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SUMMARY
With the increasing prevalence of type 2 diabetes and fatty liver disease, there is still an unmet need to better
treat hyperglycemia and hyperlipidemia. Here, we identify isthmin-1 (Ism1) as an adipokine and one that has a
dual role in increasing adipose glucose uptake while suppressing hepatic lipid synthesis. Ism1 ablation re-
sults in impaired glucose tolerance, reduced adipose glucose uptake, and reduced insulin sensitivity,
demonstrating an endogenous function for Ism1 in glucose regulation. Mechanistically, Ism1 activates a
PI3K-AKT signaling pathway independently of the insulin and insulin-like growth factor receptors. Notably,
while the glucoregulatory function is shared with insulin, Ism1 counteracts lipid accumulation in the liver
by switching hepatocytes from a lipogenic to a protein synthesis state. Furthermore, therapeutic dosing of
recombinant Ism1 improves diabetes in diet-induced obese mice and ameliorates hepatic steatosis in a
diet-induced fatty liver mouse model. These findings uncover an unexpected, bioactive protein hormone
that might have simultaneous therapeutic potential for diabetes and fatty liver disease.
INTRODUCTION

The growing epidemic of metabolic disorders has increased the

need for a greater mechanistic understanding of the molecular

basis for glucose and lipid regulation in normal physiology and

pathophysiology. Glucose homeostasis balances glucose up-

take, mainly by skeletal muscle, heart, and adipose tissue,

and glucose production, predominantly by the liver, kidney,
1836 Cell Metabolism 33, 1836–1852, September 7, 2021 ª 2021 Els
and gut (Petersen et al., 2017; Samuel and Shulman, 2016).

Activation of brown or beige fat in humans has been shown

to increase both basal and insulin-stimulated whole-body

glucose disposal, demonstrating a physiologically significant

role for these tissues in glucose regulation (Chondronikola

et al., 2014). By using 18F-fluoro-2-deoxy-d-glucose positron

emission tomography (18F-FDG-PET), several groups have

shown that glucose uptake into thermogenic adipose tissues
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Figure 1. Ism1 is an adipokine that induces glucose uptake in human and mouse adipocytes

(A) LC-MS analysis detection of mouse Ism1 peptides in red from adipocyte-conditioned media (n = 2). Representative of 2 biological replicates.

(B) LC-MS analysis using TMT labeling demonstrating relative Ism1 protein secretion in conditioned media from WT (n = 2) or ap2-prdm16tg (n = 2) adipocytes.

Representative of 2 biological replicates.

(C) qRT-PCR of Ism1, Adipoq, pparg, and Pdgfr-a in isolated mature brown fat adipocytes and in the stromal vascular fraction (n = 3). 1 technical replicate of 3

biological samples.

(D) Representative western blots (n = 2 in total) of Ism1 and b-actin in isolatedmature brown fat adipocytes and in the stromal vascular fraction. Recombinant Ism1

protein was used as standard.

(E) Ism1 gene expression levels in brown fat adipocytes during differentiation (n = 3). 1 technical replicate of 3 biological samples.

(F) Representative silverstain and Ism1 immunoblot (n = 3 in total) of native and deglycosylated recombinant mouse Ism1.

(G) Representative size exclusion chromatography (n = 2 in total) of recombinant Ism1 protein under native conditions.

(H) Representative LC-MS analysis of recombinant Ism1 protein showing high purity by spectral counts and number of unique peptides (1 biological replicate).

(I) 2-deoxy-H3-glucose uptake in human SGBS adipocytes treated with insulin or Ism1 protein for 30 min (n = 6). 1 technical replicate of 6 biological samples.

(J) 2-deoxy-H3-glucose uptake in mouse primary adipocytes treated with control or Ism1 (n = 15). 1 technical replicate of 15 biological samples across four

biologically independent experiments.

(K) 2-deoxy-H3-glucose uptake inmouse primary adipocytes treatedwith insulin, Ism1, or a combination of Ism1 and insulin for 1 h (n = 3). 1 technical replicate of 3

biological samples.

(L) 2-deoxy-H3-glucose uptake in human primary skeletal muscle cells treated with Ism1 or insulin for 1 h (n = 3). 1 technical replicate of 3 biological samples.

(M) Representative images (n = 4 of two biological samples) of membrane localization of GLUT4 in primary adipocytes after treatment with 100 nM insulin or

100 nM Ism1 protein for 24 h.

(N) Representative protein levels of Glut4 in isolated plasmamembranes in primary mouse adipocytes (n = 3 biological samples) treated with 100 nM Ism1 protein

or 100 nM insulin for 4 h compared with the cytosolic fractions. Pdgfr-a is used as loading control.

(O) Ism1 and Adipoq gene expression levels in lacZ-shRNA or Ism1-shRNA adipocytes (n = 4).

(P) 2-deoxy-H3-glucose uptake in lacZ-shRNA or Ism1-shRNA adipocytes (n = 4 biological replicates).

(Q) Representative western blot (n = 2 in total) of pAKTS473, total AKT, and b-actin in lacZ-shRNA or Ism1-shRNA adipocytes.

(legend continued on next page)
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in humans can be induced by cold exposure or by pharmaco-

logical activation of the b-adrenergic receptors (Cypess et al.,

2009; Saito et al., 2009; van Marken Lichtenbelt et al., 2009;

Virtanen et al., 2009). These findings are in agreement with

studies in rodents showing that loss of the futile creatine cycle

from adipose tissues causes obesity and worsens glucose

tolerance (Kazak et al., 2017, 2019). Furthermore, brown fat

transplanted into the visceral cavity of mice can improve

glucose tolerance and insulin sensitivity (Cohen et al., 2014;

Kajimura et al., 2009; Stanford et al., 2013).

There is mounting evidence that thermogenic adipose tissue

canmediate some of the beneficial effects through secreted fac-

tors, but the molecules and pathways remain incompletely un-

derstood. Several studies have identified autocrine or paracrine

mediators of glucose metabolism, including fibroblast growth

factor 21 (FGF21) (Fisher et al., 2012), interleukin-6 (IL-6) (Stan-

ford et al., 2013), slit2-C (Svensson et al., 2016), and neuregulin

4 (Wang et al., 2014). Two pathways have been proposed to in-

crease glucose uptake in adipose tissue: insulin-dependent

glucose uptake during anabolic processes and insulin-indepen-

dent glucose uptake bymolecules such as fibroblast growth fac-

tor 21 (FGF21), or norepinephrine during thermogenesis (Dallner

et al., 2006; Fisher et al., 2012). Importantly, under hyperinsuline-

mia, insulin promotes lipid synthesis, a process that contributes

to the development of non-alcoholic fatty liver disease (Kim et al.,

1998b; Petersen and Shulman, 2018; Sanyal et al., 2001). As a

consequence, hyperinsulinemia further exacerbates the meta-

bolic triad of hyperglycemia, hypertriglyceridemia, and insulin

resistance. Current insulin therapies and insulin-sensitizing

agents are often associated with undesirable effects, such as in-

creases in hepatic lipid synthesis. Identifying pathways to simul-

taneously increase peripheral glucose uptake while suppressing

hepatic lipid accumulation would be beneficial for an overall

improvement of metabolic syndrome. Interestingly, mice lacking

beige adipose tissue have worsened hepatic steatosis, suggest-

ing the existence of fat-derived paracrine factors that can regu-

late lipid accumulation (Cohen et al., 2014).

Here, we demonstrate an unusual dual metabolic role for the

poorly understood secreted protein isthmin-1 (ISM1). Ism1 was

first identified as a gene expressed in the Xenopus midbrain-

hindbrain organizer called isthmus, with a proposed role during

early brain development (Oso�rio et al., 2014; Valle-Rios et al.,

2014; Venugopal et al., 2015). The Ism1 gene is conserved in

mice and humans, but the function in adult physiology has re-

mained elusive. We show with genetic models and pharmaco-

logical approaches that Ism1 is a signaling polypeptide factor

that regulates glucose uptake while suppressing lipid accumula-

tion. Therefore, Ism1 is a bioactive peptide hormone that

dissociates glucose uptake from lipid synthesis, providing new
(R) Quantification of pAKTS473/total AKT protein expression quantified from 2 ind

experiments) in lacZ-shRNA or Ism1-shRNA adipocytes.

(S) 2-deoxy-H3-glucose uptake in Ism1-shRNA adipocytes treated with indicated

replicates).

(T) Representative western blot (n = 1 biological replicate of 2 biological samples)

treated with indicated concentrations of insulin for 5 min.

(U) Quantification of protein expression pAKTS473/total AKT quantified from 2 ind

Data are presented as mean ± SEM of biologically independent samples. *p < 0.

and U).
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insights into metabolic regulation while also offering new thera-

peutic avenues for the simultaneous treatment of glucose and

lipid-associated disorders.

RESULTS

Ism1 is an adipokine that induces glucose uptake in
human and mouse adipocytes
Activation of thermogenic adipose tissue is associated with

improved metabolic health, but the secreted factors from such

adipocytes remain understudied. To identify adipose tissue-

derived proteins with hormone-like properties, we combined

bioinformatic analyses with expression data on mature brown

and white adipocytes. First, we utilized an RNA sequencing da-

taset from mature adipocytes isolated from murine inguinal

(iWAT), epididymal (eWAT), and brown adipocytes (BAT) using

ucp1-TRAP mice (Long et al., 2014) and applying the secreted

prediction software SignalP. This filter generated 512 predicted

secreted proteins. Second, to capture only those proteins that

were bona fide secreted factors via classical secretion, we

screened these genes against peptides detected from the TMT

multiplexed proteomic secretome from cultured adipocytes

derived from ‘‘beiged’’ ap2-PRDM16 mice (Svensson et al.,

2016). This generated a list of 16 proteins that we classify as

‘‘hormone-like’’ (Figure S1A; Table S1). Two independent pep-

tides were found to be specific to the protein Ism1 in secreted

medium from cultured adipocytes, confirming the presence

and identity of the mature protein as a secreted molecule with

an average peptide intensity of 150 in adipocytes (Figures 1A

and 1B). Ism1 is also enriched in mature brown fat cells

compared with iWAT and eWAT by RNA sequencing of the adi-

ponectin-TRAP mice (Figure S1A) (Chen et al., 2017) and has

higher expression in BAT relative to iWAT (Figure S1B). Further-

more, Ism1 expression is higher in ap2-prdm16 ‘‘beiged’’

inguinal white fat (Figures S1C and S1D) and is induced in

iWAT upon cold exposure (Figures S1E and S1F). Importantly,

RNA and protein analyses of isolatedmature adipocytes demon-

strate that Ism1 is almost exclusively expressed in mature fat

cells (Figures 1C and 1D), while negligible Ism1 expression is

seen in the stromal vascular fractions from the adipose tissue.

The shared expression signatures between Ism1, Adipoq, and

Pparg (Figure 1C) are also evident by the robust increase of

Ism1 during differentiation (Figure 1E). Besides adipose tissues,

Ism1 is also expressed in other cell types, such as in the skin,

mucosal tissues, and immune cells (Valle-Rios et al., 2014; Ven-

ugopal et al., 2015). Here, we observe robust expression of Ism1

in mature fat cells, but no function in adipose tissue or in meta-

bolism has previously been described, to the best of our

knowledge.
ependent experiments (n = 2 biological replicates in total from 2 independent

concentrations of insulin for 1 h compared with lacZ-shRNA (n = 3 biological

of pAKTS473, total AKT, and b-actin in lacZ-shRNA or Ism1-shRNA adipocytes

ependent experiments with 1 replicate per sample.

05, **p < 0.01, ***p < 0.001 by two-tailed Student’s t test (C, E, I–L, O, P, R, S,
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To test Ism1’s possible metabolic functions, we generated re-

combinant mouse Ism1 protein with a C-terminal myc-his tag in

mammalian HEK 293 Expi cells followed by a His trap FF column

purification. The protein underwent buffer exchange and was

stored in PBS �80�C at a concentration of >1 mg/mL. SDS gel

electrophoresis analysis demonstrates a single purified mature

protein around 60 ~ 65 kDa under reducing conditions (Fig-

ure 1F), similar to commercially available recombinant mouse

Ism1 protein (Figure S1G). The identity of the protein is also vali-

dated using an Ism1 antibody (Figure 1F). Treatment with degly-

cosylating enzymes, including PNGase F, demonstrates a band

shift from 65 to 60 kDa, suggesting that Ism1 is N-glycosylated

(Figure 1F). Glycan analysis by liquid chromatography-tandem

mass spectrometry (LC-MS/MS) confirms the presence of

several N-linked glycan masses at the N terminus of the Ism1

protein and reveals novel glycosylation and phosphorylation

sites on Ism1 (Table S2). Size exclusion chromatography frac-

tionation under native conditions shows that the Ism1 protein

elutes as a single peak but likely forms dimers or oligomers (Fig-

ure 1G). Importantly, the Ism1 protein is highly pure and devoid of

other protein contaminants, as demonstrated by global protein

analysis by LC-MS/MS (Figure 1H; Table S3). Approximately

1,800 peptides for Ism1 are found in the purified Ism1 protein

preparations, while <2 peptides are found for ligands such as

platelet-derived growth factor, epidermal growth factor, and in-

sulin, demonstrating the purity of the protein (Table S3). Impor-

tantly for in vivo work, the protein was tested for the presence

of endotoxin with levels below 0.1 EU/mL (Figure S1H). There

is no evidence of compromised stability when the protein is incu-

bated at 37�C for up to 200 h, as shown by a protein aggregation

assay measuring increasing transmittance as a function of time

(Figure S1I). Insulin, well known to form aggregated fibrils, is

used as a positive control. The yield for a representative prepa-

ration of recombinant Ism1 protein is consistently around 50mg/

L. These data demonstrate the efficient production of highly pure

recombinant Ism1 protein for in vitro and in vivo studies.

Important adipose tissue functions include glucose and fatty

acid uptake (Himms-Hagen, 1989; Kajimura et al., 2015),

Ucp1-dependent and Ucp1-independent respiration (Long

et al., 2016), mitochondrial biogenesis, and the running of the

futile creatine cycle (Kazak et al., 2017) and calcium2+ cycling

(Ikeda et al., 2017). To first investigate the potential role of

Ism1 in thermogenesis, we explored whether Ism1 controls any

aspects of heat generation. For classical Ucp1 gene expression

induction, we treated primary mature mouse adipocytes for 24 h

with either vehicle or Ism1 protein in doses ranging from 50 to

200 nM. Whereas the cAMP activator forskolin effectively in-

duces Ucp1 expression, Ism1 treatment has no effect (Fig-

ure S1J). Similarly, Ism1 treatment has no effect on genes con-

trolling the alternative thermogenic pathways, including futile

creatine cycling (Crt, Gatm, Gamt, and Ckmt1), ATP-dependent

calcium2+ cycling (Serca2b), or Pm20d1, an enzyme responsible

for generating endogenous uncouplers of mitochondrial respira-

tion (Figure S1K). Furthermore, Ism1 does not increase the basal

respiration rate, norepinephrine-induced cellular respiration rate,

or maximal respiration rate using Seahorse flux analysis (Fig-

ure S1L). Lastly, both Ism1 and insulin slightly suppress lipolysis

as measured by glycerol release, while isoproterenol, as ex-

pected, robustly increases lipolysis in differentiated adipocytes
(Figure S1M). These results suggest that Ism1 does not acutely

induce thermogenesis, lipolysis, or cellular oxygen consumption

in adipocytes under these conditions.

Adipose tissue plays a role in glucose regulation by accounting

for 10%–15% of the total glucose uptake (Kahn, 1996). There-

fore, we next asked whether Ism1 increases glucose uptake in

adipocytes. Fully differentiated human SGBS adipocytes

(Fischer-Posovszky et al., 2008; Wabitsch et al., 2001) were

treated with Ism1 or insulin at doses ranging from 10 to

200 nM before assaying for glucose uptake using [3H]-2-

deoxy-glucose. As expected, insulin induces an increase in

glucose uptake in SGBS cells starting from 20 nM (Figure 1I).

Interestingly, Ism1 also induces a 1.5-fold increase in glucose

uptake starting from 20 nM, as robustly as insulin in SGBS cells

(Figure 1I). In addition to human SGBS adipocytes, 100 nM Ism1

increases glucose uptake in primary mouse adipocytes, consis-

tently around 1.5-fold across multiple experiments (Figure 1J).

Importantly, the effect of Ism1 is seen in the absence of insulin.

