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Introduction
Insulin resistance underlies the development of type 2 diabetes (T2D)
and metabolic syndrome (1-3), which together affect 20%-30% of
adults in Westernized populations (4). In addition, an almost equal
fraction of nondiabetic people within the general population have been
shown to have a level of insulin resistance similar to that of patients
with T2D when assessed by levels of circulating insulin, homeostat-
ic model assessment for insulin resistance (HOMA-IR), euglycemic
clamp, or steady-state plasma glucose in response to a fixed insulin
and glucose infusion (5, 6). The molecular determinants underlying
insulin resistance in these states include both cell-autonomous fac-
tors, such as genetics and epigenetics, and effects of extrinsic circulat-
ing factors, including lipids, cytokines, and miRNAs, that can modify
insulin action (7). These factors likely play a role in insulin resistance in
the nondiabetic population. While both T2D and metabolic syndrome
affect men and women almost equally, different factors may play a
role in development of insulin resistance and its metabolic complica-
tions in men and women, including differences in fat distribution and
effects of circulating sex hormones (8, 9). These may lead to differenc-
es in disease progression at different stages of prediabetes (10, 11) and
differences in insulin resistance-associated diseases such as athero-
sclerosis, fatty liver disease, and Alzheimer’s disease (12-14).

To begin to identify the cell-autonomous factors driving insulin
resistance, in previous studies, we have developed a unique model
using induced pluripotent stem cell-derived (iPSC-derived) myo-
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About 25% of people in the general population are insulin resistant, increasing the risk for type 2 diabetes (T2D) and
metabolic disease. Transcriptomic analysis of induced pluripotent stem cells differentiated into myoblasts (iMyos) from
insulin-resistant (I-Res) versus insulin-sensitive (I-Sen) nondiabetic individuals revealed that 306 genes increased and 271
genes decreased in expression in iMyos from |-Res donors with differences of 2-fold or more. Over 30 of the genes changed
in I-Res iMyos were associated with T2D by SNPs and were functionally linked to insulin action and control of metabolism.
Interestingly, we also identified more than 1,500 differences in gene expression that were dependent on the sex of the cell
donor, some of which modified the insulin resistance effects. Many of these sex differences were associated with increased
DNA methylation in cells from female donors and were reversed by 5-azacytidine. By contrast, the insulin sensitivity
differences were not reversed and thus appear to reflect genetic or methylation-independent epigenetic effects.

blasts (iMyos) taken from either type 2 diabetic patients and con-
trols (15) or insulin-sensitive (I-Sen) and insulin-resistant (I-Res)
nondiabetic individuals (16) and investigated basal and insu-
lin-stimulated protein phosphorylation using quantitative global
phosphoproteomics. This revealed a broad network of cellular sig-
naling defects associated with insulin resistance in both patients
with T2D and I-Res individuals without diabetes. We also found
phosphorylation differences in the iMyos taken from the male ver-
sus female individuals, especially in the cells from the nondiabetic
population, reflecting possible sex-dependent differences in cellu-
lar effects (16). The goal of the current study was to investigate the
determinants of insulin resistance and sex-dependent differences
within the nondiabetic population by analysis of gene expression.
In the current study using RNA-Seq, we found a major effect of
insulin resistance on gene expression with almost 600 up- or down-
regulated genes in iMyos from I-Res individuals, including many
genes with SNPs linked to T2D. In addition, we observed over 1,500
differences in gene expression that were linked to the sex of the cell
donor, most independent of the insulin sensitivity status, over 90%
of which were on autosomal chromosomes. Furthermore, we found
anincrease in global DNA methylation in iMyos created from cells of
female versus male individuals, and treatment with a DNA methyl-
transferase (DNMT) inhibitor, 5-azacytidine (5-Az), reversed some
of the sex-related differences in gene expression, and a functional
readout of sexual dimorphism, RhoA activation. By contrast, 5-Az
did not impact the gene expression changes or differences in glu-
cose uptake associated with insulin resistance. Thus, iPSC-derived
human myoblasts exhibit differences in gene expression based on
insulin resistance status and sex of the donor. The latter appear to
be in large part the result of epigenetic DNA methylation changes,
whereas the former appear to be mediated by a complex of genetic
differences or epigenetic mediators other than DNA methylation.
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Results

Transcriptional profiling reveals the cell-autonomous changes in gene
expression associated with insulin resistance. iPSCs were created
from 20 individuals without diabetes, half in the top quintile of
insulin sensitivity (I-Sen) and halfin the bottom quintile of insulin
sensitivity, i.e., most insulin resistant (I-Res), previously identified
by population screening using the steady-state plasma glucose
(SSPG) approach (17); the iPSCs were derived from blood cells
using nonintegrative Sendai virus (18). Both the I-Sen and I-Res
cohorts were equally divided between male and female individ-
uals and had an average age of approximately 60 years (clinical
details in ref. 16 and Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI172333DS1). The iPSCs were converted to myoblasts (iMyos)
using a 2-stage cocktail approach, and both groups of cells showed
similar myogenic differentiation capacity (16). To identify the full
spectrum of gene expression changes associated with the differ-
ences in insulin sensitivity, we performed RNA-Seq of iMyos from
8 1-Sen and 8 I-Res donors (Figure 1A).

Principal component analysis (PCA) of these data demon-
strated a clear separation based on 2 factors: the sex of the cell
donor, which was the largest driver of variance (component 1),
and insulin sensitivity status, which was the second largest driv-
er (component 2) (Figure 1B). Interestingly, in male individuals,
insulin resistance status shifted the relative PCA coordinates to
the left (filled squares vs. open squares, Figure 1B), whereas in
female individuals, insulin resistance shifted the coordinates
toward the right (filled circles vs. open circles, Figure 1B) in the
PCA plot, suggesting an interaction between insulin sensitivity
and donor sex at the level of gene expression. Hierarchical clus-
tering analysis of the expression data focusing on genes that were
differentially abundant between I-Sen and I-Res iMyos in both
male and female individuals revealed 271 genes that were signifi-
cantly decreased and 306 genes that were significantly increased
in cells from I-Res donors as compared with I-Sen donors (P <
0.05; Figure 1C and Supplemental Table 1). The genes altered in
expression in insulin resistance extended well beyond genes typ-
ically linked to insulin action but did include a number that have
been previously linked to diabetes. Thus, among the decreased
genes were WD repeat domain 46 (WDR46), which has been asso-
ciated with diabetic retinopathy (19), integrin subunit a2 (ITGA2),
which has been associated with T2D and its complications (20),
and matrix metalloproteinase 11 (MMP11), which protects against
T2D in mice (21), all of which showed 50%-70% decreases in cells
from the I-Res donors (Figure 1D). Some representative examples
of genes increased in expression in I-Res cells included peripher-
in 2 (PRPH2), which is associated with inherited retinal dystrophy
(22), the secretin receptor (SCTR), which has a GWAS risk allele
for development of T2D (23), and GATAS5, a transcription factor
involved in multiple processes, including pancreatic development
(24), all of which exhibited 2- to 3-fold increases in cells from I-Res
donors. Database for Annotation, Visualization and Integrated
Discovery (DAVID) Gene Ontology analysis of the genes with
decreased expression in insulin resistance revealed that the most
enriched biological processes were for genes involved in the regu-
lation of transcription (30 genes), cell adhesion (10 genes), axon
guidance (5 genes), calcium ion-dependent exocytosis (3 genes),
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and mitotic sister chromatid segregation (3 genes) (Figure 1E, blue
bars), whereas Gene Ontology analysis of genes whose expres-
sion was increased in insulin resistance identified enrichment of
genes involved in negative regulation of transcription (14 genes),
intracellular signal transduction (12 genes), protein localization
(7 genes), Wnt signaling pathway (7 genes), and lipid catabolic
process (6 genes) (Figure 1E, red bars). Mapping of the specific
genes associated with each of these biological processes revealed
a unique network of genes associated with insulin sensitivity sta-
tus that is maintained in vitro in these differentiated iMyos (Sup-
plemental Figure 2A). Positional gene enrichment analysis of the
genes that were increased or decreased in iMyos in relationship to
insulin resistance (Figure 1C) revealed that these genes are spread
throughout all autosomes and the X, but not Y, chromosome (Sup-
plemental Figure 2B). Despite its small size, there were 29 genes
with differential expression on chromosome 19. Whether this rep-
resents some enrichment or simply reflects the gene-rich nature of
chromosome 19, which contains roughly 1,500 genes or 6% of all
the genes, remains to be determined.

Overlapping the genes that were significantly increased or
decreased in I-Res iMyos (Figure 1C) with the genes associated
with T2D via SNPs (19) revealed a set of 32 genes (Supplemental
Figure 3), 5 of which were also associated with the most changed
biological processes in I-Res iMyos (indicated by asterisks in Sup-
plemental Figure 2A). Among the genes associated with T2D and
increased expression in I-Res iMyos were the zinc finger homeo-
box gene TSHZ3 and tumor suppressor WT1, both of which are
negative regulators of transcription. By contrast, genes showing
decreased expression in I-Res iMyos included positive regulators
of transcription, such as PBX2, ZNF213, and IRF2BP]. Interesting-
ly, the lysophosphatidic acid hydrolase ACP6, which is associat-
ed with T2D via SNPs (Supplemental Figure 3), was increased in
expression in iMyos of I-Res donors and has also been shown to
be increased in expression in skeletal muscle of individuals with
a family history of T2D (25). Likewise, TRIM63 (also known as
MURF]I), a muscle-specific E3 ubiquitin ligase, was increased in
I-Res iMyos and has also been found to be increased in muscle of
streptozotocin diabetic mice (26). Conversely, FBXW7, an F-box
protein that serves as the substrate recognition component of SCF
E3 ubiquitin ligase, was decreased in expression in I-Res iMyos
and has been found to be decreased in muscle of the Goto-Kakiza-
ki rat model of T2D (27). Thus, iMyos exhibit a gene expression
signature associated with insulin resistance even in the absence
of the influence of extrinsic factors, many of which, are similar to
gene expression differences in muscle of patients with T2D.

