UCSF

UC San Francisco Previously Published Works

Title

The insulin response integrates increased TGF-B signaling through Akt-induced
enhancement of cell surface delivery of TGF- receptors

Permalink
https://escholarship.org/uc/item/5rc7{949
Journal

Science Signaling, 8(396)

ISSN
1945-0877

Authors

Budi, Erine H
Muthusamy, Baby-Periyanayaki
Derynck, Rik

Publication Date
2015-09-29

DOI
10.1126/scisignal.aaa9432

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5rc7j94s
https://escholarship.org
http://www.cdlib.org/

1duosnuep Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Author manuscript
Sci Sgnal. Author manuscript; available in PMC 2015 December 04.

-, HHS Public Access
«

Published in final edited form as:
Sci Signal. ; 8(396): ra96. doi:10.1126/scisignal.aaa9432.

The insulin response integrates increased TGF-p signhaling
through Akt-induced enhancement of cell surface delivery of
TGF-B receptors

Erine H. Budi, Baby Periyanayaki Muthusamy, and Rik Derynck”

Departments of Cell and Tissue Biology, and Anatomy, Eli and Edythe Broad Center of
Regeneration Medicine and Stem Cell Research, University of California at San Francisco, San
Francisco CA 94143-0669

Abstract

Increased activity of transforming growth factor § (TGF-p), which binds to and stimulates cell
surface receptors, contributes to cancer progression and fibrosis by driving epithelial cells toward
a migratory mesenchymal phenotype and increasing the abundance of extracellular matrix
proteins. The abundance of TGF-3 receptors at the cell surface determines cellular responsiveness
to TGF-, which is often produced by the same cells that have the receptors, and thus serves as an
autocrine signal. We found that Akt-mediated phosphorylation of AS160, a RabGAP [guanosine
triphosphatase (GTPase)-activating protein] promoted the translocation of TGF-f receptors from
intracellular stores to the plasma membrane of mouse embryonic fibroblasts (MEFs) and NMuMG
epithelial cells. Consequently, insulin, which is commonly used to treat hyperglycemia and
activates Akt signaling, increased the amount of TGF-p receptors at the cell surface, thereby
enhancing TGF-B responsiveness. This insulin-induced increase in autocrine TGF-f signaling
contributed to insulin-induced gene expression responses, attenuated the epithelial phenotype, and
promoted the migration of NMuMG cells. Furthermore, the enhanced delivery of TGF-j receptors
at the cell surface enabled insulin to increase TGF-f-induced gene responses. The enhancement of
TGF-p responsiveness in response to Akt activation may help to explain the biological effects of
insulin, the progression of cancers in which Akt is activated, and the increased incidence of
fibroses in diabetes.

INTRODUCTION

Among the extracellular factors that control signaling pathways and cell behavior,
transforming growth factor-f (TGF-f) is a potent regulator of cell proliferation and
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differentiation of many cell types by directing the expression of hundreds of target genes. As
the prototype of a family of TGF-B-related proteins, the control of cell physiology by TGF-
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signaling provides the basis to understand the roles of TGF-§ family proteins in tissue
differentiation and homeostasis. Pathologically, increased TGF- signaling drives aspects of
fibrosis and carcinoma progression (1-3). In both contexts, increased TGF-f signaling
promotes epithelial cells to acquire a more migratory, mesenchymal phenotype. This
process, known as epithelial-mesenchymal transdifferentiation (EMT), contributes to
fibrosis, promotes cancer cell invasion and dissemination, and enhances the generation of
cancer stem cells with tumor reseeding capacity (4-6). Increased TGF-f signaling also
increases the abundance of extracellular matrix proteins, which contributes to cancer stroma
formation (7) and fibrosis, such as in diabetic nephropathy (8, 9).

TGF- signaling is initiated at the cell membrane through cell surface complexes of two
pairs of transmembrane receptors with dual specificity kinase specificity: the type | and type
Il TGF-B receptors, commonly named TBRI and TBRII. Upon ligand binding, the TBRII
receptors phosphorylate and thus activate the TBRI receptors that then phosphorylate the C-
terminus of Smad2 and Smad3, thereby activating these effectors and enabling them to form
trimeric complexes with Smad4. Following translocation into the nucleus, the Smad
complexes cooperate with DNA-binding transcription factors, such as AP-1 complexes and
ETS proteins, and with coregulators to activate or repress transcription of TGF-f target
genes (10-12). TGF-p receptors also activate non-Smad signaling pathways, such as MAPK
pathways and PI13K-Akt signaling (13, 14).

TGF- signaling and, in particular the Smad pathway, are extensively regulated by kinases
and signaling pathways that help define the cellular TGF-p response. In addition to signaling
crosstalk, cells have developed strategies to regulate the availability of TGF-p receptors at
the cell surface, and control in this way the sensitivity to TGF-§ and TGF-3 responsiveness.
Ectodomain shedding by the transmembrane metalloprotease TACE, which is activated by
the Erk or p38 MAPK pathways, decreases the amount of TBRI receptors at the cell surface,
and thus decreases the cell’s TGF-3 responsiveness (15). Additionally, association of the
decoy receptor BAMBI with TGF-f family receptors inhibits type | receptor activation in
response to TGF-f family proteins (16, 17). Furthermore, high glucose at 25 mM induces a
rapid increase of TBRI and TPRII at the cell surface without changing their total expression,
and thus confers increased TGF- responsiveness (18). The rapid mobilization of TGF-
receptors in response to high glucose implies the existence of an intracellular pool of TGF-
receptors, which raises the question of which signaling pathways control the TGF-f receptor
availability at the cell surface and enhance TGF-3 responsiveness.

Because high glucose induces Akt activation (19), we asked whether insulin, which also
activates the PI3K-Akt pathway and controls glucose homeostasis (20, 21), regulates the cell
surface abundance of TGF-f receptors. Insulin is a small polypeptide hormone that is
released by pancreatic beta cells and induces glucose uptake by mobilizing glucose
transporters from intracellular stores to the cell membrane, thus lowering the glucose levels
in blood (22, 23). Because of its central role in glucose homeostasis, insulin administration
is the standard therapy for hyperglycemia in diabetic patients. Following activation of the
insulin receptor (InsR), a receptor tyrosine kinase (RTK), insulin induces PI3K-Akt and Erk
MAPK pathway signaling (21), with Akt activation driving the translocation of the glucose
transporter Glut4 from cytoplasmic vesicles to the cell surface to facilitate glucose import
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(24, 25). Activation of the PI3K-Akt pathway also promotes the translocation of other
transmembrane proteins to the cell surface (26, 27), Insulin signaling also controls cell
survival, proliferation, and protein synthesis, and leads to activation or repression of a
variety of genes (28, 29).

We now show that insulin induces a rapid increase of the TGF-} receptors, TBRI and TBRII,
at the cell surface, without an immediate effect on their overall abundance. This increase
was driven by Akt activation and controlled by AS160, an endosomal membrane-associated
Rab GTPase activating protein that is directly phosphorylated by Akt (30, 31). The insulin-
induced increase in TGF- receptor cell surface abundance enhanced the cell responsiveness
to autocrine TGF-B, with increased TGF-p/Smad signaling consequently participