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TSC22D4 interacts with Akt1 to regulate

glucose metabolism

Sevgican Demir'>3, Gretchen Wolff'">3, Annika Wieder"*3, Adriano Maida'?3, Lea Biihler'>3,
Maik Brune'*>3, Oksana Hautzinger'>3, Annette Feuchtinger?, Tanja Poth®, Julia Szendroedi

Stephan Herzig"??, Bilgen Ekim Ustiinel*3#

Maladaptive insulin signaling is a key feature in the pathogenesis of severe metabolic disorders, including obesity
and diabetes. Enhancing insulin sensitivity represents a major goal in the treatment of patients affected by diabetes.
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Here, we identify transforming growth factor-f1 stimulated clone 22 D4 (TSC22D4) as a novel interaction partner
for protein kinase B/Akt1, a critical mediator of insulin/phosphatidylinositol 3-kinase signaling pathway. While
energy deprivation and oxidative stress promote the TSC22D4-Akt1 interaction, refeeding mice or exposing cells
to glucose and insulin impairs this interaction, which relies on an intrinsically disordered region (D2 domain) within
TSC22DA4. Functionally, the interaction with TSC22D4 reduces basal phosphorylation of Akt and its downstream
targets during starvation, thereby promoting insulin sensitivity. Genetic, liver-specific reconstitution experiments
in mice demonstrate that the interaction between TSC22D4 and Akt1 improves glucose handling and insulin
sensitivity. Overall, our findings postulate a model whereby TSC22D4 acts as an environmental sensor and interacts

with Akt1 to regulate insulin signaling and glucose metabolism.

INTRODUCTION

Insulin signaling is an evolutionarily conserved pathway that is cen-
tral to the regulation of cell growth, cell proliferation, development,
longevity, and glucose and lipid metabolism. When insulin binds to
the insulin receptor (IR), IR gets activated and phosphorylates IR
substrate (IRS) to initiate a cascade of phosphorylation events, leading
to the activation of protein kinase B (PKB)/Akt (1). Once phos-
phorylated by phosphatidylinositol 3-kinase-dependent kinase 1
(PDK1) and mechanistic target of rapamycin complex 2 (mTORC2)
on T308 and S473, respectively, Akt kinase becomes catalytically
active and phosphorylates a wide range of targets including glycogen
synthase kinase 3B (GSK3p), forkhead box O1 (FoxO1), and tuberous
sclerosis complex 2 (TSC2) to promote cell survival, cell growth,
and cell proliferation as well as to regulate glucose and lipid metab-
olism (2). In addition to the phosphorylation events, protein-protein
interactions play a key role in regulating Akt function (3). C-jun
N-terminal kinase (JNK)-interacting protein 1 (JIP1), growth
factor receptor-binding protein 10 (Grb10), and tribbles homolog
3 (Trb3) represent only a few of the proteins that interact with Akt
to regulate its distinct functions (3-5).

Elevated insulin levels during overnutrition initiate negative
feedback loops in insulin signaling pathway, leading to the patho-
logical condition known as insulin resistance, in which metabolic
organs fail to respond to circulating insulin levels. Overnutrition
also induces a chronic low-grade inflammation that activates JNK
and inhibits adenosine monophosphate (AMP)-activated protein
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kinase (AMPK), contributing to insulin resistance, which may
further progress into type 2 diabetes, which is hardly reversible
and leads to several complications in peripheral organs in the
long run (6).

Recently, we identified transforming growth factor-p1 (TGFp1)
stimulated clone 22 D4 (TSC22D4) as a regulator of Akt signaling
pathway in mouse models of type 2 diabetes (7). TSC22D4 belongs
to the TSC22 protein family, which contains the evolutionarily con-
served TSC box with a leucine zipper motif. TSC22 family consists
of four proteins, such as TSC22D1, TSC22D2, TSC22D3, and
TSC22D4 with alternatively spliced isoforms, and they can homo- and
heterodimerize with each other to regulate cell biological functions
such as cellular senescence, cell proliferation, and apoptosis (8-13).

Despite being found two decades ago, our current knowledge of
the regulation and function of TSC22D4 remains very limited.
TSC22D4 expression increases in cultured kidney cells upon osmotic
stress, and TSC22D4 subcellular localization in neurons alters during
stages of embryonic development and differentiation (10, 13).
TSC22D4 also suppresses cellular senescence by impairing junB
function (14). Previously, we have shown that hepatic TSC22D4
expression increases upon liver damage and cancer cachexia and
reprograms liver lipid metabolism (15). Targeting TSC22D4 ex-
pression in the livers of mice with type 2 diabetes alleviates insulin
resistance and hyperglycemia (7). Notably, in obese human patients,
elevated TSC22D4 expression in the liver positively correlates with
insulin resistance (7). These studies establish a novel and reciprocal
connection between TSC22D4 and metabolic regulation, yet the
molecular mechanism of this connection remains largely elusive.

Here, we identify TSC22D4 as a novel Aktl-interacting protein.
Glucose and insulin stimulation of the starved cells destabilizes the
TSC22D4-Aktl interaction. In vivo, insulin injection or refeeding
of fasted mice is sufficient to weaken the hepatic TSC22D4-Akt1
interaction. Energy deprivation and oxidative stress, on the other
hand, promote the TSC22D4-Akt1 interaction. We identified that
the C-terminal half of the TSC22D4 intrinsically disordered region
(D2 domain) and its TSC box are required to interact with Aktl. At
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the molecular level, TSC22D4-Aktl interaction promotes insulin
sensitivity by reducing basal Akt phosphorylation during starvation.
In mice, hepatic TSC22D4-Aktl interaction improves glucose
handling and insulin sensitivity without any changes in body weight.

Overall, on the basis of our findings, we propose a model in
which TSC22D4 acts as a signaling molecule that senses the envi-
ronmental cues to interact with and regulate Aktl function and
glucose metabolism. Our findings shed light on our understanding
of molecular mechanisms that underlie the development of insulin
resistance and type 2 diabetes, which is key to discovery of novel
therapies to treat these modern-day epidemics.

RESULTS

TSC22D4 interacts with Akt1

In our previous studies, we showed that acute TSC22D4 knockdown
promoted insulin-induced Akt phosphorylation both in cultured
primary hepatocytes and in mouse livers (7). To understand the
molecular mechanisms of TSC22D4 action on insulin signaling
pathway, we examined the functional domains of TSC22D4 protein
in detail. TSC22D4 does not contain any domains with a known
function other than its TSC box that contains a leucine zipper motif
(Fig. 1A). TSC box is common to all TSC22 family members and
plays a role in homodimerization or heterodimerization of TSC22
family members with each other (8, 16). By performing Clustal
Omega analysis, we identified two other regions region 1 and region
2 (R1 and R2) at the TSC22D4 N terminus, which are highly
conserved from fish to mammals (Fig. 1A and fig. S1) (17). The
primary sequence flanked by R2 and TSC box (105 to 308 amino
acids) is also highly conserved between humans and mice yet does
not contain any particular three-dimensional structure and falls
into the category of intrinsically disordered region (Fig. 1A and fig. S1).
Until recently, intrinsically disordered regions were mainly ignored
because of the lack of a defined three-dimensional structure, yet
these regions contain many different posttranslational modification
(PTM) sites (18). This diversity and multiplicity of PTMs within
intrinsically disordered regions allow proteins to act as critical
sensors of the environmental cues, enabling them to act as hubs for
cross-talking between signaling pathways.