Sex-specific gene expression changes associated with insulin resis-
tance. Because the sex of the patient has a significant effect on gene
expression, we also analyzed the RNA-Seq data from iMyos of the
male and female individuals separately, and this revealed an even
larger set of genes impacting insulin sensitivity (Supplemental
Table 2). Thus, expression of 718 genes was significantly decreased
and of 926 significantly increased comparing the cells of I-Res with
those of I-Sen male donors (Figure 24, left), whereas slightly small-
er numbers (349 decreased and 356 increased) were observed in
the I-Res cells from the female donors (Figure 24, right). Among
the protein-coding genes that were differentially expressed, paired
immunoglobulin-like type 2 receptor o (PILRA) showed a decrease,
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Figure 1. Transcriptional profiling reveals the cell-autonomous changes in gene expression associated with insulin resistance. (A) Schematic overview
of the experimental design. (B) PCA plot showing the separation of the gene expression data by sex and insulin sensitivity status (open shapes, I-Sen;
filled shapes, I-Res). (C) Hierarchical clustering of the genes showing differences associated with insulin resistance in both male and female participants.
Rows represent z scores of the log -transformed intensity of genes for each sample labeled in the column. (D) Quantification of representative genes from
the top cluster, decreased in I-Res, and bottom cluster, increased in I-Res. Green bars, |-Sen; red bars, I-Res. Data are shown as the mean + SEM, n = 8 per
group (4 males and 4 females). *P < 0.05, **P < 0.01, unpaired t test. TPM, transcripts per million. (E) DAVID biological Gene Ontology (GO) analysis (P <
0.05) of the genes in € showing increased (red, I-Res > I-Sen, left) and decreased expression (blue, I-Res < I-Sen, right) in I-Res male and female iMyos.

and collagen 6 02 (COL6A2) showed a significant approximately
2-fold increase of mRNA expression in I-Res as compared with
I-Sen cells from male donors but showed no changes in cells from
female donors (Figure 2B). Conversely, thrombospondin 1 (THBSI)
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showed a significant 50% decrease, and solute carrier family 26
member 7 (SLC26A7) showed a significant approximately 5-fold
increase in I-Res as compared with I-Sen cells from female indi-
viduals, with no significant changes in the cells from male individ-
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Figure 2. Sex-specific gene expression changes associated with insulin resistance. (A) Volcano plots showing gene expression increased in I-Res (I-Res >
I-Sen in red) and decreased in I-Res (I-Res < I-Sen in blue) with distinct changes in male and female participants. (B) Quantification of representative genes
showing decreased or increased levels in I-Res male (blue squares) or female (red circles) individuals. Green bars, I-Sen; red bars, I-Res. Data are shown as the
mean = SEM, n = 4 per group. **P < 0.01, ***P < 0.001 I-Sen vs. I-Res within one sex, or ¥P < 0.05, *#P < 0.01, #*##P < 0.0001 males vs. females in I-Res iMyos,
1-way ANQVA followed by correction for multiple comparison by controlling the FDR. (C) DAVID biological GO analysis (P < 0.05) of genes in volcano plots (P <
0.05) showing increased (red, I-Res > |-Sen) and decreased expression (blue, I-Res < I-Sen) in I-Res male (left) and female participants (right).
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uals (Figure 2B). Interestingly, PILRA has also been found to be
decreased in skeletal muscle of patients with obesity and T2D (28),
and thrombospondin 1 has been linked to B-cell lipotoxicity and
diabetic retinopathy (29), suggesting an important role of these
sex-specific changes in diabetes pathogenesis.

DAVID Gene Ontology analysis revealed that the biological
processes associated with increased expression in I-Res male indi-
viduals (Figure 2C, left, red bars) included genes involved in pro-
tein transport (45 genes), the apoptotic process (35 genes), intra-
cellular signal transduction (32 genes), endocytosis (21 genes),
and extracellular matrix (ECM) organization (17 genes), while
the most enriched biological processes in cells from females were
involved in regulation of transcription (38 genes), skeletal sys-
tem morphogenesis (8 genes), axon guidance (8 genes), pattern
specification (7 genes), and cellular response to hypoxia (6 genes)
(Figure 2C, right panel, red bars). On the other hand, biological
processes associated with lower gene expression in I-Res male
individuals (Figure 2C, left, blue bars) included genes involved in
DNA repair (24 genes), cell division (21 genes), negative regula-
tion of transcription (21 genes), cellular response to DNA damage
stimulus (15 genes), and chromatin organization (14 genes), while
downregulated genes in female cells were related to negative reg-
ulation of transcription (23 genes), cell adhesion (22 genes), posi-
tive regulation of apoptosis (13 genes), negative regulation of cell
proliferation (12 genes), and actin cytoskeleton organization (11
genes) (Figure 2C, right, blue bars). Thus, in addition to the 577
gene expression differences in insulin sensitivity of both male
and female individuals (Figure 1C), iMyos derived from nondia-
betic I-Res and I-Sen individuals showed over 2,000 changes in
gene expression based on insulin sensitivity, which were distinct
in male and female individuals. In addition to these protein-cod-
ing genes, bulk RNA-Seq also revealed differential expression of
a few encoded long noncoding RNAs, such as AL158832.2 and
AL512625.3, and a few miRNAs, including miR8075 and miR570,
which were decreased in I-Res iMyos from the male donors. Fur-
ther exploration of these using small RNA-Seq is warranted.

Cell-autonomous sexual dimorphism in gene expression and their
associated genomic distribution. Both the PCA analysis and the
volcano plots in Figure 2A demonstrate that in addition to insulin
resistance, the sex of the cell donor is a major modulator of dif-
ferences in gene expression. Hierarchical clustering analysis of
the expression data focused on sex of the cell donor rather than
insulin sensitivity status revealed 1,552 genes that differed sig-
nificantly in expression between male and female cells, with 766
genes being significantly higher in expression in cells from male
individuals as compared with those from female individuals (i.e.,
male dominant) and 786 genes being significantly higher in cells
from female individuals (i.e., female dominant) (Figure 3A and
Supplemental Table 3).

DAVID Gene Ontology analysis revealed that the biological
processes associated with the male-dominant cluster included
genes involved in cell adhesion, ECM organization, response to
hypoxia, cell migration, and axon guidance, while genes more
highly expressed in female cells were involved in muscle tissue
development, regulation of ion transport, muscle contraction,
GPCR signaling, and exocytosis (Figure 3B). The magnitude of
these differences ranged from 2- to 10-fold. For example, in the
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male-dominant cluster, ICAMI showed 2-fold higher levels in cells
of' male versus female individuals, COL8AI and KDR showed 2.8-
fold differences, and IFI35 showed a 1.7-fold difference (Figure
3C). Representative genes associated with the biological process-
es identified in the female-dominant clusters included TFAP2B,
which showed a 2-fold increase, CNTNI, which had a 2.9-fold
increase, and the glutamate receptor GRIA2, and doublecortin
DCX genes, which showed 8-fold higher levels in female as com-
pared with male cells (Figure 3C). While DCX is an X chromo-
some-encoded gene, GRIA2is encoded on chromosome 4 with sex
differences in expression in cochlea (30) and the brain (31). These
sex-specific differences were, in general, independent of the insu-
lin sensitivity status (compare dark- vs. light-shaded squares and
circles in Figure 3C) and occurred in vitro in the absence of sex
hormones, i.e., represented cell-autonomous sex-specific changes
in gene expression.

Since male and female cells differ in copy number of genes
represented on the X and Y chromosomes, we performed posi-
tional gene enrichment analysis of the most differentially
expressed male- and female-dominant genes to determine the
chromosomal distribution of the sex-specific gene expression
changes. Using criteria of fold change >1.5 and P < 0.05, we iden-
tified 243 male-dominant and 497 female-dominant genes. Anal-
ysis of these sex-biased genes mapped to their genomic coordi-
nates is shown in Figure 3D. Importantly, 93% of the male- and
female-specific genes were distributed across the autosomal
chromosomes (nos. 1-22), and only 7% were localized to the sex
chromosomes (X, Y) (Figure 3E). As expected, all the genes that
mapped to the Y chromosome were male-dominant genes, and
most of the genes mapping to the X chromosome were female
dominant (Figure 3D). Most sex-differential genes that were
encoded on the autosomes were widely dispersed but showed a
few potential “hot spots” of activity, including a female-domi-
nant cluster of 20 genes on chromosome 3 (genomic coordinates:
6.8 x 10° t0 52.8 x 10°) and a second female-dominant cluster of
9 genes on chromosome 16 (genomics coordinates: 0.98 x 10° to
6.1x10°) (Figure 3D).

Autosomal sex-specific gene expression changes are independent
of X chromosome dosage and androgen receptor action. Although
only 7% of the sex-specific genes were localized on the X or Y
chromosomes, there might be differences in X chromosome dos-
age in the female cells arising from the difference in the extent of
X chromosome inactivation, i.e., the developmental process in
which the one X chromosome in female cells is silenced by being
packed into transcriptionally inactive heterochromatin (32). It is
known that reprogramming of somatic cells from female donors
into iPSCs results in reactivation of the silenced X chromosome,
leading to 2 active X chromosomes (Xa Xa), and this is associated
with a decrease in the DNA methylation of both the X chromo-
some and many autosomal genes (33). When iPSCs are induced
to differentiate into myoblasts or other differentiated cell types,
the cells undergo the process of renewed X chromosome inactiva-
tion resulting in 1 active and 1 inactive chromosome in the female
cells (Xa Xi). However, this process may not be complete in all
cells (34). The long noncoding RNA XIST is the major marker of X
chromosome inactivation (35, 36). As expected, XIST expression
was undetectable in iMyos from all the male donors (Figure 4A).
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By contrast, differentiated iMyos from female individuals showed
variable XIST levels, with 4 of 8 iMyos having high levels of XIST
expression (XIST high) and the other 4 having very low or unde-
tectable levels of XIST mRNA (XIST low). This distribution was
true in cells from both I-Sen and I-Res donors (Figure 4A).