Expectedly, insulin induced a higher glucose induction than

Ism1, but the addition of 100 nM Ism1 in cells treated with

50 nM insulin further increased insulin-induced uptake in adipo-

cytes (Figure 1K). In addition, prolonged Ism1 treatment does not

lead to desensitization, as a 24-h protein treatment induced a

similar degree of glucose uptake induction as 4 h (Figure S1N).

Importantly, 100 nM albumin used as a protein control had no ef-

fect on glucose uptake, demonstrating the specific bioactivities

of Ism1 (Figure S1N).

The induction of glucose uptake is not restricted to adipo-

cytes, as experiments in human primary skeletal muscle cells

showed a 5-fold induction of glucose uptake at 50 nM Ism1

and 7-fold at 200 nM Ism1 compared with control cells (Fig-

ure 1L). Surprisingly, Ism1 does not induce glucose uptake in

differentiated 3T3-L1 adipocytes, while insulin induces an almost

40-fold induction in this cell line, suggesting cell-type-specific

receptors or glucose transport for Ism1 (Figure S1O). In conclu-

sion, the cellular studies using four different cell types show that

Ism1 induces glucose uptake by 1.25-fold up to 6-fold. The ef-

fects of Ism1 are <50% of that of insulin in primary mouse adipo-

cytes (Figure 1K), 50%–100% in SGBS cells (Figures 1I and 4H),

and 70% in human skeletal muscle cells (Figure 1L). These re-

sults suggest that the effects on Ism1-induced glucose transport

are cell-type dependent and that Ism1 might act on a low-abun-

dant cell surface receptor.

GLUT4 is the predominant insulin-sensitive transporter in

adipose tissue and is, in unstimulated conditions, compartmen-

talized in intracellular vesicles. Upon insulin stimulation in insulin-

sensitive tissues, GLUT4 is translocated to the cell surface to

increase glucose import (Furtado et al., 2002). To determine if

Ism1 promotes translocation of GLUT4 to the plasma mem-

brane, we treated cells with 100 nM insulin or Ism1, followed

by Glut4 immunostaining and analysis using confocal micro-

scopy. Both Ism1 and insulin treatment induce higher levels of

Glut4 at cell surface compared with control cells, which demon-

strated almost exclusively intracellular compartmentalized Glut4

(Figure 1M). Biochemical fractionation to separate the plasma

membrane from cytosolic fractions confirms the translocation

of Glut4 to the plasma membrane after stimulation with both

Ism1 and insulin, but not with control treatment (Figure 1N).

Expectedly, the membrane-bound receptor Pdgfr-a used as a
Cell Metabolism 33, 1836–1852, September 7, 2021 1839
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loading control is enriched in the plasma membrane fraction and

does not change with either of the treatments (Figure 1N). These

results show that Ism1 increases adipocyte glucose uptake at

least in part by translocating GLUT4 to the cell surface.

Intrigued by the exogenous action of Ism1 in regulating

glucose transport, we next wanted to determine if endogenous

Ism1 is sufficient to control glucose uptake. To this end, we

generated two shRNAs in adenoviral vectors against mouse

Ism1 to reduce its expression; we then assessed the effects of

acute Ism1 knockdown on glucose uptake. The Ism1 shRNAs

generate a 50% and 70% knockdown efficiency without

affecting differentiation as determined by no change in adipo-

nectin gene expression (Figure 1O). Interestingly, Ism1 knock-

down prevents glucose uptake in adipocytes, demonstrating

that the endogenous levels of Ism1 contribute to basal glucose

uptake in adipocytes (Figure 1P).

Because glucose uptake involves activation of the regulatory

subunit of type 1A phosphatidylinositol 3-kinase (PI3K) and

phosphorylation of AKT at S473 (Luo et al., 2003; Tsuchiya

et al., 2014), we next evaluated the levels of pAKTS473 in Ism1

knockdown cells. We observe a 20%–50% reduction in pAKT

signaling in Ism1-shRNA adipocytes compared with lacZ-

shRNA, strongly indicating that endogenous Ism1 is necessary

to maintain the AKT basal signaling tone (Figures 1Q and 1R).

Interestingly, Ism1 is also important for insulin-dependent

glucose uptake; cells with reduced Ism1 levels completely fail

to respond to insulin-induced glucose uptake even at maximal

insulin concentrations (Figure 1S) and have reduced pAKT

signaling compared with control cells (Figures 1T and 1U). Taken

together, our data identify Ism1 as a secreted factor that exoge-

nously and endogenously controls glucose uptake in vitro.

ISM1 expression is correlated with obesity in mice and
humans
Many metabolic hormonal factors are elevated in individuals

with metabolic dysfunction, including insulin, FGF21, FGF1,

and GDF15 (Vila et al., 2011; Wang et al., 2018; Zhang et al.,

2008). Therefore, we asked whether Ism1 levels are changed

by nutritional and obesity status. To investigate this, mice

were fed a high-fat diet (HFD) for 16 weeks. As predicted, leptin

levels are increased almost 20-fold in iWAT (Figure S2A) and 5-

fold in BAT (Figure S2B), compared with lean mice. Interest-

ingly, Ism1 gene expression is on average increased 30-fold

higher in iWAT but not different in BAT (Figures S2A and

S2B). To examine whether ISM1 expression was regulated in

adipose tissue in humans with obesity, we collected human

subcutaneous mature adipocytes and performed RNA

sequencing from 43 individuals with known clinical metabolic

parameters. In this dataset, ISM1 expression is positively and

significantly correlated with body mass index (BMI) (Fig-

ure S2C). When stratifying individuals based on parameters

for weight, insulin, or glucose levels, ISM1 expression was

higher in individuals with a BMI > 28 (Figure S2D). On the con-

trary, ISM1 transcript levels do not significantly correlate with

glucose, insulin, HOMA-IR, or free fatty acid levels in these in-

dividuals (Figures S2E–S2J). Importantly, by generating a

monoclonal ISM1 antibody, we observe that circulating plasma

levels of human ISM1 are detected at an average of 50 pg/mL

and trend to positively correlate with BMI (Figure S2K), but not
1840 Cell Metabolism 33, 1836–1852, September 7, 2021
with glucose (Figure S2L), in female individuals. These results

suggest that ISM1 is a bona fide hormone and that circulating

levels are physiologically regulated by nutritional and metabolic

changes in mice and humans.

Ablation of Ism1 causes glucose intolerance and
impaired insulin-stimulated adipocyte glucose uptake
Based on the findings that Ism1 exogenously and endogenously

controls glucose uptake in vitro, we next sought to investigate

the endogenous function of Ism1 in physiology by analyzing

mice with a targeted deletion of the Ism1 gene. First, we gener-

ated the Ism1-floxed allele spanning exons 2–4 by using

CRISPR-mediated gene editing. Second, the Ism1-floxed allele

was crossedwith femalemice expressing the Ella-Cre transgene

for embryonic deletion (Figures S3A and S3B). The genomic

exon deletion was confirmed by PCR, amplifying the exon

junction, and Sanger sequencing (Figures S3B and S3C). The

Ism1flox heterozygote mice were mated to generate germline

deletion of Ism1, which was confirmed via PCR-mediated geno-

typing of the wild type (WT), heterozygotes (Het), and knockout

(Ism1-KO) mice (Figure S3D). The loss of Ism1mRNA expression

in iWAT, eWAT, and BAT tissue in Ism1-KO mice compared with

WT mice is also confirmed by qPCR (Figure 2A). We find that

Ism1 circulates at 2–4 pg/mL in mouse serum and, expectedly,

is not detected in the Ism1-KO mice (Figure 2B). Notably, body

temperature (Figure 2C), food intake (Figure 2D), insulin levels

(Figure 2E), and body weights (Figure 2F) are indistinguishable

betweenWT and Ism1-KO littermates under chow diet, but there

is a trend toward higher insulin resistance in the Ism1-KO mice

(Figure 2G) and significantly worsened glucose tolerance (Fig-

ure 2H). These results suggest that Ism1 regulates peripheral

glucose uptake. To directly test the hypothesis that Ism1 ablation

results in reduced tissue glucose uptake, we performed radiola-

beled tracing using [3H]-2-deoxy-glucose in WT or Ism1-KO

mice under three dietary conditions, chow, HFD, or non-alco-

holic fatty liver disease (NAFLD), for 4 weeks prior to the

measurements. Interestingly, we observed reduced BAT

glucose uptake in the Ism1-KO mice under all three diets, but

the difference was only significant under chow conditions. Skel-

etal muscle from Ism1-KO mice also had a reduced glucose up-

take under NAFLD-fed conditions, while iWAT and liver showed

no differences between the genotypes (Figure 2I). Furthermore,

analysis of basal and insulin-induced tissue-specific glucose up-

take showed that BAT has the largest defect in glucose uptake

under both basal and insulin-stimulated conditions in the Ism1-

KO mice compared with WT mice (Figures 2J and S3E). Based

on these data, we conclude that the reduced glucose tolerance

in the Ism1-KO mice is likely due to a combination of impaired

basal glucose uptake in BAT and skeletal muscle and reduced

insulin sensitivity in BAT. Importantly, injection of recombinant

Ism1 protein into Ism1-KO mice can increase glucose uptake

in BAT and skeletal muscle (Figure 2K), indicating that the

glucose uptake phenotype is directly caused by Ism1 deficiency

rather than a secondary consequence of Ism1 loss. Ism1 protein

treatment results in a trending increase in iWAT, but no hepatic

glucose uptake induction is seen after Ism1 treatment. In conclu-

sion, these data support the notion that BAT and skeletal muscle

are the major tissues responsible for Ism1-mediated glucose

uptake.
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Figure 2. Ablation of Ism1 results in glucose intolerance and impaired adipocyte glucose uptake

(A) Ism1 gene expression in different tissues from WT and Ism1-KO mice (n = 5–8 biological replicates).

(B) ISM1 serum levels in male WT and Ism1-KO mice using an ISM1 ELISA (n = 5–8 biological replicates).

(C) Body temperature in male WT and Ism1-KO mice (n = 5–8 biological replicates).

(D) Food intake in male WT and Ism1-KO mice (n = 5–8 biological replicates).

(E) Insulin levels in male WT and Ism1-KO mice (n = 5–8 biological replicates).

(F) Body weights in male WT and Ism1-KO mice (n = 5–6 biological replicates).

(G) Insulin tolerance test in male WT and Ism1-KO mice (n = 10–14 biological replicates).

(H) Glucose tolerance test in male WT and Ism1-KO mice (n = 10–14 biological replicates).

(I) In vivo 2-deoxy- H3-glucose uptake in brown adipose tissue (BAT), white inguinal adipose tissue (iWAT), quadriceps skeletal muscle (Quad), and liver from three

cohorts of mice on chow diet, HFD, or NAFLD (n = 5–8 biological replicates).

(J) In vivo 2-deoxy- H3-glucose uptake in BAT in male WT and Ism1-KO mice under basal and insulin-stimulated conditions (n = 5 biological replicates).

(K) In vivo 2-deoxy- H3-glucose uptake in BAT, iWAT, quadriceps skeletal muscle (Quad), and liver in male Ism1-KO mice treated with 5 mg/kg Ism1 protein for

2 days (n = 6–7 biological replicates).

(L) Ism1 and Adipoq gene expression in differentiated adipocytes isolated from WT and Ism1-KO (n = 4 biological replicates, 1 technical replicate per sample).

(M) Oil Red O staining of differentiated adipocytes isolated from WT and Ism1-KO mice (n = 3 biological replicates).

(N) Representative western blot (n = 2 in total) of pAKTS473, total AKT, and b-actin in mouse adipocytes isolated from WT and Ism1-KO mice.

(O) Quantification of protein expression of pAKTS473/total AKT quantified from two independent experiments (n = 2 in total per experiment).

(P) Representative western blot (n = 2 in total) of pAKTS473, total AKT, and b-actin in mouse adipocytes isolated fromWT and Ism1-KOmice treated with indicated

concentrations of insulin.

(Q) 2-deoxy-H3-glucose uptake in differentiated adipocytes isolated fromWT and Ism1-KOmice treated with indicated concentrations of insulin (n = 4 biological

replicates).

Data are presented as mean ± SEM of biologically independent samples. *p < 0.05, **p < 0.01, ***p < 0.001 by one- or two-tailed Student’s t test (A, C–F, I–L, O,

and Q), Mann-Whitney test (B), or two-way ANOVA (G and H).
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To directly determine the requirement for Ism1 on adipocyte

glucose uptake, we isolated primary mouse inguinal cells from

WT and Ism1-KO mice for in vitro differentiation into fat cells.

There is no significant difference in differentiation capacity be-

tween WT and Ism1-KO cells, as determined by adiponectin

expression levels (Figure 2L) and Oil Red O staining (Figure 2M).
As expected, endogenous Ism1 is abundant in primary adipo-

cytes, with a CT value of ~21, while Ism1 is absent in Ism1-KO

cells, with a CT value of ~31 (Figure 2L). We observed consider-

ably lower pAKT levels in Ism1-KO adipocytes compared with

WT cells, further supporting that endogenous levels of adipo-

cyte-secreted Ism1 contribute to the basal signaling tone
Cell Metabolism 33, 1836–1852, September 7, 2021 1841
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Figure 3. Ism1 activates the PI3K-AKT pathway

(A) Phosphokinase array quantification of 3T3-F442A cells treated with vehicle (control) or 100 nM Ism1 (1 technical replicate of 3 combined biological replicates

per group).

(B) Representative western blot (n = 1 biological replicates in total) of pAKTS473 and AKT in 3T3-F442A cells treated with vehicle (ctl) Ism1-FLAG, Ism1-his,

thrombospondin-his (TSP-his), or insulin at 100 nM.

(C) Representative western blot (n = 2 in total) of pAKTS473, AKT, and b-actin in mouse BAT adipocytes treated with indicated concentrations of Ism1 or insulin.

(D) Representative western blot (n = 2 in total) of pAKTS473, AKT, and b-actin in mouse adipocytes treated with indicated concentrations of Ism1 or insulin.

(E) Representative western blot (n = 2 in total) of pAKTS473 and AKT in mouse adipocytes treated with 100 nM recombinant Ism1 or 10 nM insulin at different time

points.

(F) Representative western blot (n = 2 in total) of pAKTS473, AKT, and b-actin in human SGBS adipocytes treated with indicated concentrations of Ism1 or insulin.

(G) Representative western blot (n = 2 in total) of pAKTS473 and AKT in 3T3-F442A cells treated with Ism1 or insulin with indicated concentrations.

(H) AlphaLISA SureFire Ultra AKT 1/2/3 (pS473) measurements in 3T3-F442A cells treated with recombinant Ism1 or insulin (n = 3 biological replicates).

(I) Representative western blot (n = 2 in total) of 3T3-F442A cells treated with 100 nM ISM1, 100 nM insulin, or 20 ng/mL Pdgf-bb showing the intracellular signaling

pathways over time.

Data are presented as mean ± SEM of biologically independent samples. For all western blots, all protein treatments are 5 min unless indicated otherwise.
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(Figures 2N and 2O). Lastly, ablation of Ism1 results in reduced

insulin-induced signaling (Figures 2P and S3F) and reduced in-

sulin-induced glucose uptake (Figure 2Q). Based on these

orthogonal results from assessing short-term and long-term ef-

fects, we conclude that Ism1 is both necessary and sufficient

for a fraction of the peripheral glucose regulation in adipocytes

and whole-body glucose uptake in mice.

Ism1 activates the PI3K-AKT pathway
Sincemany hormones and growth factors are high-affinity ligands

for signaling cell surface receptors (Lemmon and Schlessinger,
1842 Cell Metabolism 33, 1836–1852, September 7, 2021
2010; Zhao et al., 2020), we next aimed to identify the intracellular

signaling pathways involved in Ism1 function. Gene family tree

analysis suggests that Ism1 is a distant relative to other proteins

containing a thrombospondin type 1 (TSP1) domain or an adhe-

sion-associated domain (AMOP) (Figure S4A). However, neither

of the domains are known to possess any direct signaling activity.

We first performed a phosphokinase array that detects phosphor-

ylated levels of 43 distinct proteins simultaneously in a single sam-

ple. 3T3-F442A cells were treated for 5 min with either vehicle or

Ism1 protein followed by phosphoprotein analysis. Interestingly,

the top hit from this screen in response to Ism1 treatment is
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phosphorylated protein kinase B (PKB)/AKT at S473 (Figure 3A).

