), a DNA-hypomethylating agent (Figure 1H). This
result suggests that binding of phosphorylated CREBI to the CRE promotes the transcription of Fgf8, and
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Figure 2. AAV9-mediated Fgf6 overexpression for 1 month in the skeletal muscle of mice results in a net increase in protein synthesis. (A) Diagram-
matic representation of AAV9-FGF6 and the empty viral vector AAVS-control (Ctrl) used in the study. ITR, inverted terminal repeat. (B) lllustration of the
experimental setup: AAVS-FGF6 was injected into the gastrocnemius (gastroc) muscle of 1leg, while the contralateral muscle was injected with AAV9-Ctrl.
(€) Volcano plot showing the differentially expressed genes (DEGs) in the gastroc muscle 1 month after AAVI-FGF6 injection (n = 3). Genes with adjusted P
value (Pam) less than 0.05 were considered DEGs (multiple comparisons were corrected using the Benjamini-Hochberg procedure). Red and blue dots repre-
sent genes that were upregulated (log, fold change > 1) or downregulated (log, fold change < -1), respectively. (D) GO analysis of DEGs with log, fold change
>1or < -1. BP, biological process; CC, cellular component; MF, molecular function. (E) Representative GO terms related to protein synthesis and catabolism.
Gray, red, and blue background colors represent BP, CC, and MF, respectively.

the methylation of CpG in the CRE limits this binding. In addition, the luciferase signal in the HEK293T
cells transfected with a mutant Fgf6 reporter without the MYC binding site after MYC overexpression was
slightly weaker than in those transfected with the WT Fgf6 reporter (Supplemental Figure 3E). Next, using
ChIP-qPCR, we confirmed that there was substantial enrichment of CREB1 binding, but not of MYC, at
the Fgf6 promoter region in the skeletal muscle of mice (Figure 11 and Supplemental Figure 3F). Therefore,
we can conclude that the decrease in FGF6 mRNA in obese skeletal muscle is affected, at least in part, by the
elevated methylation level of CpG in the CRE.

Overexpression of Fgft in skeletal muscle promotes hypertrophy. Fgf6 in the adipose tissue has recently emerged as
a potential therapeutic target in metabolic diseases (24), and we found that its expression was suppressed in the
skeletal muscles of individuals with obesity. Given that the skeletal muscle is a key metabolic organ, we explored
the role of Fgf6 overexpression there. To achieve this, we utilized a skeletal muscle—specific promoter (dMCK),
which has been reported to be suitable for adeno-associated virus (AAV) vectors in muscle-directed gene therapy
studies (Figure 2A) (27). Mice were injected with AAV serotype 9-FGF6 (AAV9-FGF6) in the gastrocnemius
(gastroc) muscle of 1 leg, while the contralateral muscle was injected with an empty viral vector (Figure 2B).
RNA-Seq was performed 1 month after injection, and a total of 2772 differentially expressed genes were iden-
tified in the Fgf6 overexpression samples (1288 upregulated and 1484 downregulated; Figure 2C). Gene ontol-
ogy (GO) analysis revealed that these differentially expressed genes were significantly enriched for translation,
ribosome, and catabolic process, suggesting increased protein synthesis as well as decreased proteolysis in the
skeletal muscle (Figure 2, D and E). Subsequently, Kyoto Encyclopedia of Genes and Genomes analysis also
revealed ribosome (mmu03010) as the top enriched pathway (FDR = 2.59 x 10%).