Because TSC22D4 contains a relatively long stretch of an intrin-
sically disordered region, we asked whether TSC22D4 interacts
with Akt to regulate its function. We prepared whole liver lysates
from wild-type (WT) mice and immunoprecipitated (IP) endogenous
TSC22D4. We showed that endogenous Aktl was enriched in
endogenous TSC22D4 co-immunoprecipitates (co-IPs) compared
to immunoglobulin G (IgG) controls, demonstrating that hepatic
TSC22D4 and Akt1 interact in vivo in mouse livers (Fig. 1B). Unlike
Aktl, Akt2 failed to enrich as efficiently in the TSC22D4 co-IPs
over the IgG controls, indicating that TSC22D4 interacts more
specifically with Akt1 rather than Akt2 (Fig. 1B).

Previously, we described a role for hepatic TSC22D4 in regulat-
ing glucose metabolism (7). To address whether the TSC22D4-Akt1
interaction is also regulated in response to metabolic signals, we
performed co-IP experiments with the liver lysates of fasted and refed
mice. As shown in Fig. 1C, refeeding of fasted mice impaired the
TSC22D4-Akt] interaction, indicating that blood glucose and insulin
levels might play a role in controlling TSC22D4-Akt1 interaction.

To study the regulation of TSC22D4-Akt1 interaction more in
detail, we transiently transfected hepatoma 1-6 (Hepa 1-6) cells
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with Flag-TSC22D4 and HA (Hemagglutinin)-Aktl or HA-Akt2
plasmids and repeated the co-IP experiments. As shown in Fig. 1D,
HA-Akt1 co-IPed with Flag-TSC22D4, and glucose stimulation
weakened the TSC22D4-Aktl1 interaction. Increasing glucose con-
centration from 20 to 100 mM did not impair the TSC22D4-Akt1
interaction any further, but additional stimulation of cells with 100
nM insulin did (Fig. 1D, compare lanes 5 to 8 with 11 to 14). In the
absence of glucose, insulin alone failed to disrupt the TSC22D4-Akt1
interaction (Fig. 1D, compare lanes 9 and 10 with 11 to 14). Unlike
the cells, insulin injection to the starved mice did abolish the
TSC22D4-Akt1 interaction, indicating that even fasting blood glu-
cose levels are sufficient to prime the insulin-induced dissociation
of TSC22D4-Akt1 interaction (Fig. 1E). Similar to our experiments
performed with liver lysates (Fig. 1, B, C, and E), again, we did
not detect specific enrichment of HA-Akt2 in Flag-TSC22D4 co-1Ps
(fig. S1B).Overall, these data indicate that TSC22D4 is a novel Akt1-
interacting protein, and metabolic signals such as refeeding or
glucose and insulin stimulations impair the TSC22D4-Akt1 inter-
action both in vivo and in cultured cells.

Energy deprivation promotes TSC22D4-Akt1 interaction
Both in mice and in the cells, TSC22D4 interacted with Aktl most
strongly during starvation, and glucose and insulin stimulations
impaired the interaction. Because glucose availability promotes
adenosine triphosphate (ATP) generation, we also tested whether
mitochondrial function regulates the TSC22D4-Akt1 interaction.
We performed Flag-TSC22D4 and HA-Akt1 co-IPs upon pharma-
cological inhibition of mitochondria with complex I and III inhibitors,
rotenone and antimycin, respectively. As shown in Fig. 2A, rotenone
and antimycin co-treatment (lanes 6 and 7) promoted the TSC22D4-
Aktl interaction and reduced Akt-S473 phosphorylation while
increasing AMPK-T172 phosphorylation, confirming the increase in
AMP/ATP ratio. Next, we asked whether inhibition of mitochondria
promotes TSC22D4-Akt1 interaction via AMPK activity. To this
end, we used U20S-WT and U20S-AMPKal/02 double knockout
(DKO) cells to transiently transfect Flag-TSC22D4 and HA-Aktl
plasmids and repeated co-IP experiments in the presence or absence
of rotenone/antimycin. As shown in Fig. 2B, lack of AMPK did not
affect rotenone/antimycin-induced TSC22D4-Akt interaction. In
addition, glucose and insulin stimulation impaired TSC22D4-Akt
interaction to a similar degree in the presence or absence of AMPK
(Fig. 2C). Overall, these data suggest that glucose stimulation or
inhibition of mitochondria regulates TSC22D4-Akt1 interaction
independent of AMPK signaling.

Inhibition of mitochondria also contributes to the generation of
reactive oxygen species (ROS) and induces oxidative stress. Hence,
we asked whether treatment of cells with ROS would also have an
effect on TSC22D4-Aktl interaction and found out that H,O, treat-
ment of Hepa 1-6 cells robustly promoted TSC22D4-Aktl inter-
action (Fig. 2, D and E).

H,0; impairs protein phosphatase 2A (PP2A) activity, which is
responsible for removing Akt phosphorylations on T308 and $473
(19-22). In agreement with these earlier studies, we also observed that
H,0, treatment promoted Akt phosphorylation (Fig. 2, D and E).
Nevertheless, H,O, elevated Akt phosphorylation to a much less extent
in the presence of Flag-TSC22D4 (Fig. 2D, compare lanes 3 with 8
and 9, and Fig. 2E, compare lanes 3 and 4 with 9 and 10), which is
consistent with our data in Figs. 1 and 2 (A and B): A weak TSC22D4-
Akt interaction associates with elevated Akt phosphorylation,
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Fig. 1. TSC22D4 interacts with Akt1. (A) lllustration of TSC22D4 protein with evolutionarily conserved domains. (B) Endogenous TSC22D4 from the wild-type (WT) mouse liver
lysates was immunoprecipitated (IP) with TSC22D4 antibody, and the IPs and liver lysates (input) were immunoblotted (IB) with indicated antibodies. Normal rabbit IgG antibody
was used as a negative control to TSC22D4 antibody. (C) Flag-TSC22D4 was IP from the liver lysates of mice that were injected with adenoviruses (AVs) containing empty vector
control or Flag-TSC22D4 cDNA. The mice were starved for 16 hours and refed the next day before euthanasia. The IPs and WCLs were immunoblotted with indicated antibodies.
Right: Quantification of Akt1 signal intensity in the IPs normalized to Akt1 signal intensity in the whole liver lysates. F, fasted; R, refed. Statistical analysis: One-way analysis of vari-
ance (ANOVA) followed by Sidak’s multiple comparison test. *P < 0.05. (D) Hepa 1-6 cells were transiently transfected with vector control or cotransfected with Flag-TSC22D4 (2.5 ug)
and HA-Akt1 (2.5 ug) plasmids. Thirty hours after transfection, cells were serum- and glucose-starved overnight. Cells were pretreated without or with glucose (20 mM) for 30 min and
incubated in the absence or presence of insulin (100 nM) for an additional 30 min and then lysed. Flag-TSC22D4 was immunoprecipitated with anti-Flag affinity gel, and the IPs
and whole cell lysates (WCLs) were immunoblotted with indicated antibodies. Right: Quantification of HA-Akt1 signal intensity in the IPs normalized to HA-Akt1 signal intensity in
the WCLs. Statistical analysis: One-way ANOVA followed by Tukey’s multiple comparisons test. *P < 0.05 and **P < 0.001. (E) Flag-TSC22D4 was immunoprecipitated with Flag af-
finity gel from liver lysates of 6-hour starved and insulin-injected mice (1.3 U/kg for 10 min). IPs and whole liver lysates (input) were immunoblotted with indicated antibodies.

and a strong TSC22D4-Akt1 interaction associates with reduced interaction remained completely intact in JNK1/2 DKO mouse
Akt phosphorylation. embryonic fibroblasts (MEFs), suggesting that TSC22D4-Akt1 inter-