To confirm the specificity of the protein array results, and that

the AKT signaling response is specific to Ism1 (and not dependent

on the C-terminal tag of the protein), we performed the same

experiment using a phospho-specific antibody for AKTS473 with

Ism1 containing either a C-terminal FLAG tag or a C-terminal his

tag. As a further control, another protein containing thrombospon-

din domains, a his-tagged mouse thrombospondin-1, was used

(Figure3B). Insulin, aswell asboth Ism1proteins, showsimilar bio-

activities on pAKTS473, while thrombospondin-1 shows no bioac-

tivity in this assay (Figure 3B). In addition to 3T3-F442A, Ism1

also induced pAKTS473 in differentiated primary mouse brown ad-

ipocytes (Figure 3C),white adipocytes (Figures 3Dand 3E), human

SGBS adipocytes (Figure 3F), C2C12 skeletal muscle cells (Fig-

ure S4B), and human primary skeletal muscle cells (HSMCs) (Fig-

ure S4C), consistent with the function of Ism1 in inducing glucose

uptake in adipocytes and skeletal muscle cells. The Ism1 protein

has comparable bioactivities to commercially available Ism1 pro-

tein purchased from R&D Systems (Figure S4D). To determine

the minimal dose required to induce pAKTS473 signaling, we

treated 3T3-F442A cells with increasing Ism1 protein or insulin

doses. This demonstrates a dose-dependent increase in phos-

phorylation starting at 50 nM for Ism1 and 10 nM for insulin (Fig-

ure 3G). We could confirm the Ism1 bioactivity using the more

quantitative AlphaLisa assay for pAKTS473, showing that 100 nM

Ism1 induces a similar response as 10 nM insulin (Figure 3H).

Both mouse and human studies show that activation of PI3K

and AKT in response to growth factors plays a central role in con-

trolling metabolism (Saltiel and Kahn, 2001). Insulin induces

phosphorylation of pAKTS473 and pAKTT308, both of which

have been mechanistically linked to glucose uptake in various

tissues (Tsuchiya et al., 2014). To evaluate the temporal signaling

in response to Ism1, we performed a time course experiment of

Ism1, insulin, or platelet-derived growth factor-bb (Pdgf-bb). In

addition to the phosphorylation of pAKTS473, we also observed

phosphorylation at pAKTT308 at all time points in cells treated

with 100 nM Ism1 or insulin (Figure 3I). Additionally, there was

also a time-dependent activation of S6S235/S236 and the AKT sub-

strate PRAS40Thr246, known targets of insulin. Notably, at

100 nM, Ism1 does not evoke as robust ERK1/2 phosphorylation

as the knownmitogen Pdgf-bb. However, at 200 nM, Ism1 shows

prolonged and more potent phosphorylation of ERK1/2 than in-

sulin, which suggests that Ism1 and insulin induce distinct and

divergent signaling responses and downstream pathways (Fig-

ure S4E). Moreover, Ism1 does not display any activity or

displays only weak activity on other pathways such as protein

kinase A (PKA), PDK1, or GSK3b even at 200 nM doses (Fig-

ure S4E). To our knowledge, this is the first robust and direct

signaling action identified for Ism1.

To further interrogate the requirements for the Ism1 signaling

pathway in detail, we treated cells with four inhibitors targeting

the PI3K pathway: Wortmannin, LY294002, PIK, or the dual

PI3K-mTOR inhibitor omipalisib. All four inhibitors completely

block pAKTS473 phosphorylation induced by Ism1 and insulin (Fig-

ure 4A). This effect also holds true in adipocytes, as LY294002 and

Wortmannin inhibit the Ism1-induced pAKTS473 activity in primary

adipocytes (Figure S4F). We further show that PI3K is required for

glucose regulation in adipocytes, as demonstrated by the com-

plete blockade of Ism1-induced glucose uptake in the presence
of Wortmannin (Figure 4B). Insulin signaling components such as

insulin receptor substrate (IRS-1) and IGF1R/IR are tightly

controlled by the multiprotein complexes of mammalian target of

rapamycin (mTOR)mTORC1andmTORC2, andbothmTORcom-

plexes are activated by insulin (Tzatsos, 2009; Wang et al., 2006).

To investigate whether any of the mTORC1 complexes are

involved in Ism1 signaling, cells were treatedwith themTORC1 in-

hibitor rapamycin or themTORC2 inhibitor torin, prior to Ism1or in-

sulin stimulation. Neither ligand activity is inhibited by rapamycin,

while torin fully ablates the Ism1-inducedAKTsignaling (Figure4A).

Similar effects are seen with the potent and selective dual

mTORC1 andmTORC2 competitive inhibitor INK-128 (Figure 4C).

This suggests thatmTORC1 is downstreamof AKT or not involved

in Ism1or insulin signaling,whilemTORC2 is upstreamof AKT and

is required for induction of the signaling cascade by both Ism1

and insulin. Notably, in the presence of all four mTOR inhibitors,

S6S235/S236 phosphorylation by Ism1 is completely inhibited, sug-

gesting that the activation of S6 is downstreamof themTOR com-

plexes (Figures 4A and 4C). This is also confirmed by using the

S6K1 kinase inhibitor DG2, which dose-dependently inhibited

S6S235/S236, while pAKT remained intact. These results support

thefinding that Ism1-inducedS6S235/S236activation isdownstream

of AKT (Figure 4D). Taken together, these data strongly suggest

that Ism1 signaling shares common downstream signaling targets

with insulin and requiresmTORC2 involvement to induce thePI3K-

AKT pathway and glucose uptake.

Ism1 signaling is independent of the insulin and IGF
receptors
Because the Ism1-induced signaling pathway resembled that of

insulin, we next asked whether Ism1 directly engages the insulin

or insulin-like growth factor 1 receptors (IR and IGF-1R, respec-

tively), or acutely sensitizes cells to insulin. To test this hypothe-

sis, we treated 3T3-F442A cells with insulin using doses from 1 to

100 nM in the presence or absence of 25 or 50 nM Ism1. We

observed an additional effect of Ism1 over insulin alone on AKT

activity, but no evidence of potentiation was seen, suggesting

that Ism1 does not modulate the insulin-insulin receptor interac-

tion (Figure 4E). To assess whether Ism1 could induce IR phos-

phorylation, we next tested the response to Ism1 in activating

IGF-I-receptor b phosphorylation at Tyr1135/1136 or IR at

Tyr1150/1151—two well-described phosphorylation sites

induced by insulin. 3T3-F442A cells were treated with either

vehicle, 100 nM Ism1, or 100 nM insulin for 2 min followed by

western blot analysis. As expected, insulin induced IGF-1R/IR

phosphorylation; however, no phosphorylation was seen in the

Ism1-treated cells (Figure 4F). To address whether the presence

of intact insulin receptors is required for Ism1-induced pAKT

signaling, we made use of the dual receptor tyrosine kinase in-

hibitor OSI-906 to specifically target IR and IGF-1R. Insulin

signaling is completely abolished in the presence of 1,000 nM

OSI-906, as expected. However, Ism1 signaling is intact in the

presence of the IGF-1R/IR inhibitor, even at 1,000 nM OSI-906

(Figure 4G). Similarly, insulin-induced glucose uptake is signifi-

cantly reduced with OSI-906, while Ism1-induced glucose

uptake is not affected (Figure 4H). Intriguingly, we find that a 2-

min Ism1 treatment induces phosphorylation of tyrosine residues

on proteins >100 kDa in size, while insulin induces phosphoryla-

tion of its receptors at larger molecular weights (Figure S4G).
Cell Metabolism 33, 1836–1852, September 7, 2021 1843



OSI-906 [nM]

Insulin 

β-actin

IGF-1Rβ

Pro-IGF-1R β
p-IGF-I-R

Ism1 InsulinCtl

Ism1 Control 

0 10 10
0

10
00

F

H
InsulinR/IGF-R inhibitor

G

p-IR β

Insulin [nM]

Ism1 [25 nM] Ism1 [50 nM] Ism1 [0 nM] 

0  1  5 10 25 50 100 0  1  5 10 25 50 100 0  1  5 10 25 50 100

C

0 10 10
0

10
00

0 10 10
0

10
00

A

AKT

p-AKT
S473

-actin

LY294002
Wortmannin

Rapamycin
_ _ _

_
+

_ _
_

_ _

_ _ _ _

+
+

Ism1 Insulin

Torin

_ _ _ +

_
_

_

_
PIK

Omipalisib

__ _ _

__ _ _ _

_

_
+

_
_

_

_

+

Control 

_

_ _ _
_

+

_ _
_

_ _

_ _ _ _

+
+

_ _ _ +

_
_

_

_

__ _ _

__ _ _ _

_

_
+

_
_

_

_

+

_

_ _ _
_

+

_ _
_

_ _

_ _ _ _

+
+

_ _ _ +

_
_

_

_

__ _ _

__ _ _ _

_

_
+

_
_

_

_

+

_

p-S6
Ser235/236

D

AKT

p-AKT
S473

-actin

Ism1
Insulin

INK-128 [nM] __ _ 100

p-S6
Ser235/236

1 5 10 100 1 5 10 100

+

+ __ _ __ _

__ __ ___

_

+ + + +

+ + + +

mTOR inhibitor

Ism1
Insulin

DG2 [uM] __ _ 5 0.1 0.5 1 5

+

+ __ _ __ _

__ __ ___

_

+ + + +

+ + + +

S6K inhibitor

0.1 0.5 1 5

E

S6

PI3K

AKT
P

mTORC2

mTORC1

GLUT4

Ism1
Glucose uptake

0.0

0.5

1.0

1.5

2.0 ***
***

B Glucose uptake

C
on

tro
l

Is
m

1

Is
m

1 
+ 

W
or

tm
an

ni
n

W
or

tm
an

ni
n

2-
de

ox
y-

3H
-g

lu
co

se
 

(fo
ld

 c
ha

ng
e 

ov
er

 c
on

tro
l)

I
Glucose uptake

2-
de

ox
y-

3H
-g

lu
co

se
 

(fo
ld

 c
ha

ng
e 

ov
er

 c
on

tro
l)

BSA Ism1 

0.0

0.8

1.6

2.4

3.2

***
ns

***

OSI-906
BSA Ism1 Ins Ins Ism1

+Ins
Ism1
+Ins

+_ _ ++_ +_

*

DMSO

AKT

p-AKT
S473

-actin

p-S6
Ser235/236

P

AKT

p-AKT
S473

-actin

p-S6
Ser235/236

AKT

p-AKT
S473

-actin

Tyr1150/1151

Tyr1135/1136

Figure 4. Ism1 signaling is independent of the insulin and IGF receptors

(A) Representative western blot (n = 2 in total) of pAKTS473 signaling induced by Ism1 (100 nM) or insulin (100 nM) in 3T3-F442A cells pre-treated with PI3K

inhibitors Wortmannin, LY294002, or PIK-75; mTORC1 inhibitor rapamycin; mTORC1/2 dual inhibitor torin; or the PI3K-mTOR inhibitor omipalisib.

(B) 2-deoxy-H3-glucose uptake inmouse primary adipocytes treated with recombinantmouse Ism1 protein in the absence or presence of 1 mMWortmannin (n = 3

biological replicates).

(C) Representative western blot (n = 2 in total) of pAKTS473 signaling induced by Ism1 (100 nM) or insulin (100 nM) in 3T3-F442A cells pre-treated for 30minwith the

selective mTOR inhibitor INK-128.

(D) Representative western blot (n = 2 in total) of pAKTS473 signaling induced by Ism1 (100 nM) or insulin (100 nM) in 3T3-F442A cells pre-treated for 30 min with

S6K inhibitor DG2.

(E) Representative western blot (n = 2 in total) of pAKTS473, AKT, and b-actin in 3T3-F442A cells treated with insulin in the presence of 0, 25, or 50 nM Ism1.

(F) Representative western blot (n = 2 in total) phosphorylated insulin and IGF receptors in 3T3-F442A cells treated with 100 nM Ism1 or 100 nM insulin for 2 min.

(G) Representative western blot (n = 2 in total) of signaling induced by Ism1 (100 nM) or insulin (100 nM) in 3T3-F442A cells pre-treated for 30minwith the IR-IGF1R

inhibitor OSI-906.

(H) 2-deoxy-H3-glucose uptake in human SGBS adipocytes treated with Ism1 (100 nM) in the absence or presence of 50 nMOSI-906 (n = 3 biological replicates).

(I) Schematic illustration of the signaling pathway activated by Ism1.

For western blots, all protein treatments are 5 min unless indicated otherwise. Data are presented as mean ± SEM of biologically independent samples. *p < 0.05

and ***p < 0.001 by two-tailed Student’s t test (B and H).
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Moreover, we find that the Ism1-induced pAKT signaling in 3T3-

F442A cells can be inhibited by an RTK inhibitor, LDC1267,

which targets multiple receptor tyrosine kinases. Notably,

neither the signaling induced by PDGFbb or insulin is inhibited

by LDC1267 at any of the doses tested, suggesting a distinct re-

ceptor for Ism1 (Figure S4H). In conclusion, these results

strongly suggest that Ism1 signaling does not need or involve in-

sulin receptors but rather activates the PI3K-AKT pathway via a

distinct receptor that shares a common downstream signaling

signature with insulin (Figure 4I).

Ism1 overexpression prevents insulin resistance and
hepatic steatosis in a diet-induced obesitymousemodel
To study the effect of chronically elevated circulating Ism1 in vivo,

we transduced mice with viral expression vectors to robustly

increase circulating Ism1 levels, followed by HFD feeding (Fig-
1844 Cell Metabolism 33, 1836–1852, September 7, 2021
ure 5A). Six- to eight-week-old mice were intravenously (i.v.) in-

jected with 1010 virus particles of adeno-associated virus sero-

type 8 (AAV8) expressing either GFP or mouse Ism1 with a

C-terminal FLAG tag. As predicted, the AAV8 uptake and target

gene expression are highest in the liver, as confirmed by gene

expression analysis of liver, BAT, skeletal muscle, and iWAT tis-

sues in these mice (Figures S5A–S5D). No elevated expression

of Ism1 is seen in brain (Figure S5E). Under the same conditions,

Ism1 protein levels are increased in circulation in Ism1-AAV8

mice compared with GFP-AAV8 mice, as determined by the

detection of Ism1 using an antibody against the C-terminal

FLAG tag (Figure 5B). When these mice are fed an HFD, the

Ism1-AAV8 mice have a blunted weight gain that is significantly

different after 10 weeks of HFD feeding (Figure 5C). Body

composition analyses showed that the weight difference is

entirely due to loss of fat mass and not lean mass (Figure S5F).
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Figure 5. Ism1-AAV overexpression prevents insulin resistance and hepatic steatosis in DIO mice

(A) Overview of prophylactic Ism1 overexpression in diet-induced obese (DIO) mice fed an HFD at the start of the experiment.

(B) Representative western blot of plasma from AAV8-GFP and AAV8-Ism1-FLAG using an anti-FLAG antibody detecting the C-terminal FLAG tag of Ism1 (n = 3

mice per group).

(C) Body weights in AAV8-GFP and AAV8-Ism1 mice measured during 10 weeks of HFD (n = 10 mice per group).

(D–F) Glucose tolerance test (D), insulin sensitivity test (E), and plasma insulin levels (F) in mice expressing AAV8-GFP and AAV8-Ism1 after 10 weeks of HFD (n =

10 mice per group).

(G) Plasma glucose levels during hyperinsulinemic-euglycemic clamp in AAV8-GFP and AAV8-Ism1 mice at 3 weeks of HFD (n = 5–8 mice per group).

(H) Glucose infusion rate (GIR) during hyperinsulinemic-euglycemic clamp in AAV8-GFP and AAV8-Ism1 mice at 3 weeks of HFD (n = 5–8 mice per group).

(I) Basal endogenous glucose production in AAV8-GFP and AAV8-Ism1 mice at 3 weeks of HFD (n = 5–8 mice per group).

(J) Endogenous glucose production under clamped conditions in AAV8-GFP and AAV8-Ism1 mice at 3 weeks of HFD (n = 5–8 mice per group).

(K) Representative (n = 5 images in total from 5 mice) H&E and Oil Red O staining in livers from AAV8-GFP and AAV8-Ism1 mice.

(L) Gene expression levels of hepatic lipogenesis genes in AAV8-GFP and AAV8-Ism1 mice (n = 10 mice per group, 1 technical replicate per sample).