Although the mass of the gastroc muscle injected with AAV9-FGF6 remained unchanged (Supple-
mental Figure 4A), we found that Fgfé-treated gastroc muscles showed a shift toward larger myofibers as
compared with that of the control muscle (Figure 3, A and B), based on CSA measurements of H&E-
stained sections, indicating the occurrence of skeletal muscle hypertrophy. gPCR analysis confirmed the
overexpression of Fgf6 (approximately 36.9-fold; Figure 3C) and showed that the expression of genes
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Figure 3. Fgf6 promotes skeletal muscle hypertrophy. (A) Representative images of H&E-stained muscles. Scale bars: 100 pm. (B) Frequency distribution
of cross-sectional area (CSA) and mean fiber area of the stained muscle fibers (n = 4). (C) Relative mRNA level of Fgf6 determined by gPCR in gastroc mus-
cles injected with AAV9-Ctrl or AAVI-FGF6 (n = 8). (D) Alterations of relative mRNA levels of genes relevant to muscle atrophy (Mstn, Murf1, Fbxo32, and
Fbxo21) and hypertrophy (Igf1, Fst-total, Fst288, and Fst315) after Fgf6 overexpression in gastroc muscles (n = 8). Mstn, myostatin; Murf1, muscle ring fin-
ger 1; Igf1, insulin like growth factor 1; Fst, follistatin. (E) Western blotting analysis depicting the changes in protein synthesis rates (tracked using SUnSET
assay) and FGF6 in gastroc muscles following AAVI-FGF6 injection (n = 2). SUnSET, surface sensing of translation. (F) Representative images of Western
blotting analysis of the mammalian target of rapamycin signaling proteins in lysates from skeletal muscles injected with AAV9-Ctrl or AAVI-FGF6 (n = 5).
(G) Comparison of the ratio of phosphorylated protein to the total protein in the lysates of skeletal muscles with or without Fgf6 overexpression. Integrat-
ed density of phosphorylated protein (F) band was divided by that of the total protein (F) band (n = 5). Data information: Results are represented as mean
+ standard error of mean. Unpaired and paired Student’s t test comparisons were conducted. *P < 0.05, **P < 0.01, ***P < 0.001.

critical for muscle atrophy and hypertrophy (28-30) was influenced by Fgf6 expression levels. As shown
in Figure 3D, atrophy-related genes, including Mstn, Murfl, Fbxo32, and Fbxo21, showed decreased
expression in muscles overexpressing Fgf6 compared with that in control muscles. Meanwhile, the
mRNA levels of genes involved in muscle proteostasis and growth (31-33), namely, Igfl; Fst-total; and

its 2 main isoforms, Fst288 and Fst315, were increased in the Fgfé-overexpressing muscles compared
with those in control muscles (Figure 3D). In addition, the abundance of 45S pre-rRNA, which is

necessary for hypertrophy (34), showed an approximately 1.3-fold increase in muscles overexpressing
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Fgf6 compared with that in control muscles (Supplemental Figure 4B). Analysis of puromycin-labeled
peptides further confirmed the enhanced protein synthesis in Fgf6-overexpressing muscles (Figure 3E).
Together, these results indicate that protein synthesis of skeletal muscle is elevated by Fgfé.

It is well established that protein synthesis is tightly regulated by the downstream effectors of the mam-
malian target of rapamycin (mTOR) signaling pathway (35). We found that overexpression of Fgf6 signifi-
cantly stimulated the phosphorylation of both 4EBP1 and P70S6K, although 4EBP1 and P70S6K were also
upregulated simultaneously (Figure 3, F and G). It has been previously reported that AKT and ERK1/2
can activate mTOR (36, 37), and not surprisingly, we observed increased p-ERK1/2Th202/Ty204 " 5 AR TSerd73]
and p-AKT™3% Jevels in AAV9-FGF6-injected muscles (Figure 3F). The ratio of p-ERK1/2™202/Ty204 ¢
ERK1/2 was also elevated in the AAV9-FGF6-injected muscles, in spite of the increased expression of total
ERK1/2 (Figure 3G). Although the p-AKT573/ AKT ratio remained unchanged, the p-AKT™3%/AKT ratio
decreased because of the stark upregulation of total AKT (Figure 3G) in the AAV9-FGF6-injected muscles.
These results suggest that Fgf6 may target the mTOR pathway through phosphorylated AKT and ERK1/2,
ultimately activating P70S6K and 4EBP1.

