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Deconstruct to conquer insulin
resistance

Skeletal muscle glucose uptake is crucial
for the maintenance of glycemia and for
providing a carbon source to this high-
ly energy-demanding tissue (1). Muscle
fibers (multinucleated, 3D cell arrays)
remove dietary glucose from blood in
response to insulin. Therefore, insu-
lin resistance, manifested primarily as
reduced muscle glucose uptake, has been
along-standing health concern. Moreover,
with insulin resistance being a key predic-
tor and driver of type 2 diabetes (T2D),
it is paramount to dissect the molecular
underpinnings of this condition. Under-
standably, major research efforts focus
more on how insulin acts in health and
disease (i.e., the insulin-signaling cas-
cade) and less on whether conditions
prevailing in the muscle may determine

Skeletal muscle preeminently determines whole-body glycemia. However,
the molecular basis and inheritable influence that drive the progression

of insulin resistance to type 2 diabetes remain debated. In this issue of

the JCI, Haider and Lebastchi report on their use of induced pluripotent
stem cell-derived (iPSC-derived) myoblasts (iMyos) to uncover multiple
phosphoproteomic changes that carried over from the human to the cell-
culture system. In this system devoid of in vivo influences, the researchers
annotated changes between the sexes and between the most and least
insulin-sensitive quintiles of a healthy population (defined by steady-state
blood glucose levels). Many phosphoproteomic differences were detected
in the absence of insulin, revealing that changes in the basal landscape of
cells determine the efficiency of insulin action. Basal and insulin-dependent
deficiencies of iPSCs and iMyos likely involve genetic and epigenetic
determinants that modulate insulin sensitivity.

insulin function. Accordingly, a plethora
of studies have examined how environ-
mental and behavioral factors (obesity,
diet composition, energy balance) influ-
ence insulin action in vivo or in muscle ex
vivo. In parallel, studies in primary myo-
tubes or muscle cell lines have typically
explored the effects of fats, cytokines, or
stress factors on insulin action. Those in
vivo and in vitro models therefore assume
that insulin resistance arises (or is uncov-
ered) by environmental cues. Yet studies
over the years find that primary myo-
tubes in culture derived from muscles of
T2D-afflicted individuals retain defects
in glucose uptake, metabolism, and insu-
lin-derived signals compared with those
from healthy controls in the absence of
factors circulating in vivo (2-6). This
observation harnesses the concept that
cell conditions carry over from the organ-

» Related Article: https://doi.org/10.1172/)CI151818

Conflict of interest: The authors have declared that no conflict of interest exists.

Copyright: © 2021, American Society for Clinical Investigation.
Reference information: J Clin Invest. 2021;131(21):e154699. https://doi.org/10.1172/)CI154699.

ism to the cell culture. Moreover, the rec-
ognized familial risk for T2D suggests that
hereditary determinants predispose to the
development of insulin resistance. In the
absence of specific mutations defining
insulin resistance in the rank and file T2D,
detangling the molecular basis of these
conditions has proven challenging.

In this issue of the JCI, Haider and
Lebastchi et al. (7) use a diabetes-in-a-dish
approach to explore the molecular origins
of skeletal muscle insulin resistance. This
model deprograms fully differentiated
cells to yield induced pluripotent stem cells
(iPSCs), followed by reprogramming these
into skeletal muscle myoblasts, to generate
a plentiful source of skeletal muscle cells.
When iPSC-derived myoblasts (iMyos)
were cultured in vitro, they replicated key
features of their insulin-sensitive or insu-
lin-resistant donors, such as reduced glu-
cose uptake and impaired activation of the
proximal insulin-signaling cascade. This
strategy is rooted in the authors’ investiga-
tions in iMyos stemming from individuals
with insulin receptor mutations (8) or with
T2D (9). Global phosphoproteomic analysis
revealed cell-inherent differences in iMyos
in both the monogenic disease and T2D.