J Clin Invest. 2024;134(2):e172333

To determine the effect of the sex chromosomes and differ-
ent expression levels of XIST on the sex-specific gene expression
data, we performed PCA excluding the genes encoded on the X or
Y chromosome but annotated for female donors based on whether
they had high or low XIST levels (Figure 4B). Even focusing only
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on autosomally encoded genes, the gene expression differenc-
es showed a clear separation based on sex of the donors (PC1 in
Figure 4B), although the female donors also showed a tendency
to separate by level of XIST, with those having low XIST mapping
more similarly to the male donors at high values along the PC2 axis.
To further explore the role of active X dosage and XIST expression
in the changes in autosomal gene expression, we performed com-
parisons of the gene expression data for the XIST high (likely Xa
Xi) and XIST low (likely Xa Xa) female cells versus the male cells
(all XIST low) (Figure 4C). Focusing on 1,840 male-dominant and
1,607 female-dominant autosomal genes (P < 0.05) for these com-
parisons, we found that the majority of the sex-related changes in
autosomal gene expression were independent of the XIST level and
X chromosome dose (Figure 4D). Thus, the X chromosome dosage
and the variation in XIST expression in female individuals do not
account for most autosomal sex-specific gene expression changes.

In addition to the X chromosome dose, we also investigated the
potential effect of sex hormone receptor action on the differential
gene expression. Notably, estrogen receptor (ESRI) mRNA was not
detected by either RNA-Seq or quantitative PCR (qQPCR) in iMyos
from either male or female donors (Figure 4E and Supplemental
Figure 4A). By contrast, expression of the androgen receptor (AR),
which, interestingly, is encoded on the X chromosome, was detect-
ed in cells of both sexes by RNA-Seq, with significantly higher levels
of AR in the cells of I-Sen male individuals as compared with I-Res
male and both I-Sen and I-Res female individuals (Figure 4E). This
was confirmed by qPCR (Supplemental Figure 4A), suggesting that
differences in AR levels in I-Sen and I-Res male individuals could
potentially contribute to some of the insulin resistance changes in
male individuals, as well as the sex-specific changes. Indeed, incu-
bation of I-Sen and I-Res male iMyos with 10 uM dihydrotestoster-
one (DHT) for 4 days normalized the expression level of AR in I-Res
male iMyos (Figure 4F). Interestingly, in addition, the impaired glu-
cose uptake ability upon insulin stimulation in I-Res iMyos was also
rescued upon incubation with DHT (Figure 4G). These results sug-
gest an important role of AR action in regulating insulin resistance
changes in male iMyos. On the other hand, overlapping the autoso-
mal sex-specific gene expression changes in both male and female
iMyos (P < 0.05) with RNA-Seq data of muscle from an indepen-
dent study of mice with or without DHT stimulation (37) revealed
that only 7.2% of the male-dominant changes and only 3% of the
female-dominant changes overlapped with the DHT-induced mus-
cle gene expression changes (Supplemental Figure 4B), suggesting
that varying AR levels in male and female individuals do not seem
to contribute to the sex-specific gene expression changes. Given
that no sex hormones were added to the media used for differen-
tiation and growth of the iMyos, and that so few of the differences
in expression correspond to androgen-responsive genes, the differ-
ences in level of androgen receptor in male cells as compared with
female cells do not appear to have a major impact on the expression
of autosomal sex-specific genes.

DNA methylation contributes to sexual dimorphism, but not insu-
lin resistance. The I-Sen and I-Res iPSCs were originally derived
from circulating blood cells of adult men and women with an aver-
age age of 60 years, i.e., all donors were postpubertal, and all or
most of the women postmenopausal. Thus, the donor had been
exposed for many years to varying levels of sex hormones prior to
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cellular isolation for iPSC derivation. Although reprogramming
of blood cells into iPSCs is known to erase most of the epigenetic
marks exerted by hormonal action and other factors in vivo (38),
it is possible that some residual epigenetic marks remain and con-
tribute to the differences observed in the iMyos. To investigate
this possibility, we assessed expression differences for some of
the genes involved in epigenetic regulation in the I-Sen and I-Res
iMyos from male and female donors. Interestingly, the expression
of the major DNA methyltransferase DNMTI encoded on chro-
mosome 19, as well as of the histone-lysine N-methyltransferase
(EZHI) encoded on chromosome 17, was significantly higher in
the cells from female donors as compared with those from male
donors, independent of the insulin sensitivity status (Supplemen-
tal Figure 5A). These differences in gene expression were even
magnified at the protein level, with 39% and 35% increases in
protein expression of DNMT1 and DNMT3A (P < 0.0001 and P
< 0.007), respectively, in cells from female donors as compared
with those from male donors, independent of insulin sensitivity
status (Figure 5A). Consistent with the difference in the expression
of the methylation enzymes in the postpubertal iMyos, we found
significantly high levels (~15% increased, P < 0.05) of global DNA
methylation in cells from the postpubertal female individuals as
compared with the postpubertal male individuals (Figure 5B).

To determine the potential role of postpubertal sex hormones
in these epigenetic effects, we used an independent set of iPSCs
derived from blood cells of normal prepubertal, i.e., less than 10
years old, male and female donors and differentiated these into
iMyos. Interestingly, in the prepubertal iMyos, no differences
were observed in the mRNA level of DNMTI and EZHI between
the sexes (Supplemental Figure 5A). Likewise, no difference was
observed in global DNA methylation in the iMyos from prepubertal
donors (Figure 5B), suggesting that sex hormone exposure in vivo
may result in persistent DNA methylation epigenetic marks and
contribute to some of the gene expression differences observed in
the cells derived from the postpubertal donors. These findings are
supported by a recent study using human skeletal samples from
222 male and 147 female individuals, which revealed that, of the
differentially methylated regions, 94% were hypomethylated
in male participants as compared with female participants (39).
Overlapping the male and female differences on autosomal genes
in iMyos (n = 3,447 genes, P < 0.05) with this analysis of autoso-
mal sex-biased methylation in human muscle samples (n = 15,724
genes, P < 0.05) revealed 1,356 genes in iMyos (39%) that over-
lapped with the genes showing sex-biased methylation in human
muscle samples (Figure 5C). Thus, a significant proportion of the
genes with sex-biased expression observed in iMyos contain dif-
ferentially methylated positions.

To further investigate whether these differences in DNA
methylation play a role in the sex or insulin resistance differenc-
es in gene expression, we treated postpubertal male and female
iMyos with 5-azacytidine (5-Az), an inhibitor of DNMT (Supple-
mental Figure 5B). This did not affect cell density as assessed by
crystal violet staining or protein content (Supplemental Figure
5B). mRNA expression of 2 normally male-dominant genes, gli-
oma pathogenesis-related protein 1 (GLIPRI) and collagen type
VIII a1 chain (COL8AI), showed a significant rescue of the gene
expression in the female iMyos following treatment with 5-Az
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Figure 5. DNA methylation contributes to sexual dimorphism but not insulin resistance. (A) DNMT1and DNMT3A protein levels comparing male versus
female I-Sen and I-Res iMyos (blue squares, male; red circles, female; dark shade, I-Sen; light shade, I-Res) from LC-MS/MS-based proteomics. n =10
males, n = 9 females. **P < 0.01, ****P < 0.0001 males vs. females. (B) ELISA measuring 5-methylcytosine (5-mC) percentage changes relative to total
DNA amount in I-Sen and I-Res iMyos from postpubertal male and female donors and prepubertal male and female donors. n = 10 males, n = 8 females
(postpuberty), and n = 4 males and females each (prepuberty). *P < 0.05 males vs. females. (C) Overlap of autosomal sex-biased iMyo genes (P < 0.05,

n = 3,447) with autosomal sex-biased methylation positions on n = 15,724 genes from (from ref. 39) showing an overlap of 1,356 of 3,447 genes (39.3%).
(D) mRNA levels of male-dominant genes, GLIPR1 and COL8A1, and female-dominant genes, USP11 and GALNT18, in I-Sen iMyos from male and female
donors with and without 5-azacytidine (5-Az) treatment. n = 4 per group. *P < 0.05 males vs. females in controls, or ¥P < 0.05, ##P < 0.01, ***P < 0.001
controls vs. 5-Az in females. (E) mRNA levels of genes altered in I-Res and |-Sen iMyos from male and female donors with and without 5-Az treatment.
n = 5-8 per group. *P < 0.05, **P < 0.01, ***P < 0.001I-Sen vs. I-Res. (F) Western blot of I-Sen iMyos from male and female cell lysates with and without
5-Az treatment processed through the active RhoA pull-down (PD) experiment and total cell lysates (TCL). Quantification of PD Western blot showing
the active form of RhoA over TCL showing total RhoA levels. n = 4 per group. ***P < 0.001 males vs. females, ####P < 0.0001 DMSO vs. 5-Az in males. (G)
2-NBDG glucose uptake assay in iMyos stimulated with 100 nM of insulin for 30 minutes. n = 9-10 per group. **P < 0.01, ***P < 0.001 basal vs. insulin. (A
and B) unpaired t test; (D-F) 1-way ANOVA followed by correction for multiple comparison by controlling the FDR; (G) 2-way ANOVA followed by correction
for multiple comparison by controlling the FDR. Data are shown as the mean + SEM.
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(Figure 5D). Similarly, mRNA expression of two female-domi-
nant genes, ubiquitin-specific peptidase 11 (USP11) and N-acetyl-
galactosaminyltransferase 18 (GALNTIS8), showed a significant
reversal of the increased expression in the female iMyos following
treatment with 5-Az (Figure 5D), suggesting that epigenetically
mediated DNA methylation contributes to these sex-specific gene
expression differences. On the other hand, mRNA expression of
genes increased in I-Res male and female iMyos, including Rho
GTPase activating protein 25 (ARHGAP25), 17-B-hydroxysteroid
dehydrogenase (HSD17B14), and neuronatin (NNAT), remained
unaffected following treatment with 5-Az (Figure 5E), suggest-
ing that DNA methylation is not a major contributor to the gene
expression changes associated with insulin resistance.