Fgf6 plays a long-term role in stimulating protein synthesis, independent of dietary intake. To identify the long-
term effects of Fgfé in the skeletal muscle, we assigned mice into 4 groups according to the AAV treatment
(AAV9-FGF6 or AAV9-Ctrl) and diet (high-fat diet, HFD; or normal chow diet, NCD), namely HFD-
FGF6, HFD-Ctrl, NCD-FGF6, and NCD-Ctrl. After AAV injection (quadriceps [quads], gastroc, and tib-
ialis anterior [TA] muscles on both sides), mice were put on an HFD or NCD for 12 weeks (Figure 4A). In
the HFD group, mice injected with AAV9-FGF6 exhibited visibly larger muscles compared with those in
the mice injected with AAV9-Ctrl (Figure 4B). Correspondingly, weights of the quads and gastroc muscles
increased significantly with Fgf6 overexpression, and so did the ratio of quads, gastroc, or TA to the body
weight (Figure 4C). Further, mice fed with an NCD showed a similar phenotype in muscle weight as that in
the HFD group, with NCD-FGF6 mice presenting heavier quads than the NCD-Ctrl mice (Figure 4D). In
addition, we observed that the HFD-FGF6 mice had better muscle strength, as assessed by a grip test (Figure
4E), compared with that in the HFD-Ctrl mice; the hypertrophic effect of Fgf6 was also present in the HFD
group (Figure 4, F and G). Strikingly, both H&E and Oil Red O staining showed increased fat deposition
in the gastroc muscle of the HFD-FGF6 mice compared with the HFD-Ctrl mice (Supplemental Figure 4,
C and D). Meanwhile, triglyceride (TG) levels in the skeletal muscle of HFD-FGF6 mice were significantly
higher than in that of the HFD-Ctrl mice (Supplemental Figure 4E). However, no increase in proinflamma-
tory cytokines was observed; instead, Nos2 and /6 decreased in gastroc muscles injected with AAV-FGF6
in the HFD group. Furthermore, the markers of M2 macrophages, recognized as an antiinflammatory or
reparatory subset of macrophages, including Arg/ and Retnla, were increased in HFD-FGF6 mice compared
with those in the HFD-Ctrl mice (Figure 4H).

Next, we determined the expression of genes associated with skeletal muscle atrophy and hypertrophy.
In accordance with the results of the 1-month overexpression experiments, Fgf6 overexpression prominently
suppressed the expression of Mstn, Murfl, Fbxo32, and Fbxo21 but upregulated that of Igfl, Fst-total, F5t288, and
Fist315 in gastroc and TA muscles compared with those in control mice in both the HFD- and NCD-fed groups
(Figure 5, A-D). We further estimated myostatin levels in the serum and found a stark reduction in circulating
myostatin concentrations in the AAV9-FGF6 mice compared with concentrations in AAV9-Ctrl mice, and the
reduction was independent of the diet fed (Figure 5E). Additionally, the Fgf6-mediated increase in protein syn-
thesis, as estimated using the nonisotopic SUnSET assay, persisted 12 weeks after AAV delivery (Figure 5, F-I).

The monthlong overexpression of Fgf6 in the NCD mice was found to robustly augment P70S6K and
4EBPI1 signals. Thus, we estimated the levels of these proteins in HFD-fed obese mice. The p-P70S6K534,
p-ERK1/2M202/Ty1204 - 5 AR TSe47 and p-AKT™3% levels increased, regardless of insulin stimulation, in both
gastroc and TA muscles of the HFD-FGF6 mice compared with the levels in HFD-Ctrl mice; however, an
upregulation of p-4EBP1™3746 in the gastroc and TA muscles of HFD-FGF6 mice was observed only after
insulin stimulation (Figure 5, J and K; and Supplemental Figure 4, F and G). Moreover, Fgf6 overexpression
led to an increase in the total protein levels of 4EBP1 (observed after insulin stimulation), ERK, and AKT in
both the gastroc and TA muscles of the HFD-FGF6 mice compared with the levels in HFD-Ctrl mice (Fig-
ure 5, J and K; and Supplemental Figure 4, F and G). The ratio of phosphorylated protein/total protein was
then calculated, and an increase in the p-P70S6K5**/P70S6K ratio was found in both the gastroc and TA
muscles of the HFD-FGF6 mice compared with the levels in HFD-Ctrl mice. In addition, Fgf6 overexpression
increased the expression and activity of ERK1/2 and AKT to a similar extent (Figure 5, L and M).
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Figure 4. Long-term (12 weeks) Fgf6 overexpression increases muscle weight and function in diet-induced obese mice. (A) Graphical illustration of mouse
groups based on AAV injection and diet. (B) Photographic images of gastroc and tibialis anterior (TA) muscles in the HFD-fed group injected with AAVS-Ctrl or
AAVI-FGF6. (€) Mass of quadriceps (quads), gastroc, TA, and soleus muscles in HFD-fed mice (n = 11 per group). Percentage of muscle weight was calculat-