H,0, treatment also induced JNK phosphorylation, indicating action takes place independent of JNK1/2 (fig. S2A). Overall, our
the activation of stress signals. Therefore, we also tested whether findings show that while anabolic signals such as glucose and
JNK directly regulates TSC22D4-Akt1 interaction. TSC22D4-Aktl  insulin impair the TSC22D4-Akt1 interaction, catabolic and stress
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Fig. 2. Energy deprivation and oxidative stress promote TSC22D4-Akt interaction. (A) Hepa 1-6 cells were transiently transfected with vector control or cotransfected
with Flag-TSC22D4 (2.5 ug) and HA-Akt1 (2.5 ug) plasmids. Thirty hours after transfection, cells were serum- and glucose-starved overnight. Cells were pretreated without
or with the rotenone (1 pM)/antimycin (1 M) mix 1 hour before lysis. Flag-TSC22D4 was immunoprecipitated with anti-Flag affinity gel, and the IPs and WCLs were
immunoblotted with the indicated antibodies. (B) Similar to (A), except that WT or AMPKa:1/2 DKO U20S cells were used and cells were starved for 4 to 6 hours. IPs were
performed with anti-HA antibody. (C) WT and AMPKa:1/2 DKO U20S cells were transiently transfected with vector control or cotransfected with Flag-TSC22D4 (2.5 ug) and
HA-Akt1 (2.5 nug) plasmids. Forty-eight hours after transfection, cells were serum- and glucose-starved for 4 to 6 hours. Cells were pretreated without or with glucose (20 mM)
for 30 min and incubated in the absence or presence of insulin (100 nM) for an additional 30 min and then lysed. HA-Akt1 was immunoprecipitated with anti-HA antibody,
and IPs and WCLs were immunoblotted with indicated antibodies. (D) Hepa 1-6 cells were transiently transfected with vector control or Flag-TSC22D4 (2.5 ug) and
HA-Akt1 (2.5 ug) plasmids. Thirty hours after transfection, cells were serum- and glucose-starved overnight followed by a treatment without or with H,O, (500 uM) or
rotenone (1 uM) for an additional 1 hour before lysis. Flag-TSC22D4 was immunoprecipitated with anti-Flag affinity gel, and the IPs and WCLs were immunoblotted with
indicated antibodies. (E) Same as in (D), except cells were only transfected with vector control or Flag-TSC22D4.

signals promote it, independent of AMPK and JNK signaling path-
ways, respectively.

Next, we tested whether anabolic or catabolic signals that regulate
TSC22D4-Akt1 interaction also control their subcellular localiza-
tion. Neither with glucose/insulin stimulation nor with rotenone/
antimycin treatments, we did not observe any obvious alterations in
the subcellular localization of TSC22D4 and Akt1 (fig. S2, B and C).
TSC22D4 remained mainly cytoplasmic, whereas Akt1 presented both
cytoplasmic and nuclear localization in agreement with previously
published studies (23-25).
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TSC22D4-Akt interaction requires TSC22D4 intrinsically
disordered region

To map the TSC22D4 domain(s) required for TSC22D4-Akt inter-
action, we created several TSC22D4 deletion mutants as depicted in
Fig. 3A. Because the intrinsically disordered region contains a rela-
tively long stretch of amino acids, we created two segments, domain
1 (D1) and domain 2 (D2) (Fig. 3A). We transiently cotransfected
Hepa 1-6 cells with different Flag-TSC22D4 deletion mutants and
HA-Aktl. Deletion of R1 (AR1) and R2 (AR2) individually or to-
gether (AN) and deletion of the first half of intrinsically disordered
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Fig. 3. TSC22D4 D2 domain and TSC box are required for TSC22D4-Akt interaction. (A) lllustration of full-length TSC22D4 and deletion mutants we generated.
(B) Hepa 1-6 cells were transiently cotransfected with Flag-TSC22D4-WT (2.5 ug), Flag-TSC22D4-AD2 (2.5 ug), or Flag-TSC22D4-ATSC (2.5 ug) deletion mutants and
HA-Akt1(2.5 ug). HA-Akt1 was immunoprecipitated with anti-HA antibody, and the IPs and WCLs were immunoblotted with the indicated antibodies. (C) Hepa 1-6 cells
transiently cotransfected with Flag-tagged empty vector control (4 ug), D2 domain (4 ug), or TSC box (4 ug) truncation mutants and HA-Akt1(1 ug). Thirty hours after
transfection, cells were serum- and glucose-starved overnight, and the next day, they were stimulated without or with glucose (20 mM) for 30 min followed by insulin (100 nM)
stimulation for another 30 min before lysis. Flag IPs and WCLs were immunoblotted with the indicated antibodies. (D) Hepa 1-6 cells transiently cotransfected with
Flag-TSC22D4-WT (2.5 ug) or D2 +TSC (2.5 pug) alleles and HA-Akt1 (2.5 ng). Flag-TSC22D4 was immunoprecipitated with anti-Flag affinity gel, and the IPs and WCL were
immunoblotted with the indicated antibodies.
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region, i.e., AD1 did not impair TSC22D4’s ability to interact
with HA-Aktl, although AR2- and AN-TSC22D4 mutants were
also expressed at very low levels compared to other TSC22D4 alleles
(fig. S3A).

Unlike R1, R2, and D1 regions, deletion of D2 (AD2) or TSC
box (ATSC) completely attenuated the TSC22D4-Akt interaction
(Fig. 3B). Even when the cells were treated with rotenone and anti-
mycin that boost the TSC22D4-Akt] interaction, the AD2-TSC22D4
mutant failed to interact with Akt completely (fig. S3B). The D2
domain lies within the intrinsically disordered region and poten-
tially carries the necessary features of undergoing versatile PTM
events to interact with different partner proteins similar to other
intrinsically disordered region proteins. The TSC box, however,
plays a key role in homodimerization, which might also be critical
for the TSC22D4-Akt1 interaction. The Flag-TSC22D4-ATSC
mutant failed to dimerize with full-length myc-TSC22D4, confirming
its requirement for TSC22D4 homodimerization (fig. S3C). The
Flag-AD2-TSC22D4, on the other hand, still managed to homo-
dimerize with myc-TSC22D4, albeit to a lesser extent compared to
WT Flag-WT-TSC22D4 (fig. S3D). Overall, these data suggest that
the TSC domain might have an indirect role in mediating TSC22D4-
Akt1 interaction via homodimerization.

Next, we asked whether D2 or TSC domain is sufficient to inter-
act with Aktl. To this end, we generated the truncated mutants of
D2 domain and TSC box alone and repeated the co-IP experiments
(Fig. 3A). While the D2 domain alone successfully interacted with
Aktl, the TSC box alone failed to do so (Fig. 3C). When we com-
bined the D2 and TSC domains to allow homodimerization, we
observed that the D2 + TSC mutant interacted with Aktl more
strongly compared to WT-TSC22D4 despite being expressed at lower
levels (Fig. 3D), indicating that the N-terminal half of TSC22D4
that is missing in the D2 + TSC mutant might play a negative role in
maintaining the TSC22D4-Akt1 interaction. Similar to antimycin/
rotenone or H,O, treatments, establishing a stronger TSC22D4-
Akt interaction with the D2 + TSC mutant again decreased basal
Akt phosphorylation in the whole cell lysates (WCLs) (Fig. 3D,
compare lanes 3 and 4 with 7 and 8). Although hardly detected in
the co-IPs, the phosphorylated Akt (p-Akt) signal intensity within
D2 + TSC co-IPs was also lower compared to WT-TSC22D4 co-IPs
despite much more enrichment of HA-Akt1.

Overall, these data show that TSC22D4 intrinsically disordered
region D2 domain is indispensible and sufficient for TSC22D4-
Aktl interaction. In addition, the TSC22D4 N-terminal region
versus the C-terminal region might play opposing effects in regulation
of TSC22D4-Aktl interaction. While the C-terminal end is required
to maintain the TSC22D4-Akt1 interaction, the N terminus might
actually negatively regulate it. Last, the TSC22D4-Akt1 interaction
might control Akt phosphorylation, which we investigated further
in primary hepatocytes below.