Using phosphoproteomics, we previously showed that iMyos
exhibit multiple sex-specific differences in a broad network of
protein phosphorylations, several of which were related to the Rho
GTPase pathway (16), leading to enhanced activation of RhoA in
iMyos from males versus female donors, as measured in a pull-
down assay (16). This increase in Rho GTPase activity correlated
with significantly higher levels of RhoA mRNA in postpubertal
male iMyos as compared with the female iMyos (Supplemental
Figure 5C). We therefore used RhoA activation as a functional
readout to study the impact of DNMT inhibition on sexual dimor-
phic functional changes. Again, we found that there were higher
levels of RhoA activation in the male versus female cells from
I-Sen iMyos, and this was abolished by treatment of the cells with
5-Az (Figure 5F and Supplemental Figure 5D), indicating that a
methylation-dependent epigenetic modification was contrib-
uting to this sexually dimorphic functional difference. We also
showed that the higher level of DNMT1 protein in the cells from
female individuals as compared with those from male individuals
observed by Western blotting was lost after blockade of DNMT1
upon 5-Az treatment (Figure 5F). Thus, treatment with 5-Az was
sufficient to reverse the sex-biased changes in a functional readout
of RhoA activation.

This reversal of a sexually dimorphic phenotype was not
observed for insulin resistance as measured by glucose uptake.
Thus, when we assessed glucose uptake of the I-Sen and I-Res
iMyos with and without treatment with 5-Az using 2-(N-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose ~ (2-NBDG)
fluorescent glucose, we found that the ability of insulin to stim-
ulate increased glucose uptake in I-Sen iMyos was markedly
reduced in the I-Res iMyos, and this effect was not reversed by
treatment with 5-Az (Figure 5G). Thus, while DNA methylation
contributes to sexual dimorphism in gene expression and Rho
activation, it does not appear to contribute to differences in gene
expression related to insulin resistance or to the reduction in insu-
lin-stimulated glucose uptake.

Discussion

Insulin resistance is central to the pathophysiology of T2D, obesi-
ty, and metabolic syndrome. Insulin resistance can be identified
in offspring of T2D parents many years prior to the onset of the
disease and predicts disease development (3). In addition, insulin
resistance is present in a substantial fraction of the general pop-
ulation, making these individuals at higher risk for the develop-
ment of T2D and metabolic syndrome (6). One powerful approach
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to determining the cellular components of disease pathogenesis is
the use of induced pluripotent stem cells (iPSCs) (40-42). iPSCs
can be maintained in culture indefinitely and differentiated into
almost any tissue of interest in the absence of circulating modi-
fiers. Recently, using myoblasts generated from iPSCs (iMyos) of
individuals over the range of insulin sensitivity, including patients
with insulin receptor mutations (43), patients with T2D (15), and
individuals without diabetes with insulin resistance (16), we found
large differences in the phosphoproteome based on insulin resis-
tance status of the donor. Many of the alterations in signaling in
the iMyos of the I-Res individuals without diabetes overlap with
the alterations observed in cells from patients with T2D, highlight-
ing key steps through which to target insulin resistance (15, 16). In
addition, we found that the sex of the cell donor further modifies
intracellular signaling and that these changes can be reflected in
differences in downstream biological responses (16). Consistent
with this, sex-specific differences in insulin sensitivity in humans
have also been observed in clinical studies. Hyperinsulinemic-eu-
glycemic clamp studies have found that healthy women are more
insulin sensitive than men owing to enhanced glucose uptake and
a higher proportion of type I muscle fibers in women (44, 45). The
goal of the current study was to determine how differences in gene
expression might be associated with insulin resistance and sex-de-
pendent alterations and contribute to these functional changes.

Using RNA-Seq, we have identified 577 genes that are altered in
their expression levels in insulin resistance in cells of both male and
female donors, with 306 genes increased and 271 genes decreased
inI-Res versus I-Sen iMyos. Many of these form complementary net-
works. For example, genesrelated to negative regulation of transcrip-
tion are increased in insulin resistance, while those related to posi-
tive regulation of transcription are decreased, suggesting an overall
decrease in transcriptional activity as a component of cell-intrinsic
insulin resistance. Interestingly, among this group of genes, a subset
of genes have been associated with T2D through SNPs (19), includ-
ing TSHZ3 and WTI, which are increased in expression in I-Res
iMyos, and PBX2, ZNF213, and IRF2BPI, which are decreased in
expression in I-Res iMyos. In addition to these transcriptional regula-
tors, 27 other genes with differential expression in I-Res iMyos have
been associated with T2D through SNPs and are also functionally
linked to insulin action and control of metabolism. Thus, we found
increased expression of genes in I-Res iMyos for biological processes
related to protein localization, Wnt signaling, lipid catabolic process-
es, and intracellular signal transduction, including TGFBP3, a gene
associated with adipose biology and several inflammatory diseases
(46, 47). In contrast, we found decreased expression of genes asso-
ciated with cell adhesion (such as ITGA2), axon guidance (including
WNT3), and calcium ion-dependent exocytosis, as well as TONSL,
a negative regulator of NF-kB-mediated transcription, all of which
have been linked to T2D through SNPs (48). Taken together, these
cell-autonomous defects in gene expression associated with insulin
resistance include potential for multisite transcriptional dysregula-
tion and increased proinflammatory intracellular signaling. Thisisin
agreement with our phosphoproteomics analysis using the same cel-
lular model (16). Overlapping of the insulin sensitivity gene expres-
sion changes in iMyos with changes in gene expression observed in
primary cultured myotubes from T2D/obese patients (49) showed
an approximately 20% overlap in these gene signatures.
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Superimposed on the differences related to insulin resistance,
the sex of the cell donor is a major modulator of differences in
gene expression. Normal development, anthropometric traits, and
disease phenotypes, such as prevalence, progression, and age of
onset, have all been shown to exhibit sex-differentiated charac-
teristics. These sex-based differences are often attributed to hor-
mones, sex chromosomes, and environmental differences, but
the full extent of these differences and their underlying molecular
mechanism largely remain unknown. Indeed, a recent study of
gene expression in 44 human tissues revealed that 37% of all genes
showed sex-biased expression differences in at least one tissue
(50). To what extent these effects were created by the hormonal
milieu in vivo or were intrinsic, based on the sex of the person from
whom the tissues were derived, is unclear. Here, in this ex vivo sys-
tem free of added sex hormones, we found over 1,500 sex-biased
genes, which are independent of the insulin sensitivity status. Only
about 7% of these sex-specific gene expression differences occur in
genes on the X or Y chromosome, i.e., 93% of the sex-differentially
expressed genes are on autosomes. Interestingly, we identified hot
spots of differential expression where multiple female-dominant
genes formed clusters on chromosome 3 (20 genes) and chromo-
some 16 (9 genes). It is possible that these hot spots correspond
to specific transcription factor binding sites, methylation sites, or
interaction with long noncoding RNAs (IncRNAs) leading to down-
stream regulation and sex-biased gene expression.

The IncRNA XIST has been shown to not only regulate gene
expression on the X chromosome but also transregulate gene
expression in some genes on autosomal chromosomes (51, 52). In
iMyos, all male cell lines have undetectable XIST levels, where-
as in cells derived from female individuals, about half have high
levels of XIST and half have very low or undetectable levels. Anal-
ysis of the data considering the varying XIST expression level in
the female iMyos shows that most of the sex-biased differences in
gene expression are independent of the level of XIST expression,
supporting the notion that sex chromosome dosage does not play
animportantrole in most of these sex-specific gene expression dif-
ferences. Additional studies using iPSCs from patients with Turn-
er syndrome (XO females) (53) and/or trisomy X (XXX females)
(54) might help to further define the role of X chromosome dosage
in these sex-specific gene expression changes.

The iPSCs used for the development of the iMyos were
derived from circulating blood cells taken from postpubertal
adults, who had, therefore, been exposed to circulating sex
hormones in vivo. However, in vitro, neither the maintenance
nor the differentiation of the iPSCs involves addition of sex
hormones, limiting the potential impact of hormones on these
sex-specific gene expression changes. While this is a limitation
of this cellular system, one of its strengths is its ability to assess
cellular function in the absence of these extrinsic circulating
factors, since our aim is to investigate the cell-intrinsic changes
in insulin sensitivity in muscle. Interestingly, there are differ-
ences in sex hormone receptors in iMyos. While the estrogen
receptor mRNA was not detected in the iMyos of either sex, the
level of androgen receptor (AR), which coincidentally is encod-
ed on the X chromosome, was higher in cells from I-Sen male
individuals compared with both I-Res male and all female indi-
viduals. Testosterone deficiency in men has been associated
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with the development of obesity, insulin resistance, and T2D,
in addition to its effects on erectile dysfunction (55). Likewise,
men with prostate carcinoma receiving androgen deprivation
therapy show a higher risk of developing insulin resistance and
hyperglycemia (56), consistent with our findings of reduced AR
expression level in I-Res iMyos. Indeed, normalizing AR levels
in I-Res male individuals upon incubation with DHT rescues,
at least in part, the impaired insulin-stimulated glucose uptake
defect. In this perspective, clinical studies have shown that
testosterone can promote insulin sensitivity in hypogonadal
men with and without diabetes (57), and in women, androgen
excess promotes insulin resistance (58, 59). Thus, differences
in AR levels could account for insulin sensitivity changes in
gene expression in male iMyos; however, this is not likely to be
the major driver of the sex-specific gene expression changes.
Indeed, known androgen-responsive genes in the muscle (37)
show minimal overlap with the sex differences in gene expres-
sion in iMyos. Likewise, in ongoing work, we find that blocking
AR action in iMyos by treatment with the AR antagonist bicalut-
amide (60) has little impact on the sex-based differences in
gene expression.