ed by dividing muscle weight by the corresponding body weight and then multiplying by 100. (D) Measurement of muscle weight of quads, gastroc, TA, and
soleus muscles and the calculated percentage of muscle weight in NCD-fed mice (1 = 11 per group). (E) Function analysis of grip strength of HFD-fed mice (n =
10 per group). (F) Representative images of H&E-stained gastroc muscles in HFD-fed mice. Scale bars, 250 um. (G) Frequency distribution of CSA and mean
fiber area of the stained muscle fibers in HFD-fed mice (n = 4 per group). (H) Expression levels of M1 macrophage markers (Tnfa, Nos2, I11b, and 116) and M2
macrophage markers (Arg1, Mrc1, Retnla, and 110) in gastroc muscles of HFD-fed mice injected with AAVS-Ctrl (1 = 5) or AAV9-FGF6 (n = 6). Data information:
Results are represented as mean + standard error of mean. Statistical analysis was done using unpaired Student’s t tests. *P < 0.05, **P < 0.01, ***P < 0.001.

Fgf6 overexpression in skeletal muscle reduces the mass of adipose tissue regardless of diet group and alleviates HFD-
induced metabolic disturbance. Enhancing the muscle mass by targeted pharmacologic or genetic regulation
of muscle-regulatory molecules, such as myostatin and FST, has been reported as a promising approach to
improve muscle metabolic health (32, 33, 38). Therefore, we sought to determine the role of Fgf6 in muscle
metabolism. We monitored the weight of mice mentioned in Figure 4A every week (except week 6) after the
AAV injection and found that the weight gain HFD induced started to slow down 2 weeks after the injec-
tion of AAV9-FGF6. Weights of the NCD-FGF6 mice were similar to those of the NCD-Ctr]l mice (Figure
6A). We determined the body composition 12 weeks after AAV9 injection and found that the HFD-FGF6
mice had lower body weight and fat mass than the HFD-Ctrl mice, though with no difference in their lean
mass. However, Fgf6 reduced body fat percentage and increased lean mass percentage in the HFD-FGF6 mice
compared with those in HFD-Ctrl mice (Figure 6B). In addition to muscle mass (Figure 4, C and D), we
compared the weight of adipose tissues and the liver between the Fgf6 overexpression and control mice. Total
inguinal subcutaneous white adipose tissue (1IWAT), epididymal white adipose tissue (eWAT), and brown
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Figure 5. Fgf6 persistently promotes protein synthesis for 12 weeks in skeletal muscle. (A-D) mRNA levels of atrophy-related (Mstn, Murf1, Fbxo32, and
Fbxo21) and hypertrophy-related (Igf1, Fst-total, Fst288, and Fst315) genes in the gastroc muscles of HFD-fed mice (A), TA muscles of HFD-fed mice (B), gas-
troc muscles of NCD-fed mice (C), and TA muscles of NCD-fed mice (B) measured using gPCR (n = 11-12 per group). (E) Myostatin levels in the serum of AAV9-
Ctrl- and AAV9-FGF6-injected mice fed an HFD or NCD (n = 11-12 per group). (F-1) Images of the Western blotting, tracked with SUnSET analysis, showing
changes in protein synthesis rates in gastroc and TA muscles 12 weeks after AAV9 injection in HFD- or NCD-fed mice (n = 4 per group). (J and K) Western

blot analysis of the mammalian target of rapamycin signaling proteins in gastroc (J) and TA (K) muscles; n = 3 per group. (L and M) Comparison of the ratio
of phosphorylated protein to the total protein in muscles with or without Fgf6 overexpression in basal (L) or insulin-stimulated (M) conditions. Integrated
density of the phosphorylated protein () or K) band was divided by that of the total protein () or K) band (n = 3 per group). Data information: Results are
represented as mean + standard error of mean. Statistical analysis was done using unpaired Student’s t tests. *P < 0.05, **P < 0.01, ***P < 0.001.