(M) Liver triglyceride quantification in AAV-GFP and AAV8-Ism1 mice after 10 weeks on HFD (n = 10 mice per group, 1 technical replicate per sample).

Data are presented as mean ± SEM of biologically independent samples. *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed Student’s t test (F, I, J, L, and M) or two-

way ANOVA (C–E, G, and H).
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The weight difference could not be explained by a difference in

food intake, as the accumulated food intake in the Ism1-AAV8

mice was not significantly different from the GFP mice (Fig-

ure S5G). Whole-body energy expenditure measurements reveal

no significant changes in oxygen consumption, although they

trend higher (Figure S5H). These studies also indicate that

Ism1-AAV8 mice have improved glucose tolerance (Figure 5D)

and dramatically increased insulin sensitivity at 10 weeks (Fig-

ure 5E). While non-fasting glucose levels are not changed (Fig-

ure S5I), plasma levels of insulin are lower in the Ism1-AAV8

mice, consistent with improved peripheral insulin sensitivity (Fig-

ure 5F). To directly assess whole-body insulin sensitivity in the

Ism1-AAV8 mice, we next performed hyperinsulinemic-euglyce-

mic clamp studies. These studies were performed at 3 weeks of
HFD feeding—a time point when the weight difference was not

significantly different between the groups. During the clamp

analysis, plasma glucose levels are adjusted between the groups

to reach approximately 110mg/mL (Figure 5G). Ism1-AAV8mice

have an increased glucose infusion rate suggestive of increased

insulin sensitivity (Figure 5H). Interestingly, endogenous hepatic

glucose production under basal and clamped conditions dem-

onstrates a significant suppression under clamped conditions

in the Ism1-AAV8 mice compared with GFP-AAV8 mice (Figures

5I and 5J). Glucose levels are normally regulated by glucagon to

increase the concentration of glucose and fatty acids in the

bloodstream (Hilder et al., 2005); however, neither fed glucose

levels nor glucagon are changed in Ism1-AAV8 mice (Figures

S5I and S5J). Histological analyses showed decreased lipid
Cell Metabolism 33, 1836–1852, September 7, 2021 1845
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droplet size in BAT and iWAT from Ism1-AAV8 mice compared

with GFP-AAV8 mice after 10 weeks of HFD feeding, consistent

with a leaner phenotype (Figure S5K). More importantly, we also

observed a robust reduction in liver fat by histological analyses

and Oil Red O staining demonstrating reduced lipid droplet for-

mation in Ism1-AAV8 mice (Figure 5K). The hepatic steatosis

reduction is accompanied by a strong suppression of Srebp1c,

and an overall trend toward suppression of Usf1, Fas, and Acc

expression in Ism1-AAV8 livers, suggesting that hepatocytes

could be direct targets of Ism1 (Figure 5L). These data are further

corroborated by reduced triglycerides in Ism1-AAV8 livers (Fig-

ure 5M); however, no changes in plasma cholesterol were seen

under the same conditions (Figure S5L). In conclusion, chronic

elevations of circulating Ism1 improve insulin sensitivity and he-

patic steatosis in mice.

Ism1 suppresses de novo lipogenesis and increases
protein synthesis in hepatocytes
As Ism1-AAV8 overexpression largely prevents the development

of hepatic steatosis, we next set out to determine whether Ism1

has a direct or indirect effect on liver lipid synthesis. To do so, we

performed experiments in primary mouse hepatocytes and the

mouse hepatocyte cell line AML12. Forced expression of Ism1

in primary mouse hepatocytes using adenoviral vectors results

in a strong suppression of Srebp1c transcription after 24 h, sug-

gesting that Ism1 can directly regulate lipogenic gene expression

(Figure 6A). Insulin is well known to drive de novo lipogenesis by

regulating the activity and transcription of sterol regulatory

element-binding protein-1c (SREBP-1c) (Foretz et al., 1999;

Kim et al., 1998a, 1998b; Saltiel and Kahn, 2001). To directly

test whether Ism1’s suppressive effect on Srebp1c and its target

genes is sufficient to attenuate hepatocyte de novo lipogenesis

induced by insulin, we next performed experiments measuring

H3-acetate incorporation into fatty acids and cholesterol fol-

lowed by lipid extraction in the hepatocyte cell line AML12. As

expected, 50 nM insulin induces a significant induction of lipo-

genesis, and importantly, the addition of 50 and 100 nM Ism1

could reverse the insulin-induced lipogenesis dose dependently

(Figure 6B). Moreover, 50 nM Ism1 is sufficient to reduce lipo-

genesis in the presence of 200 nM supraphysiological insulin

doses, demonstrating the potency of Ism1’s suppressive effect

(Figure S6A). The process of de novo lipogenesis is strongly

driven by insulin via the PI3K-AKT pathway leading to mTORC1

activation, which facilitates the cleavage of Srebp1c via a mech-

anism that remains to be established (Kersten, 2001). Therefore,

we next investigated the cleavage of Srebp1c in the presence or

absence of Ism1 and insulin. As expected, hepatocytes treated

with 50 nM insulin show increased expression of pre-Srebp1c

as well as the cleaved Srebp1, and increased protein expression

of Fas and Acc (Figure 6C). Intriguingly, we show that Ism1 coun-

teracts the insulin-induced increase in Srebp1c cleavage to the

mature form, as well as the increased target proteins Fas and

Acc (Figure 6C), suggesting a suppression of lipogenic gene

and protein expression. Therefore, we directly assessed the he-

patocyte gene expression of Srebp1c target genes and show

that Fas, Acc, and Scd1, known Srebp1c target genes, are all

significantly reduced by Ism1 in a dose-dependent manner in

the presence of insulin (Figures 6D–6G). Similarly, in primary ad-

ipocytes, only insulin induces srebp1c expression, while we see
1846 Cell Metabolism 33, 1836–1852, September 7, 2021
no induction with Ism1 under basal conditions (Figure S6B).

Moreover, under insulin-stimulated conditions, Ism1 potently re-

duces the cleaved Srebp-1c protein levels (Figure S6C) as well

as suppressing Srebp1c and the lipogenesis target genes Acc,

Fas, andChREBPb (Figures S6D–S6G) in adipocytes, consistent

with lipogenesis suppression as a general mechanism down-

stream of Ism1. We cannot exclude involvement of other path-

ways known to control lipogenesis, such as ChREBPb and

Pgc1b, as these genes are also reduced upon Ism1 treatment

(Figures S6H and S6I).

To determine the mechanism by which Ism1 suppresses lipo-

genesis, we next performed acute and long-term signaling ex-

periments in hepatocytes. Acute treatments with insulin using

doses from 1 to 100 nM in the presence or absence of 25 or

50 nM Ism1 do not result in any additional signaling changes at

5 min (Figure S6J), but the 24-h treatment showed that Ism1 in-

duces hyperactivation of pS6S235/S236, a kinase well known to

activate protein synthesis (Figures 6H and 6I). This raised the

question of whether chronic exposure to Ism1 can switch the

substrate utilization used for anabolic cellular processes,

including lipid and protein synthesis. Indeed, the combined

chronic Ism1 and insulin treatment that results in the sustained

pS6S235/S236 levels leads to a 2.9-fold induction of protein syn-

thesis as measured by H3-leucine incorporation into proteins,

which is significantly higher than either of the treatments alone

(Figure 6J). Furthermore, a direct side-by-side comparison of

Ism1’s action in hepatocytes in the presence of insulin demon-

strates that Ism1 suppresses lipid synthesis in favor of protein

synthesis, strongly suggesting that Ism1 is switching the cellular

anabolic state to protein synthesis (Figure 6K). Taken together,

these results demonstrate that Ism1 acts directly on hepatocytes

in the presence of insulin to upregulate anabolic protein signaling

pathways and protein synthesis, while suppressing srebp1c

target genes and lipid synthesis.

Therapeutic administration of recombinant Ism1
improves diabetes and hepatic steatosis
The above studies showing a robust signaling action of Ism1,

increased adipose tissue glucose uptake, suppressed lipogen-

esis, and increased protein synthesis raised the possibility of

pharmacological administration of Ism1 as a therapy for

diabetes and hepatic steatosis. To explore its therapeutic po-

tential, we next determined whether therapeutic dosing of

recombinant Ism1 could reverse any aspect of established

metabolic disease in mice by performing a series of Ism1

administration studies benchmarked to known drugs in two

different disease models in C57BL/6 mice: diet-induced obese

(DIO) and NAFLD. First, the Ism1 protein was evaluated for its

pharmacokinetic properties. 10 mg/kg Ism1 protein was i.v. in-

jected into mice, and the serum levels of Ism1 were determined

by an ELISA assay detecting the C-terminal his tag. This

demonstrated a half-life in the blood of approximately 70 min

(Figure 7A) with no observed protein degradation or cleavage

(Figure S7A). To assess whether Ism1 induces AKT signaling

in vivo, mice were i.v. injected with vehicle, Ism1 (10 mg/kg),

or insulin (1 U/kg), and tissues were harvested at the indicated

times for signaling assays. Ism1 activates pAKTS473 signaling at

30 and 60 min in iWAT and skeletal muscle, and transient in-

ductions in BAT and liver at the 10 min time point (Figure 7B).
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Figure 6. Ism1 suppresses de novo lipogenesis and promotes protein synthesis in hepatocytes

(A) Gene expression levels of Ism1 and Srebp1c in primary hepatocytes overexpressing lacZ or Ism1 (n = 3 biological replicates).

(B) H3-acetate incorporation into lipids (de novo lipogenesis) in AML12 hepatocytes treatedwith Ism1 for 24 h in the presence or absence of insulin (n = 3 biological

replicates).

(C) Representative western blot (n = 2 in total) of Srebp1c, Fas, acc, and b-actin in AML12 hepatocytes treated with Ism1 for 24 h in the presence or absence of

insulin.

(D–G) Gene expression of lipogenic genes in AML12 hepatocytes after 6-h treatment with Ism1 in the presence or absence of insulin (n = 3 biological replicates).

(H) Representative western blot (n = 2 in total) of S6S235/236, AKTS473, AKT, and b-actin in AML12 hepatocytes treatedwith Ism1 for 24 h in the presence or absence

of insulin.

(I) Quantification of S6S235/236 relative b-actin in control, 50 nM Ism1, and 100 nM Ism1 from combined treatments in (H) (n = 6 biological replicates in total).

(J) H3-leucine incorporation into proteins (protein synthesis) in AML12 hepatocytes treated with Ism1 for 24 h in the presence or absence of 50 nM (n = 3 biological

replicates).

(K) Fold change of substrate incorporation as ameasure of lipogenesis or protein synthesis in AML12 hepatocytes treatedwith 50 nM insulin alone or 100 nM Ism1

and 50 nM insulin combined for 24 h (n = 3 biological replicates).

Data are presented as mean ± SEM of biologically independent samples. *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed Student’s t test (A, B, D–G, and K) or

Tukey’s multiple comparisons test (I and J).
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To determine the optimal in vivo dosing, a dose-response

experiment using Ism1 doses ranging from 0.1 to 10 mg/kg re-

vealed that 5 mg/kg Ism1 dose induces the highest pAKTS473

response (Figure S7B). To complement the prophylactic Ism1
overexpression experiments, we performed pilot therapeutic

studies in 16-week HFD-fed (i.e., DIO) mice injected with

vehicle or 5 mg/kg Ism1 for 5 days (Figure S7C), which demon-

strates no difference in body weight (Figure S7D) or ad lib
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Figure 7. Therapeutic administration of recombinant Ism1 improves glucose tolerance and hepatic steatosis

(A) Representative pharmacokinetic levels of serum Ism1-his using an anti-his-ELISA after intravenous injection of 10 mg/kg Ism1 in C5BL/6J mice (n = 2 in total).

(B) Representative western blot (n = 2 in total) of pAKTS473, total AKT, b-actin, or tubulin in metabolic tissues after a single intravenous injection of 10 mg/kg

recombinant Ism1 or 1 U/kg insulin in 16 weeks DIO C5BL/6J male mice.

(C) Overview of therapeutic administration of Ism1 protein by daily intraperitoneal injections of 5 mg/kg Ism1, oral administration of 100 mg/kg metformin, or a

combination of both into 12-week-old DIO mice for 21 days.

(D–H) Body weights (D), food intake (E), fasting blood glucose (F), GTT (G), and ITT (H) after 21 days of daily administration of either vehicle, 5mg/kg Ism1, 100mg/

kg metformin, or a combination of 5 mg/kg Ism1 and 100 mg/kg metformin (n = 6–12 mice per group).

(I) Overview of therapeutic administration with vehicle, 5 mg/kg Ism1, 0.5 mg/kg Ism1, or 30 mg/kg GW4064 for 14 days in NAFLD-induced mice.

(J–L) Body weights (J), liver weights (K), and fed blood glucose (L) of chow (control) mice or mice with NAFLD treated with either vehicle, 5 mg/kg Ism1, 0.5 mg/kg

Ism1, or 30 mg/kg GW4064 for 14 days (n = 5 mice per group).

(legend continued on next page)
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glucose levels (Figure S7E), but a modest improvement in

glucose clearance (Figure S7F) and insulin tolerance (Fig-

ure S7G), suggestive of a therapeutic function after 5 days.

To evaluate the long-term therapeutic action of Ism1 to the

benchmark metformin, and also determine whether the com-

bined treatment has an additional improvement over any of

the treatments alone, 16-week DIO mice were dosed with

vehicle, 5 mg/kg Ism1, 100 mg/kg metformin, or the combined

5 mg/kg Ism1 and 100 mg/kg metformin daily for 21 days (Fig-

ure 7C). At the end of the experiment, there was no difference

in body weights (Figure 7D) or food intake (Figure 7E), but fast-

ing blood glucose was lower in all treatment groups compared

with vehicle (Figure 7F). Importantly, Ism1, metformin, and the

combined treatments all have comparable effects on improving

glucose tolerance compared with vehicle-treated mice (Fig-

ure 7G). Interestingly, the combined treatment performed better

in the insulin sensitivity test compared with either treatment

alone (Figure 7H). These results show that therapeutic adminis-

tration of recombinant Ism1 into mice improves established

diabetes.

Given Ism1’s suppressive effects on lipid production, we next

wanted to determine whether Ism1 could reverse established

NAFLD in mice. NAFLD was induced by feeding mice a 40%

fat, 2% cholesterol diet for 3 weeks prior to treatment (Figure 7I).

Consistent with previously reported diets of similar composition,

mice develop hepatic steatosis after 1–4 weeks of feeding (Du-

parc et al., 2019; Jung et al., 2020). Mice with established NAFLD

were dosed with vehicle, 0.5 mg/kg Ism1, or 5 mg/kg Ism1 daily

for 14 days. As a benchmark control, daily injections of the FXR

agonist GW4064 at 30 mg/kg was used, which has previously

been shown to significantly reduce hepatic steatosis after

14 days (Jin et al., 2015). Expectedly, vehicle-treated mice on

NAFLD diet have higher liver weights, blood glucose, and histo-

logical signs of steatosis compared with chow-fed mice (Figures

7J–7N). Intriguingly, no differences are seen in body weight be-

tween the treatment groups (Figure 7J), but mice treated with

5 mg/kg Ism1, but not 0.5 mg/kg Ism1, have reduced liver

weights (Figure 7K) and fed blood glucose compared with

vehicle-treated NAFLD mice (Figure 7L). Importantly, the effect

of 5 mg/kg Ism1 was as potent as the FXR agonist GW4064

treatment in reducing liver weights, blood glucose, and histolog-

ical signs of steatosis. 5 mg/kg Ism1 also shows obvious gross

morphological changes in liver size and color compared with

vehicle-treated NAFLD mice (Figure 7M). Furthermore, compar-

ative analyses demonstrates that 5 mg/kg Ism1 performs equal

to the FXR agonist GW4064 in reversing hepatic steatosis, as

determined by reduced hepatic FAS protein levels (Figure 7N),

as well as reduced Oil Red O staining (Figure 7O). In conclusion,

these data show that pharmacological administration of Ism1 im-

proves glucose tolerance and reverses established hepatic stea-

tosis in mice.
(M) Representative macroscopic liver photographs from mice (n = 5 in total) trea

(N) Representative western blots (n = 5 in total) of Fas protein levels in livers from

0.5 mg/kg Ism1, or 30 mg/kg GW4064 for 14 days (n = 5 mice per group).