In normal development, exposure to sex hormones during
different developmental stages of life is known to exert epi-
genetic changes that can persist throughout life. Many of these
are related to DNA methylation (reviewed in ref. 61). Similarly,
alterations of the DNA methylation can contribute to differenc-
es in gene expression and provide a link between the develop-
ment of metabolic diseases, genes, and environment (61, 62).
Indeed, altered DNA methylation of genes such as PDK4 and
PPARGCIA has been found in skeletal muscle from patients
with T2D (63-65). Here, we find significantly higher global DNA
methylation in female iMyos as compared with male iMyos,
independent of insulin sensitivity status, consistent with other
studies, which have shown that in addition to methylation on the
inactive X chromosome, female cells also show higher levels of
autosomal methylation in muscle (39). Interestingly, this differ-
ence in global levels of DNA methylation was not observed in
iMyos differentiated from iPSCs of prepubertal male and female
individuals, suggesting that the sex hormone exposure, or other
possible mechanisms such as aging, in the postpubertal female
might lead to epigenetically mediated DNA methylation chang-
es, some of which persist or reoccur through the reprogramming
and differentiation process. Indeed, Landen et al. found that
human skeletal muscle samples from female individuals had an
increased number of differentially methylated regions as com-
pared with muscle from male individuals (39). Overlapping our
data with their data revealed that 39% of the genes exhibiting
sex-differential expression in our data contain differentially
methylated positions; however, 61% do not. Therefore, while
DNA methylation may contribute to a significant fraction of
the sex-specific differences in gene expression, the molecular
mechanism underlying the majority of these genes involves
mechanisms other than DNA methylation. Nonetheless, block-
ing DNA methylation with the DNMT inhibitor 5-Az reverses
at least some of the sex-dependent differences in expression of
male- and female-dominant genes, as well as a sexually dimor-
phic functional difference in RhoA activation.
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Despite a role in sex-specific changes, DNA methylation does
not appear to be the major driving force in gene expression differ-
ences related to insulin resistance or the reduced ability of insulin
to stimulate glucose uptake in I-Res cells, since neither of these
were changed by 5-Az treatment. This leaves open the important
question of how these insulin resistance-related changes in gene
expression and glucose uptake are mediated. They could be medi-
ated by underlying genetic effects that lead to the altered tran-
scriptional regulation observed in these cells. In addition, there
could be epigenetically mediated mechanisms involving histone
modification and effects of noncoding RNAs. Histones can under-
go modifications involving acetylation, methylation, phosphoryla-
tion, and ubiquitination, all of which can lead to changes in chro-
matin structure and alterations in gene expression (66). Histone
modifiers and chromatin remodelers play an important role in
iPSC reprogramming and differentiation (reviewed in ref. 67), but
how these are regulated in redifferentiation of iPSCs is less well
studied. In addition, both long noncoding and short noncoding
miRNAs can modify transcription and translation (68). Indeed,
XIST is an important example of how a single IncRNA can affect
expression of multiple genes. The role of these other epigenetic
mechanisms in insulin resistance and sex-specific gene expression
changes remains to be investigated.

In summary, human iPSC-derived myoblasts demonstrate a
cell-intrinsic gene expression signature associated with insulin
resistance. These gene expression changes are retained in cells
after the reprogramming process and differentiation of iPSCs
into myoblasts and appear to be independent of DNA methyl-
ation, indicating the cell-autonomous nature of these insulin
sensitivity differences. Determining the mechanisms underlying
these differences should provide new targets for defying insulin
resistance and preventing its metabolic consequences. In addi-
tion, iPSC-derived myoblasts exhibit a large panel of differences
in gene expression that are sex specific, most of which involve
genes encoded by autosomal chromosomes. At least one mecha-
nism linked to this sexual dimorphism in gene expression is dif-
ferences in DNA methylation, possibly related to sex hormone
exposure and epigenetic programming in the donor in vivo that
either persists through iPSC reprogramming or is reintroduced
during differentiation of the iPSCs into myoblasts. Understand-
ing the impact of sex on gene expression will be important not
only in insulin resistance, but also in normal physiology and
pathophysiology of many diseases.

Methods
Study participants, SSPG, and iPSC reprogramming. The iPSC lines were
generated from 20 human study participants who had been recruited
and assessed for insulin sensitivity using steady-state plasma glucose
(SSPG) obtained from the modified insulin suppression test at the
Stanford Clinical and Translational Research Unit (69). iPSC lines
were generated as described previously (18), and those used in the
study were chosen from 8 in the upper quintile of insulin sensitivity
and 8 in the lowest quintile of insulin sensitivity, matched for age, sex,
and race/ethnicity based on the SSPG as previously described (16).
iPSC culture, myogenic differentiation, and 5-Az treatment. The
iPSCs were cultured on plates coated with hESC-qualified Matrigel
(Corning) using the mTeSR1 medium containing the 5x complement
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(Stemcell Technologies) and passaged as aggregates using ReLeSR
(Stemcell Technologies). For differentiation into myoblasts, a modi-
fied version of the 2-step differentiation protocol was used (70). For
this, approximately 7 x 10% iPSCs/cm? were seeded onto collagen I-
coated plates (Biocoat, Fisher) in skeletal muscle cell growth basal
medium (Lonza) containing 5% horse serum, 50 pg/mL fetuin, 3 pM
CHIR99021, 2 uM AIKS5 inhibitor, 1 ng/mL bFGF, 10 ng/mL human
recombinant epidermal growth factor (hrEGF), 10 pg/mL insulin, 0.4
pg/mL dexamethasone, 10 pM Y27632 (Rock inhibitor), and 200 uM
ascorbic acid with change of medium every 2 days, which resulted in
myogenic precursor/satellite-like (SC-like) cells within 10 days. The
SC-like cells were then trypsinized and plated at approximately 7 x 10°
iPSCs/cm? onto collagen I-coated plates (Biocoat, Fisher) in skeletal
muscle cell growth basal medium (Lonza) containing 5% horse serum,
50 pg/mL fetuin, 10 pg/mLinsulin, 0.4 pg/mL dexamethasone, 10 uM
Y27632 (Rock inhibitor), 10 ng/mL hrEGF, 20 ng/mL human recombi-
nant hepatocyte growth factor (HGF), 10 ng/mL human recombinant
platelet-derived growth factor (PDGF-AB), 10 ng/mL oncostatin M,
20 ng/mL bFGF, 10 ng/mL insulin-like growth factor 1 (IGF-1), 2 uM
SB431542, and 200 uM ascorbic acid with change of medium every
2 days. This resulted in well-differentiated myoblasts (iMyos) within
another 10 days as characterized by high levels of MyoD1 (16).

For the treatment with 5-Az, the differentiated iMyos were treat-
ed with 20 uM 5-Az for 24 hours followed by processing for RNA
extraction as described below.

RNA isolation, gPCR, and RNA-Seq. Total RNA from all the cell
types was isolated using TRIzol (Thermo Fisher Scientific) following
the chloroform/isopropanol/ethanol extraction method. Comple-
mentary DNA (cDNA) was synthesized from 400 ng of RNA using
a High Capacity cDNA Reverse Transcription kit (Applied Biosys-
tems), and the resulting cDNA was used for the qPCR reaction with
iQ SybrGreen Supermix (Bio-Rad, catalog 1708884) performed on a
C1000 Thermal Cycler (Bio-Rad, catalog CFX384). TATA box bind-
ing protein (Tbp) was used as a housekeeping gene to normalize gene
expression unless stated otherwise. Primer sequences used were
TBP (forward: CCACTCACAGACTCTCACAAC; reverse: CTGCG-
GTACAATCCCAGAACT), AR (forward: GACGACCAGATGGCT-
GTCATT; reverse: GGGCGAAGTAGAGCATCCT), ESRI (forward:
GAAAGGTGGGATACGAAAAGACGC; reverse: GCTGTTCTTCTTA-
GAGCGTTTGA), DNMT1 (forward: AGGCGGCTCAAAGATTTG-
GAA; reverse: GCAGAAATTCGTGCAAGAGATTC), EZH] (forward:
GTCACTGAACACAGTTGCATTG;reverse: TGCACAAAACCGTCT-
CATCTTC), GLIPRI (forward: TCCGATCAGAGGTGAAACCAA;
reverse: GGCTTCAGCCGTGTATTATGTG), COLS8A1 (forward:
AAAGGGGAAATTGGGCCTATG; reverse: CTGGTTGCCCTGG-
TAACCC), USPII (forward: CATTGAACGCAAGGTCATAGAGC;
reverse: AACAGTGTGAGATTTGCCCAA), GALNTI8 (forward:
CCAGAGGTGAGCATCGTGTT; reverse: CTCCTTGAGCAGATGT-
GGGG), ARHGAP25 (forward: CTGAGAGACGCTTTTGATGCT;
reverse: TCTCGGAGGTAGAGCTTTAACA), HSDI7BI14 (forward:
TAGGGCCACAATCCGAGAGG; reverse: GAGCAGTTCAATGC-
CCGTG), and NNAT (forward: ACTGGGTAGGATTCGCTTTTCG;
reverse: ACACCTCACTTCTCGCAATGG).

For RNA-Seq, total RNA samples that passed the quality tests
were submitted to the Biopolymers Facility at Harvard Medical
School. The KAPA mRNA HyperPrep kit for Illumina sequencing was
used. mRNA was pulled down using oligo-dT beads, and the resulting
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mRNA was converted into cDNA. The resulting cDNA then became a
library through adapter ligation and post-PCR cleanup. RNA-Seq raw
reads were 100-bp reverse-stranded paired-end reads with 50 million
reads per sample. The reads were trimmed for adapters and filtered
by sequencing of Phred quality (=Q15) using fastp (71). The count
table was generated by aligning of reads to the human transcriptome
(Ensembl version 98) using kallisto (72), and conversion of transcript
counts to gene counts using tximport (73). To filter out low-expressed
genes, we kept genes that had counts per million of more than 0.5 in
at least 4 samples. Counts were normalized by the weighted trimmed
mean of M values (74). To detect differential genes, we used limma,
an R package to investigate differential expression analyses (75). Pval-
ues were corrected using the Benjamini-Hochberg false discovery rate
(FDR). Hierarchical clustering analysis was used to determine differ-
ential gene clusters using a variable cut height approach (76).

Glucose uptake, active Rho pull-down assays, and DNA methylation
ELISA. For the glucose uptake assay, iMyos grown in a 96-well plate
were serum-starved (DMEM/F12 plus 0.25% BSA) overnight, washed,
and incubated with Krebs-Ringer bicarbonate HEPES (KRBH) buffer
(120 mM NaCl, 10 mM NaHCO,, 4 mM KH,PO,, 1 mM MgSO,, 1 mM
CaCl,, 30 mM HEPES) with 5.5 mmol/L glucose for 15 minutes at
37°C. The cells were then stimulated with 100 nM insulin for 30 min-
utes and then incubated with 100 uM of 2-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) dye in KRBH buffer for
1 hour at 37°C. Cells were washed 3 times with PBS, and the fluores-
cence was recorded using a plate reader.