adipose tissue (BAT) as well as the ratio of iWAT, eWAT, and BAT to body weight decreased in the HFD-
FGF6 mice compared with those in HFD-Ctr]l mice (Figure 6C). Although there was no difference in weight
between the NCD-FGF6 and NCD-Ctrl mice, the NCD-FGF6 group showed less fat, including iWAT and
eWAT, compared with the control mice (Figure 6D).

To elucidate the effect of Fgf6 on glucose and insulin tolerance, glucose tolerance test (GTT) and insulin
tolerance test (ITT) were performed at weeks 10 and 11 after AAV delivery, respectively. Mice injected with
AAV9-FGF6 showed a slight improvement in glucose tolerance compared with the control mice in both the
HFD and NCD groups (Figure 6E and Supplemental Figure 5A). Results of the ITT indicated that overexpres-
sion of Fgf6 in the skeletal muscle not only restored insulin sensitivity in the HFD-fed mice but also improved
insulin sensitivity of the NCD-fed mice to a certain extent (Figure 6F and Supplemental Figure 5B). Metabolic
cages were used to gain additional insight into the impact of Fgfé6 on whole-body metabolism and revealed an
increase in O, consumption, normalized to lean body mass, in the HFD-FGF6 mice compared with that in
HFD-Ctrl mice (Figure 6G), with no difference in food intake and activity (Figure 6H). In addition, serum
TG and nonesterified fatty acid (NEFA) levels were much lower in HFD-FGF6 mice than in HFD-Ctrl mice
(Figure 6I). As both AAV9-Ctrl and AAV9-FGF6 contain sequences coding for GFP (Figure 2A), we ruled
out the spillover of AAV9 infection in other tissues because there was no detection of GFP protein in the
iWAT, eWAT, liver (Supplemental Figure 5C), and BAT (Supplemental Figure 5D). To decipher the target of
enhanced insulin sensitivity in the HFD-FGF6 mice, we observed p-AKT in the adipose tissues (1IWAT and
eWAT; Supplemental Figure 5, E and F), liver (Supplemental Figure 5G), and skeletal muscles (gastroc and
TA,; Figure 5, J and K, and Figure 6J), supporting the upregulation of AKT phosphorylation in the skeletal
muscle of Fgfé-treated mice. Although insulin stimulation robustly upregulated p-AK T and p-AKT™3% in
the gastroc and TA muscles, the levels of phosphorylated proteins further increased upon Fgf6 overexpression.
Subsequently, the effect of FGF6 on muscle mitochondrial characterization in vitro and in vivo was studied.
When recombinant FGF6 was added to myotubes for 24 hours, the basal O, consumption of C2C12 was
increased, which depends on the role of FGF6 in promoting protein synthesis; however, the maximal respira-
tory capacity was unaffected (Supplemental Figure 6A). In addition, no increase in the mitochondrial density
of the gastroc muscles was observed in HFD-FGF6 mice compared to that in HFD-Ctrl mice (Supplemental
Figure 6B). We investigated whether AMPK can be regulated by Fgfé overexpression, because AMPK plays a
crucial role in controlling energy homeostasis, and found that the ratio of p-AMPKa™172/ AMPK was elevated
in both the gastroc and TA muscles in the HFD-fed mice on treatment with AAV9-FGF6 (Supplemental Fig-
ure 6C). Simultaneously, the AMP/ATP and ADP/ATP ratios increased after AAV9-FGF6 treatment in the
gastroc muscles of mice fed with an HFD (Supplemental Figure 6D).

In summary, our results suggest that Fgf6 overexpression ameliorates insulin resistance, improves basal oxy-
gen consumption of mitochondria, and increases the AMPK activity of skeletal muscles, enhancing systemic
glucose and lipid metabolism.