(O) Representative H&E and Oil Red O (lipid) staining (10 images per 5 biological re

with vehicle, 5 mg/kg Ism1, 0.5 mg/kg Ism1, or 30 mg/kg GW4064 for 14 days (n

Data are presented as mean ± SEM of biologically independent samples. *p < 0.0

way ANOVA (G and H).
DISCUSSION

A range of drugs are currently available for type 2 diabetes, but

there is still an unmet need for drugs simultaneously targeting

diabetes and NAFLD. Here, we demonstrate that Ism1 is a

secreted polypeptide hormone that regulates adipose tissue

glucose uptake while reducing steatosis in the liver. Thus, phar-

macologically targeting the ISM1 pathway could be explored in

addition to other diabetes drugs to increase glucose uptake

without causing the often-accompanied side effects of hepatic

steatosis and weight gain seen with insulin or insulin-sensitizing

therapies. The mechanism of Ism1 action is unusual and

intriguing. Surprisingly, while pAKTS473 activation by insulin ac-

tivates lipogenesis to promote fat storage in adipose or liver tis-

sues, Ism1 reduces de novo lipogenesis and increases protein

synthesis, thus dissociating the canonical pathways induced by

insulin. The increased protein synthesis suggests that Ism1, in

the presence of insulin compared with insulin alone, enables

a cellular metabolic switch mediated by pS6S235/S236. Impor-

tantly, this slight divergence in intracellular signaling pathways

apparently has major functional consequences. The increase

in hepatocyte protein synthesis by Ism1 is reminiscent of the

hepatic actions of FGF19, which stimulates protein synthesis

and glycogen synthesis while inhibiting lipid synthesis in the

liver (Bhatnagar et al., 2009; Kir et al., 2011). The requirement

for AKT in the liver for steatosis and hypertriglyceridemia is still

unclear, as studies of the interaction between AKT, mTORC1,

and Srebp1c in insulin-sensitive and insulin-resistant states

are still ongoing (Laplante and Sabatini, 2009). Future studies

on AKT and mTORC1 activity will be necessary to fully under-

stand the requirement for AKT and mTOR for the functions

of ISM1.

As ISM1 is a circulating ligand, identification of the ISM1

receptor will be essential to establish the tissue-specific contri-

butions downstream of ISM1. While the Ism1 knockout and

knockdown studies show that the endogenous levels of Ism1

contribute to basal and insulin-stimulated glucose uptake in ad-

ipocytes and animals, tissue-specific Ism1-KO mice are needed

to determine the relative contribution of all the tissues where

Ism1 is expressed, including Ism1’s possible effects of modu-

lating fatty acid metabolism in brown and white adipose tissue.

Considering Ism1’s acute signaling properties, we expect the

presence of a distinct receptor with signaling capacities. Previ-

ous work has suggested that ISM1 can bind aVb5, but no

signaling properties were demonstrated in that study (Zhang

et al., 2011). Other studies have proposed that ISM1 regulates

aspects of NODAL signaling (Osório et al., 2019), suggesting

the possibility that ISM1 binds a receptor/co-receptor in the

TGF-b family. Future studies to identify the ISM1 receptor

responsible for the AKT signaling actions will be essential to un-

derstand ISM1’s role in physiology.
ted with vehicle or 5 mg/kg Ism1 for 14 days.

chow (control) mice, or mice with NAFLD treated with vehicle, 5 mg/kg Ism1,

plicates in total) in livers from chow (control) mice, or mice with NAFLD treated

= 5 mice per group).

5, **p < 0.01, ***p < 0.001 by two-tailed Student’s t test (D–F and J–L) and two-
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Lastly, some insulin-independent glucoregulatory processes

(Ebeling et al., 1998) can cause unwanted hypoglycemia, while

others, such as FGF1, do not appear to lead to hypoglycemia

(Suh et al., 2014). In our studies with overexpression or pharma-

cological administration of mouse recombinant Ism1, we do not

observe hypoglycemia, suggesting that counterregulatory

mechanisms exist, and these could be further studied. Likewise,

it will be important to investigate the regulation of Ism1 in

response to various physiological stimuli, including hypoglyce-

mia, obesity, insulin resistance, fasting, and feeding. The

increased levels of tissue-resident and circulating Ism1 are not

likely to represent an isthmin resistance, as administration of

Ism1 into mice with established disease ameliorates glucose

and lipid dysfunction. In conclusion, the uncovered Ism1 action

represents an unexpected ligand-induced signaling pathway

with metabolic effects on multiple organ systems. Given Ism1’s

dual beneficial effects on glucose homeostasis and lipid-

lowering properties, recombinant Ism1 and its derivatives may

be explored for therapeutic purposes and may offer certain ad-

vantages over current monotherapies.
Limitations of study
There are limitations of this work. While Ism1 treatment showed

comparable efficacy to metformin in improving glucose toler-

ance in our mouse studies, future studies should benchmark

the efficacy of Ism1 to other diabetes drugs with high efficacy

in mice, including thiazolidinediones. In this work, the number

of plasma samples from human individuals were relatively

small. Future studies will be required to further address the cor-

relation between plasma levels and other important metabolic

parameters besides BMI. Additionally, the mechanism by which

Ism1 increases insulin sensitivity is still not entirely understood,

but it may also involve suppression of hepatic glucose produc-

tion, which was not directly tested in this work. And finally, as

noted above, the receptor(s) for Ism1 still needs to be

identified.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Ism1 Abcam Cat#AB103338; RRID: AB_10710279

Rabbit monoclonal anti-p-AKT (Ser473) Cell Signaling Technology Cat#4060; RRID: AB_2315049

Rabbit monoclonal anti-p-AKT (Thr308) Cell Signaling Technology Cat#13038; RRID: AB_2629447

Rabbit monoclonal anti-Akt (pan) (C67E7) Cell Signaling Technology Cat#4691; RRID: AB_915783

Rabbit polyclonal anti-p-ERK1/2 (Thr202/Tyr204) Cell Signaling Technology Cat#9101; RRID: AB_331646

Rabbit polyclonal anti-ERK1/2 Cell Signaling Technology Cat#9102; RRID: AB_330744

Rabbit polyclonal anti-p-S6 Ribosomal

Protein (Ser235/236)

Cell Signaling Technology Cat#2211; RRID: AB_331679

Rabbit monoclonal anti-p-PRAS40

(Thr246) (C77D7)

Cell Signaling Technology Cat#2997; RRID: AB_2258110

Rabbit polyclonal anti-p-IGF-I Receptor b

(Tyr1131)/Insulin Receptor b (Tyr1146)

Cell Signaling Technology Cat#3021; RRID: AB_331578

Rabbit polyclonal anti-p-IGF-I Receptor b (Tyr1135/

1136)/Insulin Receptor b (Tyr1150/1151) (19H7)

Cell Signaling Technology Cat#3024; RRID: AB_331253

Rabbit monoclonal anti-IGF-I Receptor b (D23H3) Cell Signaling Technology Cat#9750; RRID: AB_10950969

Phospho-Tyrosine (P-Tyr-1000)

MultiMab Rabbit mAb mix

Cell Signaling Technology Cat#8954; RRID: AB_2687925

Biotin conjugated antibody anti-Ism1 6E1B6 This paper N/A

Biotin conjugated antibody anti-Ism1 7BF11 This paper N/A

Rabbit polyclonal anti-p-FoxO1 (Ser256) Cell Signaling Technology Cat#9461; RRID: AB_329831

Rabbit monoclonal anti-FoxO1 (C29H4) Cell Signaling Technology Cat#2880; RRID: AB_2106495

Rabbit polyclonal anti-p-GSK-3a/b (Ser21/9) Cell Signaling Technology Cat#9331; RRID: AB_329830

Rabbit monoclonal anti- p-GSK-3b (Ser9) (D85E12) Cell Signaling Technology Cat#5558; RRID: AB_10013750

Rabbit polyclonal anti-p-PDK1 (Ser241) Cell Signaling Technology Cat#3061; RRID: AB_2161919

Rabbit monoclonal anti-PDGFRa (D1E1E) Cell Signaling Technology Cat# 3174, RRID: AB_2162345

Rabbit monoclonal anti-p-mTOR (Ser2448) (D9C2) Cell Signaling Technology Cat#5536; RRID: AB_10691552

Rabbit monoclonal anti-mTOR (7C10) Cell Signaling Technology Cat#2983; RRID: AB_2105622

Rabbit monoclonal anti-p-PKA

Substrate (RRXS*/T*) (100G7E)

Cell Signaling Technology Cat#9624; RRID: AB_331817

Rabbit monoclonal anti-PI3 Kinase Class III (D4E2) Cell Signaling Technology Cat#3358; RRID: AB_2299768

Rabbit monoclonal anti-

DYKDDDDK(FLAG) Tag (D6W5B)

Cell Signaling Technology Cat#14793; RRID: AB_2572291

Rabbit polyclonal anti-Acetyl-CoA Carboxylase Cell Signaling Technology Cat#3662; RRID: AB_2219400

Rabbit monoclonal anti-Fatty

Acid Synthase (C20G5)

Cell Signaling Technology Cat#3180; RRID: AB_2100796

Mouse monoclonal anti-SREBP1(2A4) Thermo Fisher Scientific Cat#MA5-16124; RRID: AB_11152118

Mouse monoclonal anti- beta Actin [AC-15] (HRP) Abcam Cat#AB49900; RRID: AB_867494

Mouse monoclonal anti-Glucose

Transporter GLUT4 (1F8)

Cell Signaling Technology Cat# 2213, RRID: AB_823508

Rabbit polyclonal anti-Glucose Transporter GLUT4 Abcam Cat#AB654; RRID: AB_305554

Sheep anti-mouse IgG (HRP) Cytiva (GE) CAT#NA931; RRID: AB_772210

Donkey anti-rabbit IgG (HRP) Cytiva (GE) CAT#NA934; RRID: AB_772206

Bacterial and virus strains

One Shot TOP10 Chemically Competent E. coli Thermo Fisher Scientific Cat#C404010

AAV8-Ism1-FLAG Vector Biolabs N/A

AAV8-GFP Vector Biolabs Cat#7061

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Adult subcutaneous adipose tissues Beth Israel Deaconess

Medical Center

IRB 2011P000079

Human plasma samples (Crimarco et al., 2020) NCT03718988

Chemicals, peptides, and recombinant proteins

Mouse recombinant Ism1-his protein This paper N/A

Human recombinant insulin Millipore Sigma Cat#91077C

Human recombinant PDGF-BB R&D Systems Cat#220-BB

Bovine Serum Albumin Millipore Sigma Cat#A7906; CAS:9048-46-8

Deoxy-D-glucose, 2-[1,2-3H (N)]-, Aqueous Sol,

Specific Activity: 5-10 Ci (185-370 GBq)/mmol

Perkin-Elmer Cat#NET328A001MC

Acetic acid, sodium salt, [3 H]- 5 mCi (185 MBq) Vitrax Cat#VT211

L-[3,4,5-3H(N)]-Leucine, Specific Activity: 100 to 150

Ci/mmol (3.7 to 5.56 TBq/mmol), 250mCi (9.25MBq)

Perkin-Elmer Cat#NET460250UC

Rapamycin Cell Signaling Technology Cat#9904

LY294002 Cell Signaling Technology Cat#9901

Wortmannin Cell Signaling Technology Cat#9951

Torin1 Selleckchem Cat#S2827

PIK-75 HCl Selleckchem Cat#S1205

Omipalisib Selleckchem Cat#S2658

Sapanisertib (INK-128) Selleckchem Cat#S2811

Linsitinib (OSI-906) Selleckchem Cat#S1091

LDC1267 Selleckchem Cat#S7638

S6K1 Inhibitor II, DG2 Millipore Sigma Cat#559274

Hoechst 33342 Thermo Fisher Scientific Cat#H3570

Oil Red O solution Millipore Sigma Cat#O1391

2x SYBR Green qPCR master mix Bimake Cat# B21203

Trizol ThermoFisher Cat# 15-596-026

High-capacity cDNA Reverse Transcription kit Biosystems Cat# 4368814

DMEM/F12 (1:1) ThermoFisher Cat# 11320082

DMEM/F12 + Glutamax ThermoFisher Cat# 10565-042

Expi293 Expression medium ThermoFisher Cat# A1435101

Opti-MEM reduced serum media ThermoFisher Cat# 31985062

HBSS buffer Gibco Cat# 14175-095

Potassium chloride Quality Biological Cat# 112-033-101

Sodium bicarbonate Sigma Cat# S6297

UltraPure 0.5M EDTA, pH8.0 Invitrogen Cat# 15575-038

Williams E media Quality Biological Cat# 112-033-101

Corning Regular Fetal Bovine Serum Corning Cat# 35-010-CV

DMEM high glucose Sigma Cat# D6429

HEPES buffered saline Sigma-Aldrich Cat# 51558

Sodium pyruvate ThermoFisher Cat# 11360070

Dexamethasone Sigma Cat# D1756

Biotin Sigma Cat# B-4639

D-Pantothenic acid Sigma Cat# P5155

Human transferrin Sigma Cat# T-2252

Cortisol Sigma Cat# H-0888

Triiodothyronine Sigma Cat# T-6397

IBMX Sigma Cat# I-5879

Rosiglitazone Cayman Cat# 71740

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Calcium chloride Sigma Cat#100-43-52-4

Dispase II Roche Cat# 04942078001

D-(+)-Glucose Sigma Cat# 50-99-7

Primocin FisherScientific Cat# NC9141851

Trypsin/EDTA 0.25% Gibco Cat# 25200-056

Penicillin/Streptomycin Gibco Cat# 15140-122

Collagenase IV Sigma Cat# C5138

Collagenase D Roche Cat# 11088882001

PBS Gibco Cat# 10010-023

10x PBS Gibco Cat# 70011044

Percoll Sigma Cat# P1644

Ethanol FisherScientific Cat# 22-032-601

Glutamax ThermoFisher Cat# 35050061

Trypan Blue Stain (0.4%) Invitrogen Cat# T10282

Isopropanol FisherChemical Cat# BP2632-4

Formalin SIP Brand Cat# C4320

Rat tail Collagen I Corning Cat# 354236

Metformin Sigma Cat# 317240

GW4064 Sigma Cat# G5172

Imidazole Sigma Cat# I5513

Hematoxylin Solution, Mayer’s Millipore Sigma Cat#MHS1

Immobilon Crescendo Western HRP substrate Millipore Sigma Cat t# WBLUR0500

SuperSignal West Femto HRP substrate ThermoScientific Cat# 34095

SeeBlue Plus2 prestained standard Invitrogen Cat# LC5925

RIPA buffer (10x) Cell Signaling Cat# 9806S

NuPAGE LDS sample buffer (4x) Invitrogen Cat# NP0007

2-mercaptoethanol FisherChemical Cat# O3446I

PhosSTOP Roche Cat# 04906837001

cOmplete Tablets Roche Cat# 04693124001

Critical commercial assays

Proteome Profiler Human Phospho-Kinase Array Kit R&D Systems Cat#ARY003C

AlphaLISA SureFire Ultra AKT 1/2/3 (pS473)

Assay Kit - High Volume

Perkin-Elmer Cat#ALSU-PAKT-B-HV

Ultra-Sensitive Mouse Insulin ELISA kit Crystal Chem Cat#90080; RRID: AB_2783626

Infinity triglyceride measurement kit Thermo Fisher Scientific Cat#TR22421

Triglyceride colorimetric assay kit Cayman Cat#10010303

Deglycosylation Mix II New England BioLabs Cat#P6044

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225

Glycerol release assay Abcam Cat#ab133130

Plasma Membrane Protein Extraction Kit Abcam Cat#ab65400

Deposited data

Raw and processed proteomics data ProteomeXchange Consortium via

Proteomics Identification (PRIDE)

PXD026921; JPost: JPST001229

Experimental models: Cell lines

3T3-F442A cells Millipore Sigma Cat#00070654; RRID: CVCL_0122

AML12 cells ATCC Cat#CRL-2254; RRID: CVCL_0140

SGBS cells (Wabitsch et al., 2001) RRID: CVCL_GS28

Primary human skeletal muscle cells Cook Myocytes Cat#SK-1111

3T3-L1 cells ATCC Cat#CL-173; RRID: CVCL_0123

(Continued on next page)
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Expi293F Cells Thermo Fisher Scientific Cat# A14527

Primary mouse white and brown adipocytes This paper N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory Cat#000664; RRID:

IMSR_JAX:000664

Mouse: Ism1 whole-body knockout This paper N/A

Oligonucleotides

shRNA target sequencing against Ism1 (shRNA1

Ism1): 5’-CACCGGTCACCATAGAGGTG

GTTGACGAATCAACCACCTCTATGGTGACC-3’

This paper N/A

shRNA target sequencing against Ism1 (shRNA2

Ism1): 5’-CACCGCGGGAAGTGAGGAGTTTA

ATCGAAATTAAACTCCTCACTTCCCGC-3’

This paper N/A

Genotyping primers: Ism1 KO: 50- CTATGCTA

TGCCCAGTGTCTCTCTCTG -30; 50- CAAACT
GACCAGAGTCCCTCCTTCAA -30, Ism1 WT:

50- GAACACTGAGGAAGTTGCTGTCA -30;
50-ATGGCCCTGACTCCGAAGCAGAA -3.