For the active RhoA pull-down assay, differentiated iMyos were
processed and assayed according to the manufacturer’s protocol. The
kit components, including the Rho rabbit antibody, was purchased
from Cell Signaling (catalog 8820).

For quantification of global DNA methylation, DNA was extract-
ed from the differentiated iMyos, and DNA samples were processed
according to the manufacturer’s protocol to measure levels of 5-meth-
yleytosine through an ELISA reaction (P-1030-48, EpigenTek).
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Statistics. Data analysis was performed using appropriate unpaired
or paired 2-tailed Student’s ¢ test (version 8.4.3, GraphPad Prism Soft-
ware), and P < 0.05 was considered to be significant.

Study approval. The iPSC lines used in this study were generat-
ed from 20 human study participants who had been recruited and
assessed for insulin sensitivity at the Stanford Clinical and Transla-
tional Research Unit at Stanford University (Stanford, CA) as part of
the NIH-sponsored GENESIPS project, which had approval to conduct
the study (69).

Data availability. RNA-Seq raw data were deposited to the Gene
Expression Omnibus (GEO) database (accession GSE244307). Raw
values for all data points in graphs are reported in the Supporting
Data Values file.

Author contributions

NH designed and performed all the experiments, analyzed all the
data, designed the figures, and wrote the paper. CRK conceived
the study, helped with data analysis and interpretation, reviewed
and edited the manuscript, and supervised the project. Both
authors read, reviewed, and edited the manuscript.

Acknowledgments

We thank Kahn laboratory members, especially Thiago M. Batis-
ta and Ari Gattu, for discussions. We thank Bioinformatics Core
members Hui Pan and Jonathan Dreyfuss at the Joslin Diabetes
Center for help with the data analysis. Ivan Carcamo-Orive and
Joshua W. Knowles provided the I-Sen and I-Res iPSC lines. This
work was supported by NIH grants ROIDK031036, R01DK128429
(to CRK), P30DK036836 (to Joslin Diabetes Center), and the
Mary K. Iacocca Professorship (to CRK).

Address correspondence to: C. Ronald Kahn, Joslin Diabetes Cen-
ter, One Joslin Place, Boston, Massachusetts 02215, USA. Phone:
617.309.2635; Email: c.ronald.kahn@joslin.harvard.edu.

1. Haffner SM, et al. Prospective analysis of the

I

insulin-resistance syndrome (syndrome X).
Diabetes. 1992;41(6):715-722.

2. KukJL, Ardern CI. Age and sex differences in
the clustering of metabolic syndrome factors:

fer.2015;6:14.

Nel

association with mortality risk. Diabetes Care.
2010;33(11):2457-2461.

resistance in development of type 2 diabetes mel-
litus: results of a 25-year follow-up study. Lancet.
1992;340(8825):925-929.

4. Pucci G, et al. Sex- and gender-related prev-
alence, cardiovascular risk and therapeutic
approach in metabolic syndrome: a review of the 1
literature. Pharmacol Res. 2017;120:34-42.

5. Bogardus C, et al. Relationships between insulin
secretion, insulin action, and fasting plasma

jay

sulin-dependent diabetic subjects. ] Clin Invest.
1984;74(4):1238-1246.

lin-stimulated glucose uptake in healthy indi-
viduals with normal glucose tolerance. J Clin
Endocrinol Metab. 1987;64(6):1169-1173.

~

ininsulin action in type 2 diabetes. Diabetologia.

J Clin Invest. 2024;134(2):e172333 https://doi.org/10.1172/)CI172333

2021;64(5):994-1006.
Mauvais-Jarvis F. Sex differences in metabolic
homeostasis, diabetes, and obesity. Biol Sex Dif-

. Mauvais-Jarvis F, et al. Sex and gender: modi-
fiers of health, disease, and medicine. Lancet.
2020;396(10250):565-582.

3. Martin BC, et al. Role of glucose and insulin 10. Dagogo-Jack S, et al. Lack of racial disparity in
incident prediabetes and glycemic progression
among black and white offspring of parents with
type 2 diabetes: the pathobiology of prediabetes
in a biracial cohort (POP-ABC) study. J Clin
Endocrinol Metab. 2014;99(6):E1078-E1087.

. Perreault L, et al. Sex differences in diabetes risk
and the effect of intensive lifestyle modification
in the Diabetes Prevention Program. Diabetes
Care.2008;31(7):1416-1421.

glucose concentration in nondiabetic and nonin- 12. Ferretti MT, et al. Sex differences in Alzheimer

disease — the gateway to precision medicine. Nat

Rev Neurol. 2018;14(8):457-469.

6. Hollenbeck C, Reaven GM. Variations in insu- 13. Lonardo A, et al. Sex differences in nonalco-

holic fatty liver disease: state of the art and

identification of research gaps. Hepatology.
2019;70(4):1457-1469.

Batista TM, et al. Defining the underlying defect 14. Man JJ, et al. Sex as a biological variable in ath-

erosclerosis. Circ Res. 2020;126(9):1297-1319.

15. Batista TM, et al. A cell-autonomous signature of
dysregulated protein phosphorylation underlies
muscle insulin resistance in type 2 diabetes. Cell
Metab. 2020;32(5):844-859.

16. Haider N, et al. Signaling defects associated with
insulin resistance in nondiabetic and diabetic
individuals and modification by sex. J Clin Invest.
2021;131(21):€151818.

17. Kim SH, Reaven GM. Insulin resistance and
hyperinsulinemia: you can’t have one without the
other. Diabetes Care. 2008;31(7):1433-1438.

18. Carcamo-Orive I, et al. Analysis of transcrip-
tional variability in a large human iPSC library
reveals genetic and non-genetic determinants of
heterogeneity. Cell Stem Cell. 2017;29(10):1505.

19. Accelerating Medicines Partnership. Genome-
wide single-variant associations for Type 2
diabetes (T2D) (Ancestry: All). https://hugeamp.
org/phenotype.html?phenotype=T2D. Accessed
November 20, 2023.

20. RaniJ, et al. T2DiACoD: a gene atlas of type 2
diabetes mellitus associated complex disorders.
Sci Rep. 2017;7(1):6892.

21. Dali-Youcef N, et al. Matrix metalloproteinase 11

—-

protects from diabesity and promotes metabolic
switch. Sci Rep. 2016;6:25140.

= [


https://doi.org/10.1172/JCI172333
https://www.jci.org/articles/view/172333#sd
https://www.jci.org/articles/view/172333#sd
mailto://c.ronald.kahn@joslin.harvard.edu
https://doi.org/10.2337/diab.41.6.715
https://doi.org/10.2337/diab.41.6.715
https://doi.org/10.2337/diab.41.6.715
https://doi.org/10.2337/dc10-0942
https://doi.org/10.2337/dc10-0942
https://doi.org/10.2337/dc10-0942
https://doi.org/10.2337/dc10-0942
https://doi.org/10.1016/0140-6736(92)92814-V
https://doi.org/10.1016/0140-6736(92)92814-V
https://doi.org/10.1016/0140-6736(92)92814-V
https://doi.org/10.1016/0140-6736(92)92814-V
https://doi.org/10.1016/j.phrs.2017.03.008
https://doi.org/10.1016/j.phrs.2017.03.008
https://doi.org/10.1016/j.phrs.2017.03.008
https://doi.org/10.1016/j.phrs.2017.03.008
https://doi.org/10.1172/JCI111533
https://doi.org/10.1172/JCI111533
https://doi.org/10.1172/JCI111533
https://doi.org/10.1172/JCI111533
https://doi.org/10.1172/JCI111533
https://doi.org/10.1210/jcem-64-6-1169
https://doi.org/10.1210/jcem-64-6-1169
https://doi.org/10.1210/jcem-64-6-1169
https://doi.org/10.1210/jcem-64-6-1169
https://doi.org/10.1007/s00125-021-05415-5
https://doi.org/10.1007/s00125-021-05415-5
https://doi.org/10.1007/s00125-021-05415-5
https://doi.org/10.1186/s13293-015-0033-y
https://doi.org/10.1186/s13293-015-0033-y
https://doi.org/10.1186/s13293-015-0033-y
https://doi.org/10.1016/S0140-6736(20)31561-0
https://doi.org/10.1016/S0140-6736(20)31561-0
https://doi.org/10.1016/S0140-6736(20)31561-0
https://doi.org/10.1210/jc.2014-1077
https://doi.org/10.1210/jc.2014-1077
https://doi.org/10.1210/jc.2014-1077
https://doi.org/10.1210/jc.2014-1077
https://doi.org/10.1210/jc.2014-1077
https://doi.org/10.1210/jc.2014-1077
https://doi.org/10.2337/dc07-2390
https://doi.org/10.2337/dc07-2390
https://doi.org/10.2337/dc07-2390
https://doi.org/10.2337/dc07-2390
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1002/hep.30626
https://doi.org/10.1002/hep.30626
https://doi.org/10.1002/hep.30626
https://doi.org/10.1002/hep.30626
https://doi.org/10.1161/CIRCRESAHA.120.315930
https://doi.org/10.1161/CIRCRESAHA.120.315930
https://doi.org/10.1016/j.cmet.2020.08.007
https://doi.org/10.1016/j.cmet.2020.08.007
https://doi.org/10.1016/j.cmet.2020.08.007
https://doi.org/10.1016/j.cmet.2020.08.007
https://doi.org/10.1172/JCI151818
https://doi.org/10.1172/JCI151818
https://doi.org/10.1172/JCI151818
https://doi.org/10.1172/JCI151818
https://doi.org/10.2337/dc08-0045
https://doi.org/10.2337/dc08-0045
https://doi.org/10.2337/dc08-0045
https://doi.org/10.1016/j.stem.2022.08.011
https://doi.org/10.1016/j.stem.2022.08.011
https://doi.org/10.1016/j.stem.2022.08.011
https://doi.org/10.1016/j.stem.2022.08.011
https://hugeamp.org/phenotype.html?phenotype=T2D
https://hugeamp.org/phenotype.html?phenotype=T2D
https://doi.org/10.1038/s41598-017-07238-0
https://doi.org/10.1038/s41598-017-07238-0
https://doi.org/10.1038/s41598-017-07238-0
https://doi.org/10.1038/srep25140
https://doi.org/10.1038/srep25140
https://doi.org/10.1038/srep25140

RESEARCH ARTICLE

22.