In Haider and Lebastchi et al,
blood-derived iPSCs were generated from
a healthy population that spans the nor-
mal range of steady-state plasma glucose
(SSPG). Despite examining iMyos from
a relatively small number of individuals,
the analysis revealed marked differenc-
es in the phosphoprotein landscape and
functional outcomes between the extreme
quintiles of SSPG. Multiple differences
were observed before and after insulin
administration, highlighting basal state
alterations that track with the least insu-
lin-sensitive phenotypes within the nor-
mal range of SSPG. Moreover, the study
allowed the authors to identify networks
of dysregulated phosphorylation. Striking-
ly, the phosphoproteomic signatures were
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Figure 1. Diabetes-in-a-dish approach to exploring the molecular origins of skeletal muscle insulin resistance. Blood cells from I-Sen or I-Res donors (men
and women) were deprogrammed with Sendai virus to generate iPSCs, then redifferentiated in vitro into iMyos. The unique phosphoproteomic signature of
these iMyos (before or after insulin stimulation) was compared with that of iMyos from T2D donors to reveal overlapping dysregulated phosphorylation net-
works in I-Res and T2D iMyos and a sex-specific phosphoproteomic fingerprint. I-Res and T2D iMyos exhibited dysregulated phosphorylation and signaling
networks in I-Res and T2D iMyos, including Rho/Rac GTPase signaling, chromatin organization, and RNA splicing and processing. These phosphoproteomic
changes were reflected in functional differences in the DNA damage response and actin cytoskeleton remodeling. Notably, I-Sen and I-Res iMyos displayed a
sex-specific phosphoproteomic fingerprint. The dysregulated phosphoproteome in I-Sen and I-Res iMyos under basal conditions implies a cell-autonomous
defect in insulin handling. Genetic and epigenetic mechanisms of inheritability that could lead to an altered phosphoproteome and downstream functional
outcomes warrant further investigation. Overall, the work of Haider and Lebastchi et al. (7) represents a major leap in our understanding of insulin resis-
tance. LC MS/MS, liquid chromatography-tandem mass spectrometry.

sexually dimorphic. Notably, a subset of
the phosphoprotein changes in the high-
est SSPG quintile (suggesting most insulin
resistant) also overlapped with changes
that this research group recently found in
iMyos of T2D individuals (9). This obser-
vation resonates with Tirosh et al.’s report
(10) showing that the highest quintile
blood glucose levels in 13,163 healthy indi-
viduals tracked prospectively with a higher
risk of developing T2D. The findings by
Haider and Lebastchi et al. (7) take us one
step closer toward defining determinants
of cell-autonomous muscle insulin resis-
tance by homing in mechanistically on the
concept that muscle-intrinsic properties
conveying this susceptibility are genetical-
ly determined.

the most salient
finding of this study is that broad phos-
phorylation networks in Rho/Rac GTPase
signaling, chromatin organization, and

Mechanistically,

RNA splicing and processing were dysreg-
ulated in both insulin-resistant (I-Res) and
T2D iMyos (7) relative to insulin-sensitive
(I-Sen) iMyos. This global phosphopro-
teomic signature reveals strong, sex-spe-
cific fingerprints that segregate along or
away from the degree of insulin sensitivity
(Figure 1). Functional testing of some of
the phosphoproteomic changes uncovered
differences in the DNA damage response
(defined by apurinic/apyrimidinic sites)
and in actin cytoskeleton remodeling
(measured by RhoA activation). Impor-

tantly, these complex changes segregated
with reduced insulin-dependent glucose
uptake in I-Res iMyos compared with I-Sen
iMyos, and insulin-induced actin remodel-
ing indeed contributes to insulin-stimu-
lated GLUT4 translocation (1).

Genetics and beyond

Beyond the wide-angle approach of uncov-
ering differences in the phosphoproteome
and some of its associated signaling, met-
abolic, or structure/repair pathways, it
is essential to explore the origin for the
persistence of these changes. Could the
changes in the phosphoproteome that are
recapitulated in iMyos arise from somat-
ic mutations occurring in vivo? If so, the
origin of iPSCs may be important. While
Batista et al. (9) generated iMyos from
muscle-derived iPSCs, Haider and Lebast-
chi et al. (7) generated iPSCs from blood
cells. Given that there may be tissue-
specific developmental cues retained in
iPSCs (11), it will become important to
compare the phosphoproteome of iMyos
derived from blood and muscle iPSCs as
well as of adipocytes and iMyos generated
from the same iPSCs.