TSC22D4-Akt1 interaction controls the Akt function

To investigate the role of TSC22D4-Aktl1 interaction in Akt signal-
ing further, we isolated primary hepatocytes from TSC22D4hep~/~
mice and introduced adenoviral vector control, WT-TSC22D4,
AD2-TSC22D4, and D2 + TSC alleles. Similar to our observations
in Hepa 1-6 cells, the D2 + TSC allele again reduced the basal phos-
phorylation of Akt and its downstream targets GSK3p and FoxO1 in
starved primary hepatocytes (Fig. 4A). Glucose and insulin-induced
phosphorylation of Akt and its targets, however, were similar in all
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groups (Fig. 4B). Notably, because of unclear reasons, the adenoviral
AD2-TSC22D4 failed to express completely at the protein level;
hence, we excluded this allele in the further primary hepatocyte
experiments (Fig. 4, A and B, lanes 10 to 12).

To gain further insight into the TSC22D4-mediated regulation
of Akt phosphorylation, we asked whether TSC22D4 directly binds to
Akt to prevent its mMTORC2- and/or PDK1-mediated phosphoryla-
tion at S473 or T308, respectively. To this end, we performed
in vitro binding assays with Flag-TSC22D4-WT or Flag-D2 + TSC
and recombinant His-Aktl. We did not, however, detect any
specific enrichment of WT-TSC22D4 and Flag-D2 + TSC or
His-Aktl in His- or Flag- pulldowns, respectively (fig. S4A). In
addition, the subcellular localization of Akt1 also did not change
upon overexpression of WT-TSC22D4 or D2 + TSC in Hepa 1-6
cells (fig. S4B).

When we induced gluconeogenesis in primary hepatocytes via
starvation followed by forskolin/glucagon treatment, TSC22D4-KO
cells expressing the D2 + TSC allele secreted lower glucose levels
into the medium compared to the vector control or WT-TSC22D4
(Fig. 4C and fig. S4, C and D). Although insulin suppressed glucose
production both in TSC22D4™¥1* control and in TSC22D4-KO
cells, inhibition of Akt function rescued insulin effect only in con-
trol but not in KO cells (Fig. 4C and fig. S4E). These data indicate
that hepatocytes with chronic loss of TSC22D4 must have developed
some yet-to-be identified mechanisms for insulin-mediated sup-
pression of gluconeogenesis independent of Akt (Fig. 4C). This
phenomenon was also observed before by other colleagues, in which
insulin was still able to suppress gluconeogenesis in liver-specific
Akt and Foxol KO mice (26). Forskolin treatment also promoted the
TSC22D4-Aktl interaction after treatment for 4.5 hours, particularly
with WT-TSC22D4 (Fig. 4D and fig. S4G). Next, we checked the
expression of gluconeogenic genes in TSC22D41¥1°% control
versus TSC22D4-KO cells in response to forskolin treatment and
observed that TSC22D4-KO cells expressing D2 + TSC allele presented
higher peroxisome proliferator-activated receptor y coactivator
1-a (PGC-10) expression compared to KO cells expressing vec-
tor control or WT-TSC22D4 (Fig. 4E and fig. S4F). This elevated
PGC-1o expression with D2 + TSC was dependent on Akt function
because inhibition of Akt with Akti 1/2 inhibitor promoted induced
PGC-1a expression even further, which was also the case in TSC22D-
4l htrol cells (Fig. 4E).

In addition, in agreement with our previous study, TSC22D4-
KO cells expressed PGC-10, phosphoenolpyruvate carboxykinase 1
(PCK1), and glucose-6-phosphatase (G6P), at much lower levels
compared to TSC22D411°% control cells (Fig. 4,Eto G) (7). PGC-1a
acts as a central regulator of energy metabolism and has a dual
function in controlling gluconeogenesis. PGC-10 promotes
gluconeogenesis by promoting the expression of PCK1 and G6P,
which, however, was not the case with the D2 + TSC mutant
(Fig. 4, Cand E to G). PGC-10, also, down-regulates gluconeogenesis
by modulating the IRS1/IRS2 ratio and Akt function (27). Hence, it
is possible that elevated PGC-1a expression with the D2 + TSC
allele might be acting via the IRS1/IRS2 axis to control Akt function
and lower glucose production during starvation.

Overall, these data indicate that promoting a stronger TSC22D4
Akt interaction blunts phosphorylation of Akt and its downstream
targets under starvation conditions. In addition, TSC22D4-Akt
interaction promotes PGC-1a expression in an Akt-dependent
manner and reduces gluconeogenic potential.
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Fig. 4. TSC22D4-Akt1 interaction controls Akt function. (A) Primary hepatocytes were transduced with AVs expressing vector control or TSC22D4 alleles. Thirty-six
hours after transduction, cells were starved overnight. The next day, cells were lysed and protein extracts were immunoblotted with the indicated antibodies. (B) As in (A),
except cells were stimulated with glucose (20 mM) for 30 min and insulin (100 nM) for another 30 min before lysis. (C) T5C22D41 % control or AV-transduced TSC22D4
KO primary hepatocytes were starved in phenol-free media for 8 hours followed by treatment with gluconeogenic inducers [forskolin (100 uM) and glucagon (100 nM)]
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Amplex Red Kit. Glucose concentration was normalized to the KO cells with vector control. (D) Hepa 1-6 cells were cotransfected with Flag-WT-TSC22D4 and HA-Akt1. The
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*EXX[HHHH/88§8P < 0.0001. * denotes comparison between different cell populations. # denotes insulin effect within each cell population in (C) and Akti 1/2 effect in
forskolin-treated cells in (E) to (G). ns, not significant.
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Hepatic TSC22D4-Akt interaction improves

glucose metabolism

As shown in Fig. 1, elevated glucose and insulin levels impaired the
TSC22D4-Akt1 interaction, and boosting the TSC22D4-Akt1 inter-
action via D2 + TSC mutant reduced Akt phosphorylation in
starved cells (Figs. 3D and 4A). Hence, we addressed whether
deregulated TSC22D4-Akt1 interaction has any relevance in insulin-
resistant state and checked whether TSC22D4 and Aktl interacted
differentially in control versus high-fat high-sucrose (HF/HS) diet-
fed mice (fig. S5, A to D). As shown in Fig. 5A, the endogenous
TSC22D4-Akt1 interaction tended to be weaker on average in the
livers of mice on an HF/HS diet, which prompted us to investigate
the function of TSC22D4-Akt1 interaction in controlling glucose
metabolism and insulin sensitivity in vivo.

To this end, we generated adeno-associated viruses (AAVs)
by subcloning the cDNAs of TSC22D4 WT (i.e., WT), AD2 (i.e.,
interaction-deficient mutant), and D2 + TSC (i.e., strongly interacting
mutant) alleles to AAV serotype 2 vector with hepatocyte-specific
Liver-specific promoter 1 (LP1) promoter for hepatocyte-specific
targeting of the mouse livers. To avoid potential interference from
the endogenous TSC22D4 that would exist in WT mice, we used
hepatocyte-specific TSC22D4 KO (TSC22D4"P~") mice for introduc-
tion of TSC22D4 alleles (fig. S5E) (25). Similar to our previous findings
(7), TSC22D4"P~~ mice had improved glucose handling in glucose
tolerance test (GTT) and lower fasting blood glucose levels com-
pared to TSC22D411% control mice when challenged with high-fat
diet (HFD) without any changes in body weight (fig. S5, E to H).