23.

2

=

25.

26.

27.

2

o]

29.

30.

31

32.

33.

3

N

35.

36.

37.

3

oo

39.

Oishi A, et al. Genetic and phenotypic landscape
of PRPH2-associated retinal dystrophy in Japan.
Genes (Basel). 2021;12(11):1817.

Sollis E, et al. The NHGRI-EBI GWAS Catalog:
knowledgebase and deposition resource. Nucleic
Acids Res. 2023;51(d1):D977-D985.

. Spagnoli FM, Brivanlou AH. The Gata5 target,

TGIF2, defines the pancreatic region by modu-
lating BMP signals within the endoderm. Devel-
opment.2008;135(3):451-461.

Elgzyri T, et al. First-degree relatives of type

2 diabetic patients have reduced expression

of genes involved in fatty acid metabolism

in skeletal muscle. J Clin Endocrinol Metab.
2012;97(7):E1332-E1337.

O’Neill BT, et al. FoxO transcription factors are
critical regulators of diabetes-related muscle
atrophy. Diabetes. 2019;68(3):556-570.

Zhang W, et al. Comprehensive analysis of long
non-coding RNAs and mRNAs in skeletal muscle
of diabetic Goto-Kakizaki rats during the early
stage of type 2 diabetes. Peer]. 2020;8:e8548.

. Vastrad B, et al. Bioinformatics analy-

sis of key genes and pathways for obesity
associated type 2 diabetes mellitus as a
therapeutic target [preprint]. https://doi.
org/10.1101/2020.12.25.424383. Posted on
bioRxiv December 27, 2020.

LiY, et al. Genetic regulation of THBSI methyl-
ation in diabetic retinopathy. Front Endocrinol
(Lausanne). 2022;13:991803.

Lozier NR, et al. Sex differences in glutamate
AMPA receptor subunits mRNA with fast gating
kinetics in the mouse cochlea. Front Syst Neurosci.
2023;17:1100505.

Knouse MC, et al. Sex differences in the medial
prefrontal cortical glutamate system. Biol Sex
Differ.2022;13(1):66.

Naughton C, et al. Analysis of active and inactive
X chromosome architecture reveals the indepen-
dent organization of 30 nm and large-scale chro-
matin structures. Mol Cell. 2010;40(3):397-409.
Pasque V, et al. X chromosome dosage influences
DNA methylation dynamics during repro-
gramming to mouse iPSCs. Stem Cell Reports.
2018;10(5):1537-1550.

. Shvetsova E, et al. Skewed X-inactivation is com-

mon in the general female population. Eur ] Hum
Genet.2019;27(3):455-465.

Geens M, Chuva De Sousa Lopes SM. X chro-
mosome inactivation in human pluripotent
stem cells as a model for human development:
back to the drawing board? Hum Reprod Update.
2017;23(5):520-532.

Lu Z, et al. Mechanistic insights in X-chromo-
some inactivation. Philos Trans R Soc Lond B Biol
Sci. 2017;372(1733):20160356.

Sakakibara I, et al. Myofiber androgen receptor
increases muscle strength mediated by a skel-
etal muscle splicing variant of Mylk4. iScience.
2021;24(4):102303.

. Frobel ], et al. Epigenetic rejuvenation of mes-

enchymal stromal cells derived from induced
pluripotent stem cells. Stem Cell Reports.
2014;3(3):414-422.

Landen S, et al. Skeletal muscle methylome and
transcriptome integration reveals profound

sex differences related to muscle function

14

40.

41.

42.

4

w

44,

45.

46.

4

~

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

and substrate metabolism. Clin Epigenetics.
2021;13(1):202.

Bose A, et al. Induced pluripotent stem cells: a
tool for modeling Parkinson’s disease. Trends
Neurosci. 2022;45(8):608-620.

Pratumkaew P, et al. Induced pluripotent stem
cells as a tool for modeling hematologic disorders
and as a potential source for cell-based therapies.
Cells. 2021;10(11):3250.

Teo AK, et al. Derivation of human induced
pluripotent stem cells from patients with matu-
rity onset diabetes of the young. J Biol Chem.
2013;288(8):5353-5356.

. Tovino S, et al. Myotubes derived from human-in-

duced pluripotent stem cells mirror in vivo
insulin resistance. Proc Natl Acad Sci U S A.
2016;113(7):1889-1894.

Lundsgaard AM, Kiens B. Gender differences in
skeletal muscle substrate metabolism — molec-
ular mechanisms and insulin sensitivity. Front
Endocrinol (Lausanne). 2014;5:195.

Nuutila P, et al. Gender and insulin sensitivity
in the heart and in skeletal muscles. Studies
using positron emission tomography. Diabetes.
1995;44(1):31-36.

Barry RJ, et al. Association analysis of TGFBR3
gene with Behget’s disease and idiopathic inter-
mediate uveitis in a Caucasian population. Br ]
Ophthalmol. 2015;99(5):696-699.

. Groeneveld ME, et al. Betaglycan (TGFBR3)

up-regulation correlates with increased TGF-$
signaling in Marfan patient fibroblasts in vitro.
Cardiovasc Pathol. 2018;32:44-49.

Klyosova E, et al. A polymorphism in the gene
encoding heat shock factor 1 (HSFI) increases
the risk of type 2 diabetes: a pilot study supports
arole for impaired protein folding in disease
pathogenesis. Life (Basel). 2022;12(11):1936.
Varemo L, et al. Type 2 diabetes and obesity
induce similar transcriptional reprogramming in
human myocytes. Genome Med. 2017;9(1):47.
Oliva M, et al. The impact of sex on gene
expression across human tissues. Science.
2020;369(6509):eaba3066.

Ariel F, et al. R-loop mediated trans action of
the APOLO long noncoding RNA. Mol Cell.
2020;77(5):1055-1065.

Statello L, et al. Gene regulation by long non-cod-
ing RNAs and its biological functions. Nat Rev
Mol Cell Biol. 2021;22(2):96-118.

Dominguez AA, et al. Human germ cell forma-
tion in xenotransplants of induced pluripotent
stem cells carrying X chromosome aneuploidies.
Sci Rep. 2014;4:6432.

Banno K, et al. Systematic cellular disease mod-
els reveal synergistic interaction of trisomy 21
and GATA1 mutations in hematopoietic abnor-
malities. Cell Rep. 2016;15(6):1228-1241.
Zitzmann M, et al. Association of specific
symptoms and metabolic risks with serum tes-
tosterone in older men. J Clin Endocrinol Metab.
2006;91(11):4335-4343.

Basaria S, et al. Hyperglycemia and insulin
resistance in men with prostate carcinoma who
receive androgen-deprivation therapy. Cancer.
2006;106(3):581-588.

YuIC, et al. Androgen receptor roles in insulin
resistance and obesity in males: the linkage of

58.

59.

60.

61.

62.

63.

64.

65.

66.

6

68.

69.

70.

7

—

72.

73.

74

75.

76.

~

The Journal of Clinical Investigation

androgen-deprivation therapy to metabolic syn-
drome. Diabetes. 2014;63(10):3180-3188.
Corbould A. Effects of androgens on insulin
action in women: is androgen excess a compo-
nent of female metabolic syndrome? Diabetes
Metab Res Rev. 2008;24(7):520-532.
Diamanti-Kandarakis E, Dunaif A. Insulin resis-
tance and the polycystic ovary syndrome revisit-
ed: an update on mechanisms and implications.
Endocr Rev. 2012;33(6):981-1030.

Masiello D, et al. Bicalutamide functions as an
androgen receptor antagonist by assembly of a
transcriptionally inactive receptor. J Biol Chem.
2002;277(29):26321-26326.

Garcia-Carpizo V, et al. The growing role of gene
methylation on endocrine function. ] Mol Endo-
crinol. 2011;47(2):R75-R89.

Pillon NJ, et al. Metabolic consequences of
obesity and type 2 diabetes: balancing genes
and environment for personalized care. Cell.
2021;184(6):1530-1544.

Barres R, et al. Acute exercise remodels promot-
er methylation in human skeletal muscle. Cell
Metab.2012;15(3):405-411.

Kulkarni SS, et al. Mitochondrial regulators of
fatty acid metabolism reflect metabolic dys-
function in type 2 diabetes mellitus. Metabolism.
2012;61(2):175-185.

Ribel-Madsen R, et al. Genome-wide analysis of
DNA methylation differences in muscle and fat
from monozygotic twins discordant for type 2
diabetes. PLoS One. 2012;7(12):e51302.
Kouzarides T. Chromatin modifications and their
function. Cell. 2007;128(4):693-705.

. Delgado-Olguin P, Recillas-Targa F. Chromatin
structure of pluripotent stem cells and induced
pluripotent stem cells. Brief Funct Genomics.
2011;10(1):37-49.

Kim DH, et al. MicroRNA-directed transcription-
al gene silencing in mammalian cells. Proc Natl
Acad SciUS A.2008;105(42):16230-16235.
Knowles JW, et al. Measurement of insulin-me-
diated glucose uptake: direct comparison of the
modified insulin suppression test and the eug-
lycemic, hyperinsulinemic clamp. Metabolism.
2013;62(4):548-553.

CaronL, et al. A Human pluripotent stem cell
model of facioscapulohumeral muscular dystro-
phy-affected skeletal muscles. Stem Cells Transl
Med. 2016;5(9):1145-1161.

. Chen S, etal. fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics. 2018;34(17):1884-1890.
Bray NL, et al. Near-optimal probabilistic
RNA-seq quantification. Nat Biotechnol.
2016;34(5):525-527.