This paper N/A

Primers for q-RT-PCR, see Table S4 This paper N/A

Recombinant DNA

Ism1-his expression plasmid This paper N/A

BLOCK-iT U6 RNAi Entry Vector Thermo Fisher Scientific Cat#K494500

pAd/BLOCK-iT-DEST RNAi Gateway Vector Thermo Fisher Scientific Cat#K494100

Software and algorithms

ImageJ (Schneider et al., 2012) https://imagej.nih.gov/ij/;

RRID: SCR_003070

GraphPad Prism version 8.0 GraphPad Software, San

Diego, California USA

http://www.graphpad.com/;

RRID: SCR_002798

Adobe Illustrator Adobe systems RRID: SCR_010279

Other

NAFLD diet ResearchDiet Cat#D09100310

HFD diet (60%) ResearchDiet Cat# D12492

ExpiFectamine 293 Transfection Kit Thermo Fisher Scientific Cat#A14524

Corning 125 mL Polycarbonate Erlenmeyer

Flask with Vent Cap

Corning Cat# 431143

His GraviTrap Talon columns Millipore Sigma Cat#GE29-0005-94

HisProbe-HRP Thermo Scientific Cat#15165

Slide-A-Lyzer Dialysis Cassette 3.5 MWCO Thermo Fisher Scientific Cat#66330

Countess II FL Automated Cell Counter Life Technologiy Cat# AMQAF1000

Blood Glucose meter OneTouch UltraMini meter N/A

Blood Glucose Strips GenUltimate Cat# 100-50

70um cell strainer BD Falcon Cat# 352350

25G x 7/8 Needle BD Cat# 305124

Petri dish Fisherbrand FisherScientific Cat# FB0875713

Fisherbrand Variable-Flow Peristaltic Pump FisherScientific Cat# 13-876-2

Perfusion tubing connectors 3/32’’

Polypropylene Coupler

United States plastic Cat# 65600

Perfusion tubing 1/32’’ ID x 3/32’’ OD Silicone United States plastic Cat# 57286

Immobilon-P PVDF Membrane Merck Cat# IPVH00010

NuPAGE 4-12% Bis Tris gels Invitrogen Cat# WG1403BX10
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Katrin

J. Svensson (katrinjs@stanford.edu).

Materials availability
All newly generated reagents will be shared upon request, including Ism1 expression plasmids, Ism1 recombinant proteins, anti-Ism1

antibodies, and Ism1-KO mice.

Data and code availability
d The mass spectrometry proteomics source data have been deposited at ProteomeXchange Consortium via the JPost partner

repository and are publicly available under the accession number PXD026921(Okuda et al., 2017).

d This paper does not generate original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models
Animal experiments were performed per procedures approved by the Institutional Animal Care and Use Committee of the Stanford

Animal Care andUseCommittee (APLAC) protocol number #32982. Experiments were performed according to procedures approved

by the Institutional Animal Care and Use Committee of the Beth Israel Deaconess Medical Center and Yale University School of

Medicine IACUC. C57BL/6J male mice were purchased from the Jackson Laboratory (#000664) and were used after 1 week of accli-

matization after import into the facility. Unless otherwise stated, all mice were in good health and housed in a temperature-controlled

(20-22�C) room on a 12-hour light/dark cycle with ad lib access to food andwater. All experiments were performedwith age-matched

4–14-week male mice housed in groups of five unless stated otherwise. All metabolic studies were performed in male mice. Both

male and female mice were used for isolation of primary adipocytes and hepatocytes. This study generated a new Ism1-KO mouse

model. All Ism1-WT and Ism1-KOmice were the result of in-housematings, and littermate controls were used for all experiments. The

Ism1-floxed allele targeting intron 1 and intron 4 of the Ism1 gene to delete exon 2-4 was generated using CRISPR-mediated gene

editing (Applied Stem Cell). The Ism1-flox mice were crossed with female mice expressing the Ella-Cre transgene for embryonic

deletion. The deletion of the exons was confirmed with PCR for the exon junction, Sanger sequencing, and q-PCR. The following

genotyping primers were used: Ism1-KO: 50- CTATGCTATGCCCAGTGTCTCTCTCTG -30; 50- CAAACTGACCAGAGTCCCTCCTT

CAA-30, Ism1-WT: 50- GAACACTGAGGAAGTTGCTGTCA-30; 50-ATGGCCCTGACTCCGAAGCAGAA-3’. Total RNA was extracted

from adult mice and reverse-transcription was performed as described above. qPCR was performed using the following primers:

Ism1-F: 50-FAGAGCAGCCAGAGTATGATTCC-30 and Ism1-R: 50-RGCCGCTGTCCTGAAAGTATCT-3’.

Human samples
For transcriptional analyses on human adipose samples, subcutaneous adipose tissue was collected under IRB 2011P000079

(approved by the Beth Israel Deaconess Medical Center Committee on Clinical Investigations) from individuals recruited from the

plastic-surgeon operating-room schedule at Beth Israel Deaconess Medical Center in a consecutive fashion, as scheduling

permitted, to process the sample. The inclusion criteria were healthy male and female individuals, ages 18–64 receiving abdominal

surgery. The exclusion criteria were diagnosis of diabetes, any individuals taking insulin-sensitizing medications such as thiazolidi-

nediones or metformin, chromatin-modifying enzymes such as valproic acid, and drugs known to induce insulin resistance such as

mTOR inhibitors (for example, sirolimus or tacrolimus) or systemic steroid medications. Fasting serum was collected and tested for

insulin, glucose, free fatty acids, and a lipid-panel was performed in a Clinical Laboratory Improvement Amendments approved lab-

oratory. BMI measures were derived from electronic medical records and confirmed by self-reporting, and measures of insulin resis-

tance, the homeostasis model assessment-estimated insulin resistance index (HOMA-IR) and revised quantitative insulin sensitivity

check index (QUICKI) were calculated. Female individuals in the first and fourth quartiles for either HOMA-IR or QUICKI andmatched

for age and BMI were processed for RNA-seq. Human participants who donated adipose tissue provided informed consent. Human

plasma was obtained from 11 female individuals from the single-site, randomized crossover SWAP-MEAT Trial (NCT03718988) (Cri-

marco et al., 2020). Glucose levels were only available for 8 out of 11 samples. The inclusion criteria were healthy individuals over 18

years of age. Exclusion criteria were weighing <110 lbs, BMI > 40, LDL cholesterol > 190mg/dl, systolic blood pressure > 160mmHg

or diastolic blood pressure > 90 mm Hg, as well as other clinically significant diseases. All samples were blinded and analyzed by

ISM1 ELISA.

Cell lines and reagents
AML12 mouse hepatocytes were purchased from ATCC (#CRL-2254) and cultured with DMEM/F12 medium (Gibco) supplemented

with 10% FBS, 10 mg/ml insulin, 5.5 mg/ml transferrin, 5 ng/ml selenium, 40 ng/ml dexamethasone, and 15 mM HEPES. 3T3-F332A
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cells (Sigma, Cat#00070654), 3T3-L1 cells (ATCC, Cat#CL-173), primary human skeletal muscle cells (Cook Myocytes, Cat#SK-

1111), Expi293F cells (ThermoFisher #Cat#A14527) were cultured according to manufacturer’s instructions. SGBS cells were ob-

tained fromWabitsch laboratory and cultured as previously described (Fischer-Posovszky et al., 2008;Wabitsch et al., 2001). All cells

were cultured in a humidified atmosphere containing 5% CO2 at 37�C.

Mouse and human pre-adipocytes culture and differentiation
Inguinal fat pads from 4-8 week old C57BL/6J male and female mice were dissected and mechanically digested for 10 min using

spring scissors. Digested tissues were incubated in WAT isolation buffer (10 ml PBS, 2.4 U/ml dispase II (#04942078001, Roche),

10 mg/ml collagenase D (#11088858001, Roche) at 37 �C for 45 min. 20 mL growth media was added and the tissue suspension

was filtered through a 100-mm cell strainer and centrifuged at 600 xg for 5 min. The cell pellets were resuspended in 20 mL growth

media, filtered through a 40-mm cell strainer, centrifuged at 600 xg for 5 min, resuspended in 10 mL growth media, and plated in 10-

cm collagen-coated dishes. The cells were cultured in growth media (DMEM/F-12 Glutamax, Thermo Fisher Scientific #10565018)

supplemented with 10% fetal bovine serum. Two days post-confluency, differentiation was induced with growth media containing

1 mM rosiglitazone, 0.5 mM isobutylmethylxanthine, 1 mM dexamethasone, 5 mg/mL insulin. After two days, cells were re-fed with

growth media containing 1 mM rosiglitazone and 5 mg/mL insulin. Cells were fully differentiated after 6-8 days. For Ism1 knockdown

or overexpression in primary adipocytes using adenovirus, 500 mL crude virus was mixed with 500 mL fresh growth media containing

1 mM rosiglitazone and 5 mg/mL insulin was added to each well at day 2 of differentiation. At day 4, virus-containing media was

removed and 500 mL fresh growth media without stimulators was added to each well. SGBS cells were differentiated as described

previously (Fischer-Posovszky et al., 2008;Wabitsch et al., 2001). Briefly, cells were cultured in growthmedia DMEM/F-12 Glutamax,

supplemented with 10% fetal bovine serum, 33 m biotin, and 17 m pantothenate. Two days post confluency, differentiation was

induced with serum-free DMEM/F12 media containing 33 mM biotin, 17 m pantothenate, 0.01 mg/ml transferrin, 20 nM insulin,

100 nM cortisol, 0.2 nM triiodothyronine, 25 nM dexamethasone, 0.25 mM isobutyl methylxanthine, and 2 mM rosiglitazone. After

four days, cells were re-fed with growth media containing 0.01 mg/ml transferrin 20 nM insulin, 100 nM cortisol, 0.2 nM triiodothy-

ronine. Cells were fully differentiated after day 8-10.

Primary mouse hepatocyte isolation and culture
Primary hepatocyte isolation was performed as previously described (Jung et al., 2020). Briefly, 4-8 week old C57BL/6J mice were

sacrificed, and livers were perfused in HBSS buffer (#14175-095, Gibco) supplemented with 0.4 g/L KCl, 1 g/L glucose, 2.1 g/L so-

dium bicarbonate, and 0.2 g/L EDTA for 3 minutes, followed by Collagenase (#C5138, Sigma) digestion at 37 �C. Cells were

dissociated from the digested livers and hepatocytes were suspended in Williams Medium E (#112-033-101, Quality Biological) sup-

plemented with 10% FBS, 2 mM sodium pyruvate, 1 mM dexamethasone, and 100 nM insulin (plating medium). The cell suspension

was filtered through a 70 mm strainer and centrifuged at 50 xg for 3 minutes. Cell pellets were resuspended in plating medium and

mixed with 90 % Percoll (#P1644, Sigma) followed by centrifugation at 100 xg for 10 minutes. Cell pellets were washed and resus-

pended in plating medium. 4 hours after seeding on collagen-coated plates, hepatocytes were washed with PBS, followed by the

addition of Williams E supplemented with 0.2% BSA, 2 mM sodium pyruvate, 0.1mM dexamethasone (maintenance medium).

METHOD DETAILS

Ism1 overexpression in vivo using AAV8
Adeno-associated virus serotype 8 expressing mouse Ism1 with a C-terminal flag tag (AAV8-Ism1-flag) was made by Vector Biolabs

and the AAV8-GFP (#7061) control was purchased at the same time. 8-week-old mice were subjected to I.V. injection of 1010 virus

particles/mouse of AAV8-Ism1-flag or AAV8-GFP diluted in saline in a total volume of 100 mL. After injection, mice were fed a HFD (60

% fat, Research Diets). Body weights weremeasured and recorded every week. After 10 weeks of HFD feeding, mice were subjected

to glucose tolerance tests and insulin tolerance tests. Tissues were collected for gene expression and histological studies at the

weeks indicated. Plasma was collected for detecting plasma levels of Ism1-flag, glucagon, and insulin.

Pharmacokinetic measurements of Ism1 blood levels following Ism1 administration
An anti-his tag ELISA was performed to measure Ism1-his concentrations in blood. Recombinant Ism1 protein was administered at

10mg/kg I.V. in a total volume of 100 ml. Bloodwas collected and centrifuged at 6000 xg for 10minutes at room temperature to collect

serum. Blood levels were measured using the HisProbe-HRP Conjugate according to the manufacturer’s instructions (Thermo

#15165). Briefly, samples were prepared by diluting serum in coating buffer at 1:100 ratio and added to wells for overnight incubation

at 4 �C. Nonspecific binding was blocked by adding blocking buffer and incubating for 30 min at 37 �C. The plate was washed three

times with wash buffer. HisProbe-HRP (Thermo, #15165) working solution was added to each well. After 15 min incubation at room

temperature, the plate was washed four times with wash buffer, followed by adding substrate (Thermo, #34022). After 10 min, 1N

sulfuric acid was added to stop the reaction. Absorbance was measured at 450 nm.

Therapeutic Ism1 recombinant protein administration in vivo

All pharmacologic studies using recombinant Ism1 protein were performed in mice with established diet-induced obesity or non-

alcoholic fatty liver disease (NAFLD). For all experiments, male C57BL/6J mice purchased from Jax were fed either a high-fat diet
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(# D12492, Research Diets) or a NAFLD diet (#D09100310, Research Diets) prior to Ism1 protein injections. In all experiments, mice

were mock injected with saline for three days prior to protein or drug injections to prevent stress-induced weight loss. Mice were I.P.

injected with vehicle (saline) or indicated doses of Ism1 protein diluted in saline. For the 14-day experiments in NAFLDmice, 7-weeks

old mice were fed with NAFLD diet for 3 weeks and then mock injected with saline for 3 days prior to protein injections. The induction

of lipid accumulation with NAFLD diet was verified by the significant increase in hepatic lipid levels compared with mice on chow diet

at the same time point. NAFLDmice were then daily I.P. injected with either vehicle (saline containing 5%DMSO and 10%Kolliphor)

or indicated doses of Ism1 protein (500mg/kg or 5 mg/kg) or with FXR agonist (30 mg/kg, GW4064, Sigma-Aldrich, #G5172) diluted in

vehicle (saline containing 5 % DMSO and 10 % Kolliphor). For the 21-day experiments in HFD mice, mice were mock injected with

saline for three days prior to protein injections. Mice were then daily I.P. injected with either vehicle (saline) or 5 mg/kg of Ism1 protein

diluted in saline. metformin (100 mg/kg, Sigma, # 317240) was diluted in saline and daily administered by oral gavage. All groups

received control injections by I.P. and oral gavage. At the end of the experiments, mice and tissue weights were recorded. Tissues

and plasma were collected and frozen for further analyses.

In vivo glucose uptake
Micewere fasted for 1h and injected I.P. with 3H-2-deoxyglucose (3H-2-DOG) at 100 mCi/kgwith or without 0.75 U/kg insulin in a total

volume of 120 ml per mouse. After 30 min, mice were euthanized. Blood was collected by cardiac puncture and subsequently centri-

fuged to collect serum. Wet tissue weights were recorded then homogenized in 1% SDS for liquid scintillation counting. Data are

expressed as CPM/mg wet weight (fold change over control).

Glucose tolerance and insulin tolerance tests
For glucose tolerance tests, mice were fasted overnight and I.P. injected with glucose at 2 g/kg body weight. Blood glucose levels

weremeasured at 0, 15, 30, 45, 60, 90 and 120mins. For insulin tolerance tests, mice were fasted for 2h, and I.P. injected with 0.75U/

kg insulin. Blood glucose levels were measured at 0, 15, 30, 45, 60, 90 and 120 mins.