We injected TSC22D4"P~"~ mice with the AAVSs carrying vector
control or Flag-TSC22D4 alleles when they were 6 to 8 weeks old
(figs. S5Iand S6A). We kept the mice on chow diet for the initial
6 weeks and then challenged them with HF/HS diet for another
7 weeks before the experiment ended (Fig. 5B). All mice gained
similar amount of weight throughout the experiment, and all
Flag-TSC22D4 alleles were expressed at the correct molecular weight
(fig. S6, A and B). During the chow diet phase, mice expressing the
D2 + TSC allele performed better in GTT and insulin tolerance test
(ITT) compared to mice expressing the WT-TSC22D4 (Fig. 5C and
fig. S6C). Hepatic expression of the D2 + TSC mutant also led to an
improved ITT and GTT profile after 7 weeks of HE/HS diet challenge
(Fig. 5D and fig. S6D). When we challenged the mice in a second
cohort with HE/HS diet for 12 weeks instead of 7 weeks, the vector
control and D2 + TSC-expressing mice again showed an improved
GTT and ITT profile compared to mice expressing the WT- or the
AD2-TSC22D4 mice without any changes in body weight (Fig. 5E
and fig. S6, E to G). Because of reduced basal Akt phosphorylation
in starved mice, D2 + TSC-expressing livers also showed a much
better insulin response at the molecular level compared to mice
with WT-TSC22D4 (fig. S6H, compare lanes 3 to 6 versus 11 to 14).
InFigs. 1 and 2, we pointed out that energy deprivation promotes
the TSC22D4-Aktl interaction. Hence, by strongly interacting with
Aktl, the D2 + TSC allele might actually be mimicking starvation
even under conditions of overnutrition, which might alleviate the
negative feedback loops and promote insulin sensitivity.

In addition, after 7 weeks of HF/HS diet challenge, overexpression
of WT-TSC22D4 elevated the serum insulin levels and exacerbated
insulin resistance, which did not take place with the mice expressing
the D2 + TSC allele (Fig. 5, F and G). After 12 weeks of HF/HS diet
challenge, the WT-TSC22D4-expressing mice no longer had ele-
vated serum insulin and homeostatic model assessment for insulin
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resistance (HOMA-IR) index compared to the mice expressing the
vector control (fig. S6, I and J). Nevertheless, mice expressing
D2 + TSC allele still had lower serum insulin levels and an improved
HOMA-IR index as opposed to the mice expressing the AD2-
TSC22D4 (fig. S6, L and J).

Next, we checked the liver lipid levels in mice expressing different
TSC22D4 alleles. In agreement with our recent findings (25), hepatic
overexpression of WT-TSC22D4, but not the D2 + TSC mutant,
tended to elevate liver triglycerides upon 7 weeks of HE/HS diet
(fig. S7A). When we further evaluated hematoxylin and eosin (H&E)-
stained liver sections from the same experiment, we observed that
the expression of AD2-TSC22D4 significantly elevated the percentage
of lipid droplets in the liver sections, which did not take place with
the D2 + TSC allele (fig. S7B). Serum alanine transaminase (ALT),
aspartate aminotransferase (AST), high-density lipoprotein (HDL),
low-density lipoprotein (LDL), and triglycerides (TG) levels remained
unaffected in all groups of mice (fig. S7, C to G).

DISCUSSION

Deregulated insulin/Akt signaling pathway plays a key role in
pathogenesis of insulin resistance and type 2 diabetes. Here, we
found that TSC22D4 is a novel Aktl binding protein. TSC22D4-
Aktl interaction responds to metabolic signals and regulates Akt
function both in cultured cells and in mice. Because TSC22D4
knockdown improves hyperglycemia and insulin resistance in
diabetic mice (7), we initially hypothesized that the TSC22D4-Akt1
interaction is harmful and impairs metabolic homeostasis. To our
surprise, however, we found out that TSC22D4-Akt1 interaction
actually plays a positive role and improves glucose metabolism
upon HF/HS diet challenge. On the basis of our previous and recent
findings, we postulate the following working model (Fig. 6): Under
normal conditions, starvation promotes the TSC22D4-Akt1 inter-
action, which weakens upon high-glucose and high-insulin levels
during feeding. During conditions of chronic hyperglycemia and
hyperinsulinemia, however, TSC22D4 fails to interact with Aktl
and contributes to insulin resistance and hyperglycemia. Hence,
when we knock down TSC22D4 in mouse models for insulin
resistance and type 2 diabetes, we see an improved metabolic pro-
file (7). When we force the TSC22D4-Akt1 interaction, however, by
expressing the D2 + TSC allele, we no longer see its negative effects
on glucose metabolism. Overall, establishing a stronger TSC22D4-
Akt] interaction improves glucose handling and alleviates insulin
resistance. Similarly, energy deprivation and oxidative stress also
elevated the TSC22D4-Akt1 interaction, which might be a mecha-
nism for how physical activity and moderate levels of ROS improve
glucose metabolism and insulin sensitivity (28, 29). Perhaps, the
strong interaction between D2 + TSC and Aktl ameliorates
metabolic parameters by establishing a pseudo-condition for fasting
and physical exercise.

To understand the exact function of TSC22D4-Akt1 interaction, we
had to overexpress the TSC22D4 mutants to do functional assays in
primary hepatocytes and in mouse liver. The overexpression TSC22D4
protein levels did surpass the endogenous levels (Figs. 4E and 5I). Never-
theless, the levels of ectopically expressed WT-TSC22D4 and D2 + TSC
alleles remained always similar in all experimental settings (figs. S4D
and S6, A and E), rendering our interpretations valid.

Another intriguing aspect of our study emerged with the use
of Akti 1/2 inhibitor in our primary hepatocyte experiments. In all
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Fig. 5. TSC22D4-Akt1 interaction improves glucose metabolism. (A) TSC22D4 was immunoprecipitated from the mouse liver lysates fed with control diet (CD) or HF/HS
diet for 26 to 27 weeks. The IPs and the input liver lysates were immunoblotted with indicated antibodies. Right: Quantification of Akt1 enrichment in TSC22D4 co-IPs
normalized to Akt1 levels in the input. (B) Six- to 8-week-old TSC22D4"P~~ mice were injected with adeno-associated viruses (AAVs) carrying vector control or Flag-TSC22D4
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after 7 weeks of HF/HS diet challenge. Statistical analysis (C to E): Two-way ANOVA with repeated measures and Dunnett’s multiple comparison test. (F and G): One-way
ANOVA followed by Tukey’s multiple comparisons test. *P < 0.05, **/##P < 0.01, and ***P < 0.001.
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Fig. 6. Working model. TSC22D4 and Akt1 interact indirectly via protein(s) yet to be identified, which is arbitrarily depicted as an orange ellipse. TSC22D4 interacts with
Akt most strongly under conditions of energy deprivation. Elevated glucose and insulin levels weaken the TSC22D4-Akt1 interaction. Under conditions of chronic hyper-
glycemia and hyperinsulinemia, TSC22D4 fails to interact with Akt1 strongly and promotes insulin resistance and impairs glucose handling. Hence, TSC22D4 knockdown
in mouse models of type 2 diabetes successfully improves insulin sensitivity and hyperglycemia (7). D2 + TSC allele, on the other hand, can still interact with Akt effectively,

and unlike WT TSC22D4, it does not exacerbate metabolic parameters.

different cell populations, insulin was able to suppress glucose pro-
duction, except for D2 + TSC-expressing cells that already secreted
much lower glucose. Only in TSC22D4flox/flox control cells but not
in KO cells, Akti 1/2 was able to reverse the insulin-mediated
suppression of gluconeogenesis (Fig. 4C). These data indicate that
TSC22D4-KO hepatocytes must have developed alternative mecha-
nisms in which insulin suppresses gluconeogenesis independent of
Akt function. This phenomenon was also observed before by other
colleagues, in which insulin still suppressed gluconeogenesis in the
absence of Akt and Foxol in mice (26).