Soneson C, et al. Differential analyses for RNA-
seq: transcript-level estimates improve gene-lev-
elinferences. FIOOORes. 2015;4:1521.

. Robinson MD, Oshlack A. A scaling normaliza-
tion method for differential expression analysis
of RNA-seq data. Genome Biol. 2010;11(3):R25.
Ritchie ME, et al. limma powers differential
expression analyses for RNA-sequencing

and microarray studies. Nucleic Acids Res.
2015;43(7):e47.

Langfelder P, et al. Defining clusters from a hier-
archical cluster tree: the Dynamic Tree Cut pack-
age for R. Bioinformatics. 2008;24(5):719-720.

J Clin Invest. 2024;134(2):e172333 https://doi.org/10.1172/)CI172333


https://doi.org/10.1172/JCI172333
https://doi.org/10.3390/genes12111817
https://doi.org/10.3390/genes12111817
https://doi.org/10.3390/genes12111817
https://doi.org/10.1093/nar/gkac1010
https://doi.org/10.1093/nar/gkac1010
https://doi.org/10.1093/nar/gkac1010
https://doi.org/10.1242/dev.008458
https://doi.org/10.1242/dev.008458
https://doi.org/10.1242/dev.008458
https://doi.org/10.1242/dev.008458
https://doi.org/10.1210/jc.2011-3037
https://doi.org/10.1210/jc.2011-3037
https://doi.org/10.1210/jc.2011-3037
https://doi.org/10.1210/jc.2011-3037
https://doi.org/10.1210/jc.2011-3037
https://doi.org/10.2337/db18-0416
https://doi.org/10.2337/db18-0416
https://doi.org/10.2337/db18-0416
https://doi.org/10.7717/peerj.8548
https://doi.org/10.7717/peerj.8548
https://doi.org/10.7717/peerj.8548
https://doi.org/10.7717/peerj.8548
https://doi.org/10.1101/2020.12.25.424383
https://doi.org/10.1101/2020.12.25.424383
https://doi.org/10.3389/fendo.2022.991803
https://doi.org/10.3389/fendo.2022.991803
https://doi.org/10.3389/fendo.2022.991803
https://doi.org/10.3389/fnsys.2023.1100505
https://doi.org/10.3389/fnsys.2023.1100505
https://doi.org/10.3389/fnsys.2023.1100505
https://doi.org/10.3389/fnsys.2023.1100505
https://doi.org/10.1186/s13293-022-00468-6
https://doi.org/10.1186/s13293-022-00468-6
https://doi.org/10.1186/s13293-022-00468-6
https://doi.org/10.1016/j.molcel.2010.10.013
https://doi.org/10.1016/j.molcel.2010.10.013
https://doi.org/10.1016/j.molcel.2010.10.013
https://doi.org/10.1016/j.molcel.2010.10.013
https://doi.org/10.1016/j.stemcr.2018.03.019
https://doi.org/10.1016/j.stemcr.2018.03.019
https://doi.org/10.1016/j.stemcr.2018.03.019
https://doi.org/10.1016/j.stemcr.2018.03.019
https://doi.org/10.1038/s41431-018-0291-3
https://doi.org/10.1038/s41431-018-0291-3
https://doi.org/10.1038/s41431-018-0291-3
https://doi.org/10.1093/humupd/dmx015
https://doi.org/10.1093/humupd/dmx015
https://doi.org/10.1093/humupd/dmx015
https://doi.org/10.1093/humupd/dmx015
https://doi.org/10.1093/humupd/dmx015
https://doi.org/10.1098/rstb.2016.0356
https://doi.org/10.1098/rstb.2016.0356
https://doi.org/10.1098/rstb.2016.0356
https://doi.org/10.1016/j.isci.2021.102303
https://doi.org/10.1016/j.isci.2021.102303
https://doi.org/10.1016/j.isci.2021.102303
https://doi.org/10.1016/j.isci.2021.102303
https://doi.org/10.1016/j.stemcr.2014.07.003
https://doi.org/10.1016/j.stemcr.2014.07.003
https://doi.org/10.1016/j.stemcr.2014.07.003
https://doi.org/10.1016/j.stemcr.2014.07.003
https://doi.org/10.1186/s13148-021-01188-1
https://doi.org/10.1186/s13148-021-01188-1
https://doi.org/10.1186/s13148-021-01188-1
https://doi.org/10.1186/s13148-021-01188-1
https://doi.org/10.1186/s13148-021-01188-1
https://doi.org/10.1016/j.tins.2022.05.001
https://doi.org/10.1016/j.tins.2022.05.001
https://doi.org/10.1016/j.tins.2022.05.001
https://doi.org/10.3390/cells10113250
https://doi.org/10.3390/cells10113250
https://doi.org/10.3390/cells10113250
https://doi.org/10.3390/cells10113250
https://doi.org/10.1074/jbc.C112.428979
https://doi.org/10.1074/jbc.C112.428979
https://doi.org/10.1074/jbc.C112.428979
https://doi.org/10.1074/jbc.C112.428979
https://doi.org/10.1073/pnas.1525665113
https://doi.org/10.1073/pnas.1525665113
https://doi.org/10.1073/pnas.1525665113
https://doi.org/10.1073/pnas.1525665113
https://doi.org/10.3389/fendo.2014.00195
https://doi.org/10.3389/fendo.2014.00195
https://doi.org/10.3389/fendo.2014.00195
https://doi.org/10.3389/fendo.2014.00195
https://doi.org/10.2337/diab.44.1.31
https://doi.org/10.2337/diab.44.1.31
https://doi.org/10.2337/diab.44.1.31
https://doi.org/10.2337/diab.44.1.31
https://doi.org/10.1136/bjophthalmol-2014-306198
https://doi.org/10.1136/bjophthalmol-2014-306198
https://doi.org/10.1136/bjophthalmol-2014-306198
https://doi.org/10.1136/bjophthalmol-2014-306198
https://doi.org/10.1016/j.carpath.2017.10.003
https://doi.org/10.1016/j.carpath.2017.10.003
https://doi.org/10.1016/j.carpath.2017.10.003
https://doi.org/10.1016/j.carpath.2017.10.003
https://doi.org/10.1186/s13073-017-0432-2
https://doi.org/10.1186/s13073-017-0432-2
https://doi.org/10.1186/s13073-017-0432-2
https://doi.org/10.1126/science.aba3066
https://doi.org/10.1126/science.aba3066
https://doi.org/10.1126/science.aba3066
https://doi.org/10.1016/j.molcel.2019.12.015
https://doi.org/10.1016/j.molcel.2019.12.015
https://doi.org/10.1016/j.molcel.2019.12.015
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1038/srep06432
https://doi.org/10.1038/srep06432
https://doi.org/10.1038/srep06432
https://doi.org/10.1038/srep06432
https://doi.org/10.1016/j.celrep.2016.04.031
https://doi.org/10.1016/j.celrep.2016.04.031
https://doi.org/10.1016/j.celrep.2016.04.031
https://doi.org/10.1016/j.celrep.2016.04.031
https://doi.org/10.1210/jc.2006-0401
https://doi.org/10.1210/jc.2006-0401
https://doi.org/10.1210/jc.2006-0401
https://doi.org/10.1210/jc.2006-0401
https://doi.org/10.1002/cncr.21642
https://doi.org/10.1002/cncr.21642
https://doi.org/10.1002/cncr.21642
https://doi.org/10.1002/cncr.21642
https://doi.org/10.2337/db13-1505
https://doi.org/10.2337/db13-1505
https://doi.org/10.2337/db13-1505
https://doi.org/10.2337/db13-1505
https://doi.org/10.1002/dmrr.872
https://doi.org/10.1002/dmrr.872
https://doi.org/10.1002/dmrr.872
https://doi.org/10.1002/dmrr.872
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1074/jbc.M203310200
https://doi.org/10.1074/jbc.M203310200
https://doi.org/10.1074/jbc.M203310200
https://doi.org/10.1074/jbc.M203310200
https://doi.org/10.1530/JME-11-0059
https://doi.org/10.1530/JME-11-0059
https://doi.org/10.1530/JME-11-0059
https://doi.org/10.1016/j.cell.2021.02.012
https://doi.org/10.1016/j.cell.2021.02.012
https://doi.org/10.1016/j.cell.2021.02.012
https://doi.org/10.1016/j.cell.2021.02.012
https://doi.org/10.1016/j.cmet.2012.01.001
https://doi.org/10.1016/j.cmet.2012.01.001
https://doi.org/10.1016/j.cmet.2012.01.001
https://doi.org/10.1016/j.metabol.2011.06.014
https://doi.org/10.1016/j.metabol.2011.06.014
https://doi.org/10.1016/j.metabol.2011.06.014
https://doi.org/10.1016/j.metabol.2011.06.014
https://doi.org/10.1371/journal.pone.0051302
https://doi.org/10.1371/journal.pone.0051302
https://doi.org/10.1371/journal.pone.0051302
https://doi.org/10.1371/journal.pone.0051302
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1093/bfgp/elq038
https://doi.org/10.1093/bfgp/elq038
https://doi.org/10.1093/bfgp/elq038
https://doi.org/10.1093/bfgp/elq038
https://doi.org/10.1073/pnas.0808830105
https://doi.org/10.1073/pnas.0808830105
https://doi.org/10.1073/pnas.0808830105
https://doi.org/10.1016/j.metabol.2012.10.002
https://doi.org/10.1016/j.metabol.2012.10.002
https://doi.org/10.1016/j.metabol.2012.10.002
https://doi.org/10.1016/j.metabol.2012.10.002
https://doi.org/10.1016/j.metabol.2012.10.002
https://doi.org/10.5966/sctm.2015-0224
https://doi.org/10.5966/sctm.2015-0224
https://doi.org/10.5966/sctm.2015-0224
https://doi.org/10.5966/sctm.2015-0224
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1038/nbt.3519
https://doi.org/10.12688/f1000research.7563.1
https://doi.org/10.12688/f1000research.7563.1
https://doi.org/10.12688/f1000research.7563.1
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btm563
https://doi.org/10.1093/bioinformatics/btm563
https://doi.org/10.1093/bioinformatics/btm563

	Graphical abstract