Body temperature measurements
Adult mice were implanted with a subcutaneous temperature probe (IPTT Temperature Transponder, BioMedic Data Systems). Mice

were group-housed at room temperature for the entire duration of the experiments. Temperature probes were allowed to stabilize for

3 days until the first temperature wasmeasured. Duringmeasurements, the body temperature was recorded using an IPTT scanner in

conscious mice in their home cages.

Food intake, energy expenditure and body composition measurements
Measurements of accumulated food intake and VO2 were performed using a Comprehensive Lab Animal Monitoring System at room

temperature (20-22�C) (Oxymax, Columbus Instruments) as previously described (Cohen et al., 2014; Long et al., 2016; Svensson

et al., 2016). Singly housed mice were acclimated in metabolic chambers for at least 24 h before the start of experiments to minimize

stress. Fat mass, lean mass, and water mass were measured by Echo MRI.

Construction of shRNA-pENTR/U6 Entry Vector of Ism1
To generate small hairpin RNA (shRNA)- expressing pENTR/U6 entry constructs, single-stranded DNA Oligo sequences encoding

the shRNA of mouse Ism1 were designed following the guidelines of the BLOCK-it U6 RNAi Entry Vector kit (# K494500, Thermo

Fisher Scientific). Two sets of complementary oligonucleotide strands were designed based on the following sequences:

top strand: 5’-CACCGGTCACCATAGAGGTGGTTGACGAATCAACCACCTCTATGGTGACC-3’, bottom strand: 5’-AAAAGGT

CACCATAGAGGTGGTTGATTCGTCAACCACCTCTATGGTGACC-3’, and top strand: 5’-CACCGCGGGAAGTGAGGAGTTTAATC

GAAATTAAACTCCTCACTTCCCGC-3’, bottom strand: 5’-AAAAGCGGGAAGTGAGGAGTTTAATTTCGATTAAACTCCTCACTTCC

CGC-3’. Non-targeting lacZ control dsDNAoligos were included in the kit. The single-strandedDNA oligoswere annealed and cloned

into pENTR/U6 vectors included in the kit following the manufacturer’s instructions. Briefly, 1 nmol of each complementary oligonu-

cleotide strand and 2 mL of 10X denaturation buffer solution was mixed and sterilized deionized H2O was added to a final volume of

20 mL. The reaction mixture was denatured at 95 �C for 4 min, then annealed at room temperature for 10 min. Ds-oligos were diluted

with 1X oligo annealing buffer at a final concentration of 5 nM. T4 DNA ligase was used to clone the ds-oligos into the pENTR/U6

vector. 2 mL of ligation reaction was transformed into One Shot TOP10 chemically competent E. coli cells. Selected clones were

sequenced by using primers provided with the kit.

Generation of shRNA-expressing adenoviral destination clones
The BLOCK-iT Adenoviral RNAi Expression System (#K494100, Thermo Fisher Scientific) was used to generate adenoviral shRNA

destination clones according to the manufacturer’s instructions. Briefly, pENTR/U6 entry clones were transferred into adenoviral

pAd/BLOCK-iT-DEST destination vectors by performing LR recombination reactions with Gateway LR Clonase II followed by trans-

formation into One Shot TOP10 chemically competent E. coli cells. The constructs for recombinant shRNA-expressing adenoviral

destination clones were purified using theQiagen PlasmidMidi kit (catalog number 12143, Qiagen). Selected cloneswere sequenced

by using the following primers: F: 50-GACTTTGACCGTTTACGTGGAGAC-30 and R: 50-CCTTAAGCCACGCCCACACATTTC-30.
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Adenovirus production
To produce crude shRNA-adenoviral stocks, 15 mg of plasmid was digested with PacI-restriction enzyme and purified with QIAquick

PCR purification kit (# 28104, Qiagen). HEK 293A cells were seeded at 53 105 cells/well in a 6-well plate the day before transfection.

Cells were transfected with 3mg of PacI-digested shRNA adenovirus plasmids and LipoD293 transfection reagent (SignaGen Labo-

ratories). Themediawas replaced ~16 hours post-transfection. 48 hours post-transfection, cells were trypsinized and transferred into

a 10 cm dish. Adenovirus-containing cells and medium were harvested and transferred into a 15 ml Falcon tube after 7-9 days post-

transfection when cytopathic effects were observed in more than 80 % of the cells. The crude adenovirus stocks were prepared by

three freeze-thaws, followed by centrifugation to remove cell debris. Crude adenoviral stocks were stored at -80 �C in 1 ml aliquots.

The crude virus stocks were further amplified by infection of HEK 293A cells grown in three 15-cmdishes (300 mL of crude virus/15 cm

dish). Three days later, adenovirus-containing cells andmediumwere harvested and centrifuged as described for crude virus. Ampli-

fied viral stocks were stored in aliquots at �80 �C.

Expression, purification, and characterization of recombinant Ism1 protein
The proteins used in this study were generated by transient transfection of a mouse Ism1-flag or Ism1-myc-his DNA plasmid in

mammalian Expi93F cells. The protein was purified using a Ni column and buffer exchanged to PBS. Protein purity and integrity

were assessed with SDS page, Superdex200 size exclusion column, endotoxin assays, western blot, and mass spectrometry. Every

protein batch was tested for bioactivity using pAKTS473 as the readout. Following purification, the protein was aliquoted and stored at

-80 �Cand not used formore than three freeze-thaws. For protein deglycosylation, the reaction was performed according to theman-

ufacturer’s protocol using deglycosylationMix II fromNewEngland BioLabs (#P6044). Briefly, 25 mg of Ism1 protein or control protein

fetuin was dissolved in 40 mL water. 5 mL Deglycosylation Mix Buffer 2 was added to the protein solution, and the protein solution was

incubated at 75 �C for 10 minutes. 5 mL Protein Deglycosylation Mix II was added to the protein solution followed by a 30-minute

incubation at room temperature and 1 h at 37 �C. The deglycosylated proteins were analyzed by silver stain and western blot.

Measurements of Ism1 protein stability using transmittance
Briefly, Ism1 or insulin was plated at 150 mL per well (n = 3/group) in a clear 96-well plate and sealed with optically clear and thermally

stable seal (VWR). The plate was immediately placed into a plate reader and incubated with continuous shaking at 37 �C. Absorbance
readings were taken every 10 minutes at 540 nm for 100 h (BioTek SynergyH1 microplate reader). Values are expressed as total

transmittance.

SureFire Ultra AKT1/2/3 (pS473) AlphaLISA
AKT 1/2/3 (pS473) AlplaLISA kit was purchased from PerkinElmer (#ALSU-PAKT-B-HV) and serine 473 phosphorylation of AKT was

measured according to the instructions in the protocol provided by the manufacturer. Briefly, confluent F442A cells were starved

overnight in serum-free DMEM/F12 media. On the following day, insulin or Ism1 were added to cells. After a 5 min incubation, cells

were washed with cold PBS once and lysed using lysis buffer supplied in the kit. 30 mL of cell lysate was transferred, followed by

incubation with 15 mL of Acceptor Mix for 1 hr at room temperature. 15 mL of Donor Mix was added to each well and the plate

was incubated at room temperature for 1hr in the dark. The Alpha signals were measured on Tecan Infinite M1000 Pro plate reader

using standard AlphaLISA settings.

Gene expression analysis
Total RNA from cultured cells or tissues was isolated using TRIzol (Thermo Fischer Scientific) and Rneasy mini kits (QIAGEN). RNA

was reverse transcribed using the ABI high capacity cDNA synthesis kit. For qRT-PCR analysis, cDNA, primers and SYBR-green fluo-

rescent dye (ABI) were used. Relative mRNA expression was determined by normalization with Cyclophilin levels using the DDCt

method. Primer sequences used are described in Table S4.

Western blots and molecular analyses
For western blotting, homogenized tissues or whole-cell lysates, samples were lysed in RIPA buffer containing protease inhibitor

cocktail (Roche) and phosphatase inhibitor cocktail (Roche). Cell lysates were centrifuged at 14,000 x g for 15 min and superna-

tants were prepared in 4X LDS Sample Buffer (Invitrogen) and separated by SDS-PAGE and transferred to Immobilon 0.45mm

membranes (Millipore). For Western blotting of plasma samples, 1 ml of plasma was prepared in 2X sample buffer (Invitrogen)

with reducing agent, boiled, and analyzed using Western blot against indicated protein. All primary antibody incubations were per-

formed overnight at 4 �C and secondary antibody incubations were performed at room temperature for 2h. All primary antibodies

were diluted at 1:1000 in TTBS supplemented with 3 % BSA, except the ISM1 antibodies that were diluted to 1:100. Secondary

antibody incubations were performed at 1:10,000 dilution in 1:1000 in TTBS supplemented with 5 % milk. Protein kinase array

(R&D systems ARY003B) was performed according to the manufacturers’ description. All antibodies used in this paper are

described in STAR Methods.

Biochemical analyses
Plasma insulin levels were measured using the Ultra-Sensitive Mouse Insulin ELISA kit (Crystal Chem #90080). Plasma triglycerides

were measured with Infinity triglyceride measurement kit (Thermo #TR22421) and tissue triglycerides were measured with a
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Triglyceride Colorimetric Assay Kit (Cayman #10010303). Lipolysis was measured in day 5 differentiated adipocytes after 4 hours of

protein treatment using a glycerol release assay according to the protocol provided by the manufacturer (Abcam #ab133130).

Plasma membrane protein extractions were performed according to the manufacturer’s protocol (Abcam #ab65400).

Immunocytochemistry
Primary mouse preadipocytes were seeded onto collagen-coated 22 mm x 22mm coverslips and differentiated using the method

above. On day 8, differentiated adipocytes were washed with PBS and starved in 0.5 % BSA in KRH buffer (50 mM HEPES,

136 mM NaCl, 1.25 mM MgSO4, 1.25 mM CaCl2, 4.7 mM KCl, pH 7.4) for 3.5 h. Cells were treated with insulin or Ism1 for 30 min,

followed by three washes with cold PBS. Cells were fixed with 4% PFA in PBS for 15 min at room temperature. After blocking

with 2%BSA, 5% goat serum, 0.2% Triton-X in PBS (blocking buffer) for 1 hr, cells were incubated with anti-Glut4 primary antibody

diluted at 1:1000 in blocking buffer at 4 �Covernight. The next day, cells were washed and incubated with secondary antibody diluted

at 1:1000 in blocking buffer on ice for 1 hr. Cells were imaged using confocal microscope (Leica TCS SP8). Hoechst (#33342, thermo

fisher) was used as counterstain.

Immunohistochemistry
For H&E staining, livers were formalin-fixed, paraffin-embedded, and sectioned at 6 mm. For hematoxylin and eosin (H&E) staining,

sections were deparaffinized and dehydrated with xylenes and ethanol. Briefly, slides were stained with hematoxylin, washed with

water and 95% ethanol, and stained with eosin for 30 min. Sections were then incubated with ethanol and xylene, and mounted with

mounting medium. For Oil red O stainings, frozen liver tissue slides were fixed with 3 % formalin in PBS, washed twice with water,

incubated with 60% isopropanol for 5 min and then incubated with Oil Red O solution (3:2 ratio of Oil Red O: H2O) for 20 min. Immu-

nohistochemical stainings were observed with a Nikon 80i upright light microscope using a 40 x objective lens. Digital images were

captured with a Nikon Digital Sight DS-Fi1 color camera and NIS-Elements acquisition software.

Glucose uptake
Glucose uptake was performed as previously described (You et al., 2017). Briefly, 2-Deoxy-d-[2,6-3H]-glucose was purchased from

PerkinElmer NEN radiochemicals. Fully differentiated adipocytes were washed with KRH buffer and starved in 0.5% BSA in KRH

buffer for 4 h. Indicated concentrations of insulin or Ism1 were added at indicated time points. Cells were treated with a mixture

of 500mM 2-deoxy-D-glucose and 1.71mCimL-1 2-Deoxy-D-[1,2-3H (N)]-glucose for another 10 min followed by three washes using

ice cold KRH buffer containing 200 mM glucose. The passive glucose uptake in the presence of 50 mMCytoB was less than 12 % of

the total glucose uptake. Cells were solubilized in 1% SDS and radioactivity was measured by liquid scintillation counting.

Lipogenesis assay
Primary hepatocytes or AML12 hepatocytes were washed twice with warm PBS and starved in serum-free DMEM overnight. Indi-

cated concentrations of insulin with or without Ism1 were added at the same time. After 24 h, a mixture of 10 mM cold acetate

and 2 mCi [3H]-Acetate (#NET003H005MC, PerkinElmer) was added to each well and cells were incubated for another 4 hr. Cells

were washed with PBS twice and lysed using 0.1 N hydrogen chloride. Lipids were extracted by 2:1 chloroform-methanol (v/v). After

centrifugation at 3000 xg for 10 min, the lower phase was transferred to scintillation vials and radioactivity was measured by liquid

scintillation counting.

Protein synthesis assay
AML12 hepatocytes were washed twice with warm PBS and starved in serum-free media overnight. Indicated concentrations of in-

sulin with or without Ism1 and 0.25 mCi of [3H]-Leucine (#NET460250UC, PerkinElmer) were added at the same time. After a 24 h

incubation, cells were washed three times with ice cold PBS and lysed in RIPA buffer containing protease inhibitor cocktail (Roche).

After 15 min centrifugation at 14000 xg, supernatants were transferred to new tubes. Trichloroacetic acid was added to the protein

extracts at a final concentration of 10 % and incubated on ice for 1h. After a 15 min centrifugation at 14000 xg, pellets were washed

with cold acetone, diluted in 10M NaOH and transferred to scintillation vials. The radioactivity was measured by liquid scintillation

counting.

Cellular respiration assay
Cells were seeded in seahorse cell culture microplates (Agilent, #100777-004) using growth media. XFe24 extracellular flux assay kit

cartridge (Agilent, #102340-100) was hydrated with XF calibrant (Agilent, #100840-000) and PBS and incubated overnight in CO2-

free incubator. The next day, cells were washed with seahorse assay buffer (0.3M NaCl, 1mM pyruvate and 20mM glucose,

DMEM (Sigma, D5030-10L), pen-strep, pH 7.4) and incubated in seahorse assay buffer for 1 hr in CO2-free incubator. PBS or

Ism1 proteins were injected into the port as indicated in the figure. The seahorse program was run with 3 cycles with a 4 min mix,

0 min wait, and a 2 min measure between injections of compounds.

LC-MS/MS
Samples were run on a 4-12% SDS-PAGE gel and resolved by Coomassie staining. Gel bands were excised and placed in

1.5 ml Eppendorf tubes and then cut in 1x1 mm squares. The excised gel pieces were then reduced with 5 mM DTT,
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50 mM ammonium bicarbonate at 55�C for 30 min. Residual solvent was removed and alkylation was performed using 10 mM

acrylamide in 50 mM ammonium bicarbonate for 30 min at room temperature. The gel pieces were rinsed 2 times with 50%

acetonitrile, 50 mM ammonium bicarbonate and placed in a speed vac for 5 min. Digestion was performed with Trypsin/LysC

(Promega) in the presence of 0.02% protease max (Promega) in both a standard overnight digest at 37�C. Samples were

centrifuged and the solvent including peptides was collected and further peptide extraction was performed by the addition

of 60% acetonitrile, 39.9% water, 0.1% formic acid and incubation for 10-15 min. The peptide pools were dried in a speed

vac. Samples were reconstituted in 12ml reconstitution buffer (2% acetonitrile with 0.1% Formic acid) and 3ml (100ng) of it was

injected on the instrument.

Mass spectrometry experiments were performed using a Q Exactive HF-X Hybrid Quadrupole - Orbitrap mass spectrometer

(Thermo Scientific, San Jose, CA) with liquid chromatography using a Nanoacquity UPLC (Waters Corporation, Milford, MA). For

a typical LCMS experiment, a flow rate of 600 nL/min was used, where mobile phase A was 0.2% formic acid in water and mobile

phase B was 0.2% formic acid in acetonitrile. Analytical columns were prepared in-house with an I.D. of 100 microns packed with

Magic 1.8 micron 120Å UChrom C18 stationary phase (nanoLCMS Solutions) to a length of ~25 cm. Peptides were directly injected

onto the analytical column using a gradient (2-45%B, followed by a high-Bwash) of 80min. Themass spectrometer was operated in a

data dependent fashion using HCD fragmentation for MS/MS spectra generation. For data analysis, the.RAW data files were pro-

cessed using Byonic v3.2.0 (Protein Metrics, San Carlos, CA) to identify peptides and infer proteins using Mus musculus database

from Uniprot. Proteolysis was assumed to be semi-specific allowing for N-ragged cleavage with up to two missed cleavage sites.