Furthermore, TSC22D4-KO primary hepatocytes expressed
gluconeogenic genes PGCla, G6P, and PCK1 at much lower levels
compared to TSC22D4™1% control cells, confirming our previous
study (7). Nevertheless, TSC22D4-KO cells did not generate any
less glucose compared to TSC22D4™¥1°* control cells in the gluco-
neogenesis assay (Fig. 4C). This might be because of the presence of
extra glucagon in the assay medium, which initiates additional
signaling events to promote gluconeogenesis.

Notably, in our former work, we demonstrated that adenoviral
overexpression of TSC22D4 in WT mice on a chow diet blunted
hepatic Akt phosphorylation under both starved and fed conditions
(7). In the current study, however, AAV-mediated overexpression
of WT-TSC22D4 in HF/HS-challenged TSC22D4"~"~ mice did
not necessarily reduce Akt phosphorylation but rather elevated the
p-Akt levels during starvation One explanation for this paradoxical
observation could be due to overexpressing TSC22D4 in different strains
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of mice subjected to different diets: WT versus TSC22D4"P~/~ mice
on a chow versus HF/HS diet, respectively. The hyperglycemic/
hyperinsulinemic environment caused by the HF/HS diet might
have also prevented a sufficiently strong interaction between
WT-TSC22D4 and Aktl to suppress Aktl phosphorylation. The
method we used to introduce the TSC22D4 alleles could also explain
the discrepancy in these mouse experiments; in the previous study, we
used adenoviruses (AVs) for liver-specific TSC22D4 overexpression.
In the current study, however, we used AAVs for overexpressing
TSC22D4 alleles specifically in the hepatocytes within the liver.
Similarly, we also observed an increase in p-Akt levels in TSC22D4-
KO primary hepatocytes expressing Flag-WT-TSC22D4 (Fig. 4A),
which could only survive overnight starvation in the presence of
low-glucose/low-fetal bovine serum (FBS) medium. We suspect
that the presence of glucose and FBS even at minimal levels prevents
a strong WT-TSC22D4-Akt interaction; and does not cause a decrease
in p-Akt levels. TSC22D4 might also have dual functions to control
Akt phosphorylation, such as the mTOR-Raptor interaction within
mTORCI. As in the TSC22D4- Akt interaction, mTOR-Raptor inter-
action also weakens in response to nutrients (30). Although a very
strong mTOR-Raptor interaction impairs mTORC1 function, nTOR
still requires Raptor to phosphorylate its downstream targets (30).
Hence, reintroducing TSC22D4 to TSC22D4-KO primary hepato-
cytes or livers might also promote Akt phosphorylation in a similar
manner. Furthermore, the chronic loss of TSC22D4 in the hepatocytes
could also have developed some compensatory mechanisms that might
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cause additional discrepancies. Nevertheless, in both studies, he-
patic overexpression of WT-TSC22D4 impaired glucose metabolism
and exacerbated insulin resistance (Fig. 5 and fig. S6) (7).

Unlike the changes in insulin resistance and glucose handling, we
did not observe any major discrepancies in liver lipid accumulation
in our mouse experiments. Our in vivo functional assays depend on the
ectopic expression of TSC22D4 alleles in the livers. AAV-mediated
gene expression tends to diminish within 12 to 14 weeks of injec-
tions, which limits the duration of HF/HS diet regimen to a relatively
short time period compared to other HF/HS studies in the field.
Hence, the 12 weeks of HF/HS diet regimen might be too short to
see a robust difference in liver lipid accumulation.

Akt2 is the other form of Akt ubiquitously expressed in the liver.
In our co-IP experiments, we did not observe any specific interac-
tion between TSC22D4 and Akt2. Earlier studies suggest that Akt2
regulates glucose metabolism, while Akt1 regulates cell survival and
proliferation (31-33). These conclusions, however, rely mainly on
whole-body KO experiments, which might be misleading in terms
of defining organ-specific functions of Akt isoforms. In addition,
data from Birnbaum laboratory challenge this concept by showing
that deletion of hepatic Aktl also leads to insulin resistance and
hyperglycemia, validating the physiological relevance of our
findings (26).

One of the open questions remaining in our study is the following:
How exactly TSC22D4 impairs Akt phosphorylation? One potential
hypothesis would be TSC22D4 directly binds to Akt to prevent its
access by mTORC2 or PDK1. However, we could not detect any
direct TSC22D4-Akt1 interaction in our in vitro assays. (fig. S4A).
TSC22D4 contains a long stretch of intrinsically disordered region
with multiple PTM sites (9), which might enable it also to interact
with other Akt regulators such as PDK1 and mTORC2 or PP2A to
control Akt phosphorylation.

Overall, our study contributes to a better understanding of
molecular mechanisms that govern the pathogenesis of insulin
resistance, which is key to the development of novel therapies to
treat type 2 diabetes and its long-term complications. It might be
interesting to unravel, in the future, whether TSC22D4-Akt1 inter-
action also contributes to pathogenesis of other diseases such as
cancer in which deregulated Akt1 functions plays a central role.

MATERIALS AND METHODS
Animal experiments
Male albumin-cre mice crossed to the TSC22D4 floxed/floxed
(TSC22D41¥1%) Jine (C57Bl/6N background) (25) were housed at
room temperature (RT) with 12-hour light-12-hour dark cycle on
control diet (Research Diets, New Brunswick, NJ, USA; D12450B),
60% HFD (Research Diets, D12492i) with sucrose-containing
drinking water (42 g/liter), or chow diet (10% energy from fat;
Research Diets, D12450]i) for weeks indicated for each study. Mice
had ad libitum access to food and water and were weighed regularly
and inspected daily for general health. All experiments were per-
formed in accordance with the European Union directives and the
German Animal Welfare Act (Tierschutzgesetz) and were approved
by local authorities (Regierungsprisidium Karlsruhe, license
#G117/18 or #G116/18).

For AV injections, 2 x 10° plaque-forming units per recombinant
virus were administered via tail vein injection. In each experiment,
4 to 12 animals received identical treatments and were analyzed
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under fasted, random fed, or fed conditions as indicated. Organs includ-
ing the liver, epididymal and inguinal fat pads, and gastrocnemius
muscles were collected after specific time periods, weighed, snap-frozen,
and used for further analysis.

AAVs were injected via tail vein at a dose of at 1 x 10" vector
genome per mouse. Intraperitoneal ITTs and GTTs were performed
at different time points. After mice were starved for 6 hours in the
morning, either glucose was intraperitoneally injected at a dose of
1 g/kg (for GTTs) or insulin solution was injected at a dose of 0.75 U/kg
for chow diet-fed mice or at 1.3 U/kg for HF/HS diet-fed mice (for
ITTs). Before euthanizing after 12 to 13 weeks of AAV injection,
mice were starved for 6 hours and followed by intraperitoneal injec-
tion with insulin (1 or 1.3 U/kg mouse body weight) or control sa-
line solution for 10 min. Organs including the liver, epididymal fat
pads, kidney, pancreas, and gastrocnemius muscles were collected
after specific time periods, weighed, snap-frozen, and used for
further analysis. In each animal experiment, mice were randomly
assigned to each group.

During animal group allocation, animals in each group had similar
mean and median body weight and fasting blood glucose levels.
Animal experiments involved two cohorts of studies with each
experimental group containing five to six biological replicates.

Recombinant viruses

AVs expressing the Flag-TSC22D4 alleles (WT, AD2, and D2 + TSC)
under the control of the cytomegalovirus promoter were cloned
using the BLOCK-iT adenoviral expression system (Invitrogen).
Viruses were purified by the cesium chloride method and dialyzed
against phosphate-buffered saline buffer (PBS) containing 10%
glycerol before animal injection, as described (34).