Discussion

In this study, we uncovered a pivotal role of Fgf6 in skeletal muscle metabolism, particularly in humans
with obesity and HFD-fed mice. FGF6 was hypermethylated in the promoter region and exhibited a
decline in gene expression in the skeletal muscle of individuals with obesity. We found that the hyper-
methylation of CRE, which inhibited the attachment of CREBI, contributed to the FGF6 expression
decline. Overexpression of Fgf6 in mouse skeletal muscle showed enhanced protein synthesis and muscle
hypertrophy, which may be explained by the activation of the mTOR signaling pathway. Further, overex-
pression of Fgfé in the skeletal muscle not only provided partial protection against HFD-induced obesity
but also improved glucose and lipid metabolism. To the best of our knowledge, this is the first report that
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Figure 6. Overexpression of Fgf6 in mice skeletal muscle prevents HFD-induced obesity and enhances whole-body metabolism. (A) Body weight of mice
injected with AAV9-Ctrl or AAVS-FGF6, on either HFD or NCD (n = 12 per group). (B) Body composition analysis of HFD-fed mice, evaluated by EchoMRI (n =
12 per group). Percentage of fat or lean weight was calculated by dividing fat or lean mass by body weight, then multiplying by 100. (C and D) Weight and cal-
culated percentage of weight of inguinal subcutaneous white adipose tissue (i\WAT), epididymal white adipose tissue (eWAT), brown adipose tissue (BAT),
and liver from AAV9-Ctrl-injected or AAV9-FGF6-injected HFD-fed (C) or NCD-fed (D) mice; n = 11-12 per group. (E and F) GTT (E) and ITT (F) in HFD-fed

mice at 10 weeks and 11 weeks, respectively (n = 12-15 per group). AUC, area under the curve. (G and H) The whole-body energy metabolism (G), food intake,
and activity (H) of HFD-Ctrl and HFD-FGF6 mice was measured in a comprehensive laboratory animal monitoring system for 48 hours (n = 5 per group). (1)
Serum levels of cholesterol (CHOL), triglyceride (TG), and NEFA in HFD-fed mice with or without FGF6 overexpression (n = 5-6 per group). Mice were fasted
overnight before blood collection. (J) Quantification of p-AKT®*"*” and p-AKT™"% in gastroc and TA muscles in response to insulin stimulation in HFD-Ctrl and
HFD-FGF6 mice (n = 3 per group). Data information: Results are represented as mean + standard error of mean. Statistical analysis was done using unpaired
Student’s t tests or 1-way ANOVA correcting for multiple comparisons by controlling the FDR where appropriate. *P < 0.05, **P < 0.01, ***P < 0.001.

links Fgf6 expression in skeletal muscles to metabolic disorders, providing new insight into the role the
environment-gene interaction network plays in the pathogenesis of obesity, and this insight might aid in
the development of prevention and treatment strategies for metabolic diseases.

Genome-wide methylation and its association with obesity and T2DM, as well as with related phenotypes
in the human skeletal muscle, have been investigated in recent years (17, 39-42). However, nearly all the studies
are based on arrays or candidate genes, and thus the methylation sites covered are just the tip of the iceberg. In
this study, we used MeDIP-Seq, a sequencing-based method with higher coverage of the human epigenome,
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and RNA-Seq, which resulted in the identification of FGF6, one of the many paracrine FGFs, as a modulator
of metabolic homeostasis of skeletal muscles. Fgf6-knockout mice have been generated in previous studies to
investigate the function of Fgf6 on skeletal muscle regeneration, but the results have been inconsistent (43—46).
Despite the contradictory conclusions in Fgfé-knockout mice, the importance of Fgf6 in the maintenance of
muscle stem cells, muscle cell differentiation, and related phenotypes is undeniable (47). In recent years, a novel
link between endocrine FGF's and the skeletal muscle has been reported. Chronic exercise stimulated FGF23
production and was demonstrated to control excess reactive oxygen species production and enhance mitochon-
drial function in the skeletal muscle, enhancing physical performance during exercise (48). In addition, FGF19
and FGF21 have been reported to have opposite effects on skeletal muscle mass in mice (37, 49). Together with
these reports, our study of Fgf6 expands the understanding of the roles FGFs play in the skeletal muscle, espe-
cially in the regulation of metabolism.