Precursor and fragment mass accuracies were held within 12 ppm. Proteins were held to a false discovery rate of 1%, using standard

approaches.

Human adipose tissue transcriptomics analyses
For purification of mature human adipocytes for RNA sequencing, whole-tissue subcutaneous adipose specimens were freshly

collected from the operating room. Skin was removed, and adipose tissue was cut into 1- to 2-inch pieces and rinsed thoroughly

with 37 �C PBS to remove blood. Cleaned adipose tissue pieces were quickly minced with an electric grinder with 3/16-inch hole

plate, and 400 ml of sample was placed in a 2-l wide-mouthed Erlenmeyer culture flask with 100 ml of freshly prepared blendzyme

(Roche Liberase TM, research grade, cat. no. 05401127001, in PBS, at a ratio of 6.25 mg per 50 ml) and shaken in a 37 �C shaking

incubator at 120 r.p.m. for 15–20 min to digest until the sample appeared uniform. Digestion was stopped with 100 ml of freshly

made KRB (5.5 mM glucose, 137 mM NaCl, 15 mM HEPES, 5 mM KCl, 1.25 mM CaCl2, 0.44 mM KH2PO4, 0.34 mM Na2HPO4

and 0.8 mM MgSO4), supplemented with 2% BSA. Digested tissue was filtered through a 300 mM sieve and washed with KRB/

albumin and flow through until only connective tissue remained. Samples were centrifuged at 233g for 5 min at room temperature,

clear lipid was later removed, and floated adipocyte supernatant was collected, divided into aliquots and flash-frozen in liquid ni-

trogen. RNA isolation from mature human adipocytes. Total RNA from ~400 ml of thawed floated adipocytes was isolated in TRIzol

reagent (Invitrogen) according to the manufacturer’s instructions. For RNA-seq library construction, mRNA was purified from

100 ng of total RNA by using a Ribo-Zero rRNA removal kit (Epicentre) to deplete ribosomal RNA and convert into double-stranded

complementary DNA by using an NEBNext mRNA Second Strand Synthesis Module (E6111L). cDNA was subsequently tagmented

and amplified for 12 cycles by using a Nextera XT DNA Library Preparation Kit (Illumina FC-131). Sequencing libraries were an-

alysed with Qubit and Agilent Bioanalyzer, pooled at a final loading concentration of 1.8 pM and sequenced on a NextSeq500.

Sequencing reads were demultiplexed by using bcl2fastq and aligned to the mm10 mouse genome by using HISAT2. PCR dupli-

cates and low-quality reads were removed by Picard. Filtered reads were assigned to the annotated transcriptome and quantified

by using featureCounts.

Ism1 sandwich ELISA
Ism1 sandwich ELISA was performed using mouse serum from Ism1-KO and WT mice and on ISM1 from human plasma from

female individuals from the single-site, randomized crossover SWAP-MEAT Trial (NCT03718988) (Crimarco et al., 2020). Anti-

Ism1 antibodies were custom generated by Genscript using the recombinant mouse Ism1 protein as antigen. Antibody

production was carried out for five clones separately. The antibodies were purified by mouse Ism1 A/G affinity column chro-

matography and dialyzed into PBS for storage. Biotin conjugation was performed on purified antibodies from each clone. For

Ism1 ELISA on human or mouse plasma samples, the anti-Ism1 capture antibody was diluted (1:500) in PBS and the ELISA

plate was coated with 100 ml of the antibody dilution at 4 �C for 48 h. After one wash with 260 ml PBS-T, 150 ml of blocking

buffer (1% BSA in PBS) was added to each coated well and the plate was incubated at 37 �C for 2 h, dried, and incubated

again at 37 �C overnight. After four washes, 200 ml of antigen diluted in sample buffer was added to each well and the plate

was incubated at 4 �C overnight. After four washes, 100 ml of the diluted (1:1000) anti-Ism1 biotinylated detection antibody

was added to each well and the plate was incubated at 37 �C for 2h and then at 4 �C overnight. After four washes, Strepta-

vidin- HRP was diluted with sample buffer to 0.2 ml/mL and 100ul was added to the plate. The plate was incubated at 37 �C for

10 min. After five washes, 100 ml TMB reagent was added to each well and the plate was incubated at room temperature for

25-30 min. The absorbance at 450 nm was measured using a microplate reader. The Ism1 concentration in pg/ml was calcu-

lated from the standard curve.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data representation and statistical analysis
Replicates are described in the figure legends. All values in graphs are presented as mean ± SEM. Values for n represent biological

replicates for cell experiments or individual animals for in vivo experiments. For animal experiments, n corresponds to the number of

animals per condition. Specific details for n values are noted in each figure legend. Each cellular experiment using primary cells was

repeated using at least two cohorts of mice. Mice were randomly assigned to treatment groups for in vivo studies. Each animal exper-

iment was repeated using at least two cohorts of mice. Student’s t test was used for single comparisons. Significant differences be-

tween two groups (*p < 0.05, **p < 0.01, ***p < 0.001) were evaluated using a two-tailed, unpaired Student’s t test as the sample

groups displayed a normal distribution and comparable variance. Two-way ANOVA with repeated measures was used for the

body weights, hyperinsulinemic-euglycemic clamps, GTT and ITT. Human expression data was analyzed using Mann-Whitney

test. No power calculations were performed, and the sample sizes were not predetermined. All human samples were analyzed in

a blinded fashion and no samples were excluded from the analyses. Clinical inclusion and exclusion criteria for human individuals

are described in STAR Methods.
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Figure S1, related to Figure 1. Ism1 is a secreted protein that induces glucose uptake in human and mouse 
adipocytes 
(A) Heatmap of relative expression levels of predicted secreted genes from adiponectin-TRAP mice (n = 3).  

(B) Ism1 gene expression levels in iWAT and BAT (n = 5). 1 technical replicate of 5 biological samples. 

(C-D) qRT-PCR of Ism1 in BAT (C) or iWAT (D) from wt or ap2-prdm16tg mice (n = 9-10). 1 technical replicate of 9-10 

biological samples. 

(E-F) Ism1 and Ucp1 gene expression levels in brown fat (E) and iWAT (F) from 6-week-old C57BL/6 male mice in 30°C 

thermoneutrality or after 14 days of 4°C cold exposure (n = 5). 1 technical replicate of 5 biological samples. 

(G) Representative western blot (n = 2 in total) of mouse recombinant Ism1 protein.  

(H) Endotoxin levels < 0.1EU/ml in the recombinant Ism1 protein (n = 3).  

(I) Protein aggregation test of 0.15 mg/ml Ism1 or insulin using transmittance (n = 3).  



(J) Ucp1 gene expression levels in mouse adipocytes after treatment with 50, 100, or 200 nM Ism1 for 24h or with 

forskolin for 1h (n = 3 biological replicates).  

(K) Crt, Gatm, Gamt, Ckmt1, Serca2b, Pm20d1 gene expression levels in adipocytes after 24h Ism1 (n = 4 biological 

replicates).  
(L) Cellular respiration expressed as pmoles/min under basal conditions or treated with 100 nM recombinant Ism1, 100 

nM norepinephrine (NE), FCCP or rotenone (n = 3 biological replicates).  

(M) Lipolysis assay in mouse primary adipocytes after 4 h treatment with Ism1, insulin or Isoproterenol (n = 3 biological 

replicates).  
(N) 2-deoxy-3H-glucose uptake in primary adipocytes treated with 100 nM Ism1 protein or 100 nM albumin (control) (n = 4 

biological replicates).  
(O) 2-deoxy-3H-glucose uptake in 3T3-L1 cells treated with Ism1 or insulin for 1h (n = 3 biological replicates).  

Data are presented as mean ± S.E.M of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001, ns = non-
significant, by two-tailed Student’s t-test (c, d, e, f, j, k, m, n, o).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 
Figure S2, related to Figure 1. Ism1 expression is correlated with obesity in mice and humans 
(A-B) Leptin and Ism1 gene expression in iWAT (A) or BAT (B) tissues in C57BL/6J male lean or 16-week DIO mice (n = 

5 biological replicates).  

(C) Regression analysis of ISM1 RNA expression levels (CPM) in human iWAT tissues correlated with body mass index 
(BMI) (n = 43 biological replicates).  



(D) RNA expression levels (CPM) of ISM1 in iWAT tissue from patients stratified based on BMI (n = 43 biological 

replicates). 

(E-F) RNA expression levels (CPM) of ISM1 in patients with glucose levels higher or lower than 100 mg/dl (E), or plasma 

insulin levels higher or lower than 10 uIU/ml (F) (n = 43 biological replicates). 
(G-J) Regression analysis of ISM1 RNA expression levels (CPM) in human iWAT tissues correlated with insulin levels 

(G), glucose levels (H), HOMA-IR (I), or free fatty acid (FFA) levels (J) (n = 43 biological replicates).  

(K-L) Regression analysis of circulating plasma human ISM1 levels correlated with BMI (n = 11 biological replicates) (K) 

or glucose levels (n = 43 biological replicates) (L). 

Data are presented as mean ± S.E.M of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001 by two-

tailed Student’s t-test  (a, b), regression analysis (c, g, g, I, j) or by Mann-Whitney test (d, e, f).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
Figure S3, related to Figure 2. Ablation of Ism1 results in glucose intolerance and impaired adipocyte glucose 
uptake 
(A) Strategy for generation of the Ism1 floxed allele and Ism1 knockout (KO) allele by Crispr-Cas9.  

(B) Sequencing of the genetic recombination of Exon 1 and 5.  

(C) PCR product of the genetic recombination of Exon 1 and 5.  

(D) Genotyping of wild-type (WT), Ism1 heterozygous (Het), or Ism1-KO in the Ella-Cre transgenic background.  

(E) In vivo 2-deoxy- H3-glucose uptake in white inguinal adipose tissue (iWAT), quadriceps skeletal muscle (Quad), and 

liver in male WT and Ism1-KO mice under basal and insulin-stimulated conditions (n = 5 biological replicates).  

(F) Protein expression (Fig. 2P) quantified from two independent western blot experiments of pAKTS473 over total AKT in 
primary mouse adipocytes isolated from WT and Ism1-KO mice treated with insulin (n = 2 in total).  

Data are presented as mean ± S.E.M of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001, ns = non-

significant, by two-tailed Student’s t-test (e, f). 

 
 
 
 
 
 
 



 
Figure S4, related to Figure 3. Ism1 activates a PI3K-AKT pathway 
(A) Family tree analysis of mouse Ism1 by protein blast using Ism1 NCBI sequence gene ID: 319909.  

(B) Representative western blot (n = 2 in total) of pAKTS473  induced by Ism1 (100 nM) or insulin (100 nM) in C2C12 cells 

at 5 min.  

(C) Western blot (n = 1 biological replicate) of pAKTS473 induced by Ism1 (100 nM) or insulin (100 nM) in HSMC cells at 5 
min.  



(D) Western blot (n = 2 biological replicates) of pAKTS473 induced by commercially available Ism1 (100 nM, R&D systems) 

in 3T3-F442A cells at 5 min.  

(E) Western blot (n = 1 biological replicate at 6 time points) of signaling induced by Ism1 (200 nM) or insulin (100 nM) in 

3T3-F442A cells at different time points.  
(F) Western blot (n = 1 biological replicate per treatment) of pAKTS473  induced by Ism1 (100 nM) or insulin (100 nM) in 

mouse adipocytes at 5 min after pre-treatment with PI3K inhibitors wortmannin, LY294002, or mTORC1 inhibitor 

rapamycin, or Insulin/IGFR inhibitor OSI906. 

(G) Representative western blot (n = 2 in total) of pTyr levels following stimulation with vehicle (Ctl), or 100 nM Ism1, or 

100nM insulin for 2 minutes. 

(H) Western blot (n = 1 biological replicate per treatment) of pAKT, AKT and b-actin in 3T3-F442A cells pre-treated for 30 

min with LDC1267 at indicated doses followed by treatment for 5 min with vehicle (0), Ism1 (200 nM), insulin (200 nM), or 

PDGF-bb (20 ng/ml).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
 
Figure S5, related to Figure 5. Ism1 overexpression prevents hepatic steatosis in DIO mice 
(A) Ism1 gene expression in livers from AAV8-GFP and AAV8-Ism1 mice (n = 10 mice per group).  

(B-E) Ism1 gene expression in BAT (B), skeletal muscle (C), iWAT (D) and brain (E) from AAV8-GFP and AAV8-Ism1 

mice (n = 10 mice per group).  
(F) Body composition in AAV8-GFP and AAV8-Ism1 mice measured after 10 weeks of HFD (n = 10 mice per group).  

(G) Food intake in AAV8-GFP and AAV8-Ism1 mice measured after 4 weeks of HFD (n = 8 mice per group).  

(H) Energy expenditure in AAV8-GFP and AAV8-Ism1 mice measured after 4 weeks of HFD before any differences in 

body weights were observed (n = 8 mice per group).  



(I) Plasma glucose levels in AAV8-GFP and AAV8-Ism1 mice measured after 10 weeks of HFD (n = 10 mice per group).  

(J) Plasma glucagon levels in AAV8-GFP and AAV8-Ism1 mice measured after 10 weeks of HFD (n = 10 mice per group).  

(K) Representative H&E staining of BAT and iWAT tissues in AAV8-GFP and AAV8-Ism1 mice (n = 10 mice per group).  

(L) Plasma cholesterol levels in AAV8-GFP and AAV8-Ism1 mice measured after 10 weeks of HFD (n = 10 mice per 
group).  

Data are presented as mean ± S.E.M of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001 by two-

tailed Student’s t-test (a, b, c, d, e, f, I, j, l) or two-way Anova for repeated measurements (g, h).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
Figure S6, related to Figure 6. Ism1 suppresses de novo lipogenesis and promotes protein synthesis in 
hepatocytes 
(A) De novo lipogenesis in mouse AML12 hepatocytes after 24h treatment with Ism1 in the presence or absence of 200 

nM insulin (n = 3 biological replicates).  

(B) Srebp1c gene expression in primary mouse adipocytes after Ism1 or insulin treatment (n = 4 biological replicates).  

(C) Western blot (n = 1 biological replicate per treatment) of Srebp1 in mouse adipocytes after treatment with Ism1 in the 

presence or absence of insulin.  



(D-G) Srebp1c, Fas, Acc, and ChREBPb gene expression in adipocytes treated with Ism1 in the presence or absence of 

insulin (n = 3 biological replicates).  

(H) ChREBPb gene expression in AML12 hepatocytes treated with Ism1 in the presence or absence of insulin (n = 3 

biological replicates).  

(I) Pgc1b gene expression in AML12 hepatocytes treated with Ism1 in the presence or absence of insulin (n = 3 biological 

replicates).  

(J) Representative western blot (n = 2 biological replicates) of AKTS473, AKT and b-actin in AML12 hepatocytes treated 

with Ism1 for 5 min in the presence or absence of insulin.  

Data are presented as mean ± S.E.M of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001 by two-

tailed Student’s t-test (a, b, d, e, f, g, h, i).  
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 



 
 
 

 
Figure S7, related to Figure 7. Therapeutic administration of recombinant Ism1 improves glucose tolerance and 
hepatic steatosis 
(A) Representative western blot (n = 1 biological replicate per time point) of plasma Ism1 after I.V. administration of ISM1 

protein in mice.  
(B) Representative western blot (n = 2 biological replicates) of iWAT pAKTS473, AKT, and b-actin after I.V. administration 

of Ism1 protein in 16 weeks DIO mice.  
(C) Overview of therapeutic administration of Ism1 protein by daily I.P. injections of 5 mg/kg protein in 12 weeks DIO mice 

for 5 days.  
(D-G) Body weights (D), blood glucose (E), GTT (F), and ITT (G) after 5 days of daily I.P. injections of 5 mg/kg protein in 
12 weeks DIO mice (n = 5 mice per group) 
Data are presented as mean ± S.E.M of biologically independent samples. *P < 0.05, **P < 0.01, ***P < 0.001 by two-

tailed Student’s t-test (d, e) or two-way Anova (f, g). 
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