The structure and accessibility of
chromatin influence the cellular plasticity
required for reprogramming gene expres-
sion in somatic cells and reestablishing the
pluripotent state in iPSCs (12). The find-
ings of Haider and Lebastchi et al. are com-
patible with the possibility that a donor’s

genetic makeup cooperates with epigene-
tic mechanisms to control insulin sensitiv-
ity as a cell-autonomous response to insu-
lin stimulation in iMyos. DNA methylation
marks and miRNAs that persist in iPSCs
are plausible mediators of an acquired
signature. DNA methylation marks that
are deposited during establishment of cell
identity are erased during reprogramming
(13, 14). However, donor-specific meth-
ylation marks are retained in iPSCs. Sim-
ilarly, expression of a subset of miRNAs,
including members of the Let-7 family, is
conserved in iPSCs derived from blood
progenitors (15). Notably, Let-7a is elevat-
ed in primary myotubes of T2D individuals
in the absence of the circulating environ-
ment that the muscle would have faced
in vivo (16). Therefore, residual epigen-
etic marks or miRNAs might contribute
to a transcriptional program that controls
insulin sensitivity.

Altering phosphorylation of histone
modifiers could further affect the tran-
scriptional response of iMyos to insu-
lin, for example, in states of stress or in
disease. Haider and Lebastchi et al. (7)
revealed that epigenetic regulators influ-
encing histone modification, chromatin
accessibility and organization, miRNA
processing, and maintenance of DNA
methylation, among others, were differ-
entially phosphorylated in I-Sen and I-Res
iMyos, and vast correlates were found
between iMyos from I-Res subjects and
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those with overt diabetes (7, 9). It will be
interesting to explore whether the phos-
phorylation changes found in Haider and
Lebastchi et al. (7) affect the function of
epigenetic regulatory proteins. Cross-
referencing genome-wide distribution of
DNA methylation and key histone marks
with gene expression in somatic cells and
iMyos could address this possibility.

Finally, epigenetic modifiers require
intermediates of metabolic pathways as
cofactors (17). The metabolic profile is
also reprogrammed during reestablish-
ment of pluripotency (18, 19). In addition
to epigenetic marks, metabolomic char-
acteristics from the cell of origin are also
retained in iPSCs. Since iPSCs derived
from fibroblasts utilize carbohydrates
and amino acids differently than plurip-
otent embryonic stem cells in response
to oxygen (20), the influence of metab-
olites retained in I-Sen and I-Res iPSCs
may differ. Hence, metabolites associat-
ed with insulin resistance in donors may
also influence the function of epigenetic
modifiers as potential regulators of the
cell-autonomous response to insulin in
iMyos. In aggregate, the results by Haider
and Lebastchi et al. (7) lay the foundation
for investigating valuable aspects of the
transcriptional and epigenetic control of
insulin resistance (Figure 1).

The reconstruction

The changes persisting after the depro-
gram-reprogram cycle that takes place
upon the respective generation of iPSCs
and iMyos not only reflect a state of sus-
ceptibility to insulin resistance upon an
environmental challenge, but also reveal
an inherent cellular insulin resistance.
When does an individual cross the thresh-
old from mildly insulin resistant within the
normal range of SSPG to full-fledged insu-
lin resistant, as defined in the metabolic
syndrome? Do triggering conditions such
as lipids and obesity remove a protective
mechanism? Or do they further aggravate
insulin resistance?

The authors identify phosphorylation
networks dysregulated by insulin resis-
tance, raising the question of which are
drivers of insulin resistance (those that
directly confer insulin resistance) and
which are passengers (those that occur
because of, but do not drive, insulin
resistance)? How do and which specific
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changes in the phosphoproteome cause
the observed defects in signaling and glu-
cose uptake? Toward identifying drivers,
prospective studies could characterize
the phosphoproteomic signature of iMyos
from insulin-resistant individuals at differ-
ent time points as the cell donors progress
(or not) toward the development of T2D.
The manipulability of the diabetes-
in-a-dish model developed by Haider and
Lebastchi et al (7) is a substantial advance.
Adaptation of the system to study termi-
nally differentiated cells of other insulin-
responsive tissues (such as adipocytes)
could identify phosphoproteomic signa-
tures that are tissue specific and those
that are preserved across tissues. Similar-
ly, studying iPSC-derived myocytes from
patients with other metabolic diseases
may reveal a shared origin. Along with the
highly valuable phosphoprotein annota-
tion, future examinations of proteomics,
protein subcellular localization, and com-
plex formation will shed further light on
the mechanistic basis of insulin resistance.
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