For generating AAVs with cDNAs of TSC22D4, alleles (WT, AD2, and
D2 + TSC) were amplified with the following primer pairs followed
by Nhe 1 and Xba 1 digestion and subcloning into pdsAAV-LP1 plasmid
(35): TSC22D4-AAV with Nhe I: forward, gatgctagegtgtgctggaattctg;
TSC22D4-AAYV with Xba I: reverse, gcatctagactcgagtcagatggaggg.
The successful clones sequenced for confirmation with the following
primers: pdsAAV-TSC: forward, ctgataggcacctattggtc; reverse, cca-
caactagaatgcagtg. Once the sequence is confirmed, the plasmids were
purified using QTAGEN Megaprep kit (#12381) according to the manu-
facturer’s instructions and sent to Vigene Biosciences (Maryland, USA)
for AAV generation, purification, and titration.

Primary hepatocyte isolation and treatment

Primary hepatocytes were isolated as previously described (36, 37).
To investigate insulin signaling pathway, primary hepatocytes were
seeded to collagen-coated six-well plates (1 x 10° cells per well) in
William’s E medium (Pan Biotec, #P04-29510) supplemented with
2 mM L-glutamine, 100 nM dexamethasone, 10% FBS (Life Tech-
nologies, #10270-106), and 1% penicillin-streptomycin (PenStrep;
Life Technologies, #15140122). After 4 hours, the cells were washed
two times with PBS to get rid of the cells that do not attach to the
surface. For AV transduction, the next day, primary hepatocytes of
TSC22D4"P~~ mice were transduced with AVs expressing empty
vector control, WT-TSC22D4, AD2-TSC22D4, or D2 + TSC constructs
(at a multiplicity of infection of 10). After 36 hours of incubation,
the cells were starved in Dulbecco’s modified Eagle’s medium
(DMEM) (Life Technologies, #A1443001) supplemented with 5 mM
Dp-glucose, 2 mM L-glutamine, 0.5% FBS, and 1% PenStrep overnight.
The next day, the cells were either remained starved or stimulated

110f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

with glucose (20 mM) for 30 min and insulin (100 nM) for another
30 min before cell lysis. The cells were collected in 180 pl of 1.5x
sample buffer, boiled at 95°C for 5 min, and kept at —20°C until use
for Western blotting.

Glucose secretion assay

Primary hepatocytes were seeded in 24-well plates (200,000 cells per
well) in collagen monolayer in Williams E medium (Pan Biotec,
#P04-29510) containing 100 nM dexamethasone, 10% FBS, and 1%
PenStrep. The next day, the cells were transduced with AVs ex-
pressing TSC22D4 alleles at a multiplicity of infection of 10 as
described above. After 36 hours posttransfection, the medium was
changed to phenol-free DMEM supplemented with 0.5% FBS, 5 mM
glucose, and 4 mM glutamine for starvation for 8 hours. Then, the
cells were washed two times with PBS and added 200 ul of DMEM
supplemented with 4 mM glutamine, 2 mM pyruvate, 20 mM lactate
(basal medium) and 100 nM glucagon, 100 nM dexamethasone, and
100 uM forskolin for stimulation and another group with 100 nM
glucagon, 100 nM dexamethasone, 100 uM forskolin, and 100 nM
insulin in the absence or presence of 5 uM Akti 1/2 inhibitor
(Tocris, #5773). After 12 hours of incubation, the medium was
collected and centrifuged at 6000 rpm for 2 min at RT. The super-
natant was collected and stored at —20°C until glucose determina-
tion assay (Amplex Red glucose assay kit; Life Technologies,
#A22189). The cells that remained in the 24-well plates were added
TRIzol to be analyzed further in mRNA level. Glucose secretion
assay was performed with at least three biological replicates and
four to six technical replicates in each experiment.

Serum measurements

Serum triglyceride, HDL, LDL, ALT, and AST levels were measured
on the AU480 chemistry analyzer (Beckman Coulter) using com-
mercially available kits (Beckman Coulter) (38). Insulin levels were
determined using a mouse insulin enzyme-linked immunosorbent
assay (ALPCO, #80-INSMS-E01, E10). HOMA-IR index was calcu-
lated on the basis of this formula

HOMA-IR (mM ™ x yUml ™) = fasting glucose (mM™) x
fasting insulin (WU ml™)/22.5

Tissue lipid extraction
Hepatic lipids were extracted using frozen liver samples as described
before (39). Triglyceride levels were determined using commercial

kits (Human, #10724). Before lipid extraction, the weight of aliquoted
liver for lipid extraction was measured, and the end values were
normalized to initial aliquoted liver weight (milligrams).

Cell lines and cell culture

U2 osteosarcoma [U20S, American Type Culture Collection (ATCC),
HTB-96], Hepa 1-6 (ATCC, CRL-1830), human embryonic kidney
293A (HEK293A), and MEF cell lines were used. U20S (WT and
AMPKoal/a2 DKO) cells were a gift from R. Shaw (Salk Institute for
Biological Studies, San Diego, CA, USA). WT and JNK1/2 DKO
MEFs were a gift from P. Angel (German Cancer Research Center,
DKFZ, Heidelberg, Germany). All cell lines were maintained in
DMEM (Gibco, #11995) supplemented with 10% heat-inactivated FBS
and PenStrep (50 U/ml; Life Technologies, #15140122). HEK293A
cells (Thermo Fisher Scientific, #R70507) were used to generate
AVs. All the cell lines were maintained at humidified 37°C incubator
containing 5% CO,.

Plasmid DNA transfection

pcDNA3-HA-Akt1 plasmid was a gift from D. Fingar (University of
Michigan, Ann Arbor, USA). Expression vectors of WT-TSC22D4
and deletion mutants of TSC22D4 were created using pcDNA3
plasmid backbone. For deletion mutants, site-directed mutagenesis
experiments were performed with standard polymerase chain
reaction-based methods (New England Biolabs, #£0554S) using
corresponding primer sets in Table 1 below.

Plasmids expressing TSC22D4 alleles and Aktl were transiently
cotransfected to Hepa 1-6 cells using Lipofectamine 2000 (Invitrogen,
#11668019) according to the manufacturer’s instructions. For
starvation experiments, 30 hours after transfection, the cells were
starved in no glucose-containing RPMI in the absence of FBS
(Gibco, #11879020) overnight, and the next day, cells were prestim-
ulated with glucose (20 mM) for 30 min and with insulin (100 nM)
for an additional 30 min followed by cell lysis. For experiments that
did not involve starvation, cells were lysed 48 hours after transfec-
tion. For U20S cells, the same transfection protocol was followed
except that the cells were starved for 6 hours.

Cell or tissue lysis and co-immunoprecipitation

For co-IP experiments, cells and frozen liver tissues were lysed in ice-cold
lysis 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS) buffer containing 10 mM KPO4 (pH 7.2), 1 mM EDTA,
5 mM EGTA, 10 mM MgCl,, 50 mM B-glycerophosphate, and 0.3%

Table 1. Custom-designed primer pairs to generate TSC22D4 deletion and truncation mutants.

Deletion mutants

Forward primer

Reverse primer

T5C22D4-ART GAGGGCCCAGGAAGCCCAG GGCCGCTGGCTTGTCATCGTC
TSC22D4 AR2 SSERCechseMaTon GGCAGGGGCTCCAGGT
TSC22D4 AN it oo GGCCGCTGGCHGTCATCGTC
TSC22D4 Am SIS GCTFGGAGGCTCCAGATC
TSC22D4 AD2 AT . CTGAGCACTATCTCCAGT
Truncatmn mutants Cmmmmmmmmmmmm—————nm
D2+T5C GGAGATAGTGCTCAGACCCTG e e

D2 doma|ﬁ CCCTCTGCACCCAATGGGC WmCATGGCTFGTTCAATCTTGTTGTM.HWM"
TsChox GACTTGGTGAAGTCCCACCTCATG  GGCCGCTGGCTTGTCATCGTC
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CHAPS supplemented with cOmplete protease inhibitor cocktail
(Roche, #11836145001) and PhosSTOP EASYpack phosphatase
inhibitor (Roche, #4906837001). Lysed cells or liver tissue were cen-
trifuged at 12,000 rpm for 5 min at 4°C, and supernatants were
collected. Protein concentrations were measured with Bradford
(Bio-Rad, #5000006) or Bicinchoninic acid assay (BCA) assay (Pierce,
#23227). For immunoprecipitation of transfected cell lysates, anti-Flag
affinity gel (Sigma-Aldrich, #A2220) or HA-conjugated agarose
beads (Sigma-Aldrich, #A2095) were used. Before use, the beads
were washed with lysis buffer via centrifugation at 4000 rpm for
2 min. For immunoprecipitation, cell lysates were incubated with
the beads for 2 hours at 4°C on a rotator. The beads were washed
three times with ice-cold co-IP lysis buffer with centrifugation steps
in between. Laemmli buffer (2x) was added to the samples that
then were boiled at 95°C for 5 min.