Based on our sequencing analysis, we confirmed the altered expression of FGF6 in the skeletal muscles
of individuals with obesity in a larger cohort consisting of 35 pairs of human skeletal muscle specimens.
Further, we showed that decreased expression of FGF6 was mediated by hypermethylation in the promoter
region, inhibiting the binding of CREBI. Previous studies have established the key role of CREB1 in the
regulation of skeletal muscle mass. Creb/-null-mutant mice have been reported to exhibit strong myogenic
defects (50), and mice expressing a dominant-negative Crebl transgene show muscle degeneration due to
a reduced expression of Sik/ (51). In addition, activated by PB,-adrenergic agonists such as clenbuterol,
CREBI has been demonstrated to be an intermediate link, regulated by cAMP—protein kinase A, in target-
ing genes, such as Ppargcla, Nr4a3, and Kdm3a, limiting muscle waste or increasing muscle fiber size (52,
53). We have therefore not only elucidated a potentially new mediator between CREB1 and skeletal muscle
hypertrophy but also provided a potentially new target to treat muscle waste and metabolic disorders using
technologies designed to manipulate DNA methylation at specific genomic loci (54).

A recent study has shown that administration of FGF19 causes skeletal muscle hypertrophy, by stimu-
lating the phosphorylation of ERK1/2 and P70S6K1, and ameliorates obesity-induced skeletal muscle atro-
phy in mice (37). Herein, we found that overexpression of Fgf6 in the skeletal muscle in mice caused a stark
increase in muscle fiber size and strength and inhibited the expression of myostatin, a negative regulator of
muscle mass. However, muscle mass did not change 1 month after Fgf6 overexpression but increased 12 weeks
later, with the HFD-FGF6 mice showing more remarkable increase of muscle mass than that in NCD-fed
mice. Numerous textbooks used in the training of nutrition professionals advocate the creation of an energy
surplus when attempting to facilitate skeletal muscle hypertrophy, emphasizing the importance of energy sup-
ply (55). Therefore, we considered that energy supply as well as duration of Fgf6 overexpression may account
for the discrepancy of changes in muscle mass. Similar to FGF19 administration, Fgfé overexpression led to
an upregulation of p-ERK1/2™:202/Ty204 and p-P70S6K S, Tt is worth noting that the expression of both the
total and phosphorylated proteins relevant to the mTOR pathway increased with the overexpression of Fgf6,
with long-term (12 weeks) overexpression of Fgf6 increasing the protein expression and activity to a similar
extent, except for that of P70S6K. This phenotype has also been reported in another study, which demonstrat-
ed that FST288 has the ability to induce muscle hypertrophy (32, 33). Apart from its impact on muscle mass,
FST gene therapy has been proved to prevent HFD-induced obesity and completely normalize muscle glucose
uptake in diet-induced insulin-resistant obese mice. In our study, the HFD-FGF6 mice exhibited an improved
metabolism, reduced subcutaneous and visceral fat, relieved insulin resistance, elevated O, consumption, and
lower serum TG and NEFA levels, in comparison with those in the HFD-Ctrl group. Off-target effects of
AAV9 were ruled out by detecting the expression of GFP, and the amelioration of insulin resistance in HFD-
fed mice was only observed in the skeletal muscle of mice treated with AAV9-FGF6, but not in iWAT, eWAT,
or liver. In addition, FGF6 also stimulates the phosphorylation of AMPK, which has been shown to promote
glucose disposal and glucose lowering (56) by an increase in the AMP or ADP relative to ATP. Taken together,
these findings confirm the role of the skeletal muscle in the improvement of metabolism after Fgfé overexpres-
sion. Nevertheless, despite the amelioration of HFD-induced metabolic phenotype presented here, we also
observed increased fat deposition in skeletal muscles treated with Fgf8, especially in the HFD-fed mice, in the
absence of prominent inflammation. Ectopic accumulation of adipose in skeletal muscle is usually associated
with muscle disorders, aging, and metabolic diseases. However, considering the generation of intramuscular
adipose tissue in the early stages of muscle regeneration in several models (57-60), fat depositi