Liver lysates of mice were prepared to analyze the endogenous
interaction of TSC22D4-Aktl. Rabbit IgG control (1 mg/ml) [Cell
Signaling Technology (CST), #2729S] or TSC22D4 antibody (1 mg/ml;
Pineda, home-made antibody) was incubated with liver lysates at
4°C overnight on a rotating rack. The next day, protein A/G beads
(Santa Cruz Biotechnology, #sc-2003) were conjugated to protein-
antibody complex with 2 hours of incubation at 4°C on a rotating
rack. The lysates were washed three times with lysis buffer, added
70 ul of 2x Laemmli sample buffer, and then boiled at 95°C for
5 min. All co-immunoprecipitation experiments were performed
with at least three different biological replicates and at least three to
four technical replicates for each cell culture experiment.

In vitro binding assays

Hepa 1-6 cells cultured on 60-mm dishes were transiently transfected
with vector control, Flag-TSC22D4-WT, or Flag-D2 + TSC alleles
(5 ug per dish) at ~70% confluency. Two days after transfection,
cells were lysed with the lysis buffer described for co-IP experiments
above. The cell lysates were incubated with commercially available
recombinant His-Akt1 (1 pg per reaction) (Millipore, #14-276) for
2 hours rotating at 4°C followed by one more hour of incubation
in the presence of Ni-NTA His-Tag agarose beads (QIAGEN,
#R90115) or Flag affinity gel (Sigma-Aldrich, #A2220). The pull-down
assays were washed three times afterward with ice-cold lysis buffer,
and the beads were resuspended in 1x sample buffer and boiled at
95°C for 5 min. In vitro binding assays were performed at least three
times, with technical duplicates in each experiment.

Western blot analysis

Protein extracts and immunoprecipitates were run on 10% (Bio-Rad,
#4561036) or any kilodalton (Bio-Rad, #4569036) of precast protein
gels in SDS buffer followed by electrophoretic transfer of proteins to
the nitrocellulose membrane (Bio-Rad, #2895). After blocking in
5% nonfat dried milk diluted in tris-buffered saline and 1% Tween
20 (TBS-T) for 1 hour at RT, the membranes were incubated with
primary antibodies specific for TSC22D4 (homemade by PINEDA
Antibody Service), Flag-HRP (#A8592, Sigma-Aldrich), HA (#2999,
CST), Myc (#2040, CST), p-Akt (S473) (#4060, CST), p-Akt (T308)
(#13038, CST), Akt (#9272,CST), p-GSK3 B (S9) (#05-643, Up-
state), GSK3 beta (#05-412, Upstate), p-Foxol (S256) (#9461, CST),
Foxol (#2880, CST), p-p70S6K1 (#9234, CST), p70S6K1 (#9209,
CST), p-S6 (#2271, 2215), S6 (#2217, CST), p-AMPKa T172 (#2531,
CST), AMPKao (#2532, CST), and valosin containing protein (VCP)
(ab11433, Abcam). Primary antibodies were incubated in 3% bovine
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serum albumin overnight at 4°C on a rocker. After washing three
times with TBS-T each for 10 min, membranes were incubated
with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies targeting rabbit or mouse IgG for 1 hour at RT. To avoid
background noise in endogenous co-IP experiments, HRP-conju-
gated veriblot (Abcam, #131366) or rabbit light chain (CST, #93702)
was used as secondary antibody. Immunoblots were developed
using ECL Western blotting substrate (Sigma-Aldrich, #GERPN2209
or Amersham, #GERPN2236). ChemiDoc Imaging System (Bio-Rad)
was used to detect and analyze chemiluminescence signals. Image
Lab software from Bio-Rad was used to quantify the Western blot
signal intensities.

Immunofluorescence

Flag-TSC22D4 transfected Hepa 1-6 cells were seeded (5000 cells
per well) into four-well chamber slides (Thermo Fisher Scientific,
#154526). After overnight starvation, the cells were stimulated either
with glucose (20 mM) for 30 min and with insulin (100 nM) for
another 30 min or with rotenone and antimycin (1 mM) for 1 hour.
Then, the cells were fixed in 4% Histofix (Roti, #P087) for 15 min at
RT in a humidified chamber. After washing two times with PBS for
5 min, they were permeabilized with 0.25% Triton X-100 (Sigma-
Aldrich, #79284) in PBS for 5 min at RT. After washing two times
with PBS, the cells were incubated in blocking solution (10% horse
serum in PBS) for 30 min at 37°C. Then, the cells were incubated
with primary antibody [anti-Flag (1:1000; Sigma-Aldrich, #F1804)]
in 5% horse serum in PBS for 2 hours at 37°C. Following the PBS
wash, the cells were incubated in secondary antibody [Alexa Fluor
488 goat anti-mouse (1:5000; Invitrogen, #A11029)] in 5% horse
serum in PBS for 1 hour at 37°C. After the final PBS wash, three times
each for 5 min, the chambers were mounted with mounting media
containing 4A,6-diamidino-2-phenylindole (Invitrogen, #P36935).
The cells were analyzed by a Zeiss fluorescent microscope with x40
magnification and imaged with Zen software. Negative controls for
the immunostaining experiments were performed by omitting
primary antibodies.

Endogenous Aktl was stained in starved, glucose/insulin-, and
rotenone/antimycin-stimulated cells. Five thousand cells per well
were seeded into four-well chamber slides. As described above, the
cells were incubated in blocking solution, followed by incubation
with primary antibody (anti-Akt1, CST, #2938; 1:1000) and secondary
antibody (Alexa Fluor 568 goat anti-rabbit; 1:2000). Cells then were
mounted and imaged as described above. Immunofluorescence
experiments were performed with two to three different biological
replicates, each experiment containing technical duplicates or
triplicates.

H&E staining

After overnight fixation in 10% buffered formalin, representative
specimens of the liver were routinely dehydrated, embedded in
paraffin, and cut into 4-um-thick sections. All tissue sections were
stained with H&E according to a standard protocol.

Lipid droplet analysis

Quantification of lipid amount was morphometrically determined
on H&E-stained liver sections following a previously published
procedure (40, 41). The H&E-stained tissue sections were scanned
with an AxioScan.Z1 digital slide scanner (Zeiss, Jena, Germany)
equipped with a x20 magnification objective and evaluated by digital
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image analysis (Definiens Developer XD 2, Definiens AG, Germany).
The calculated parameter was the percentage of surface areas
considered as lipid droplets divided by the surface area of the entire
analyzed liver tissue for each sample.

Software and data analysis

Adobe Illustrator and IBS (Illustrator for Biological Sequences)
programs were used to create figures and cartoons of deletion
mutants.

Image editing

For some figures, irrelevant lanes were removed from Western blot
images. These modifications were indicated with a thin black line
on Western blot figures.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5555

View/request a protocol for this paper from Bio-protocol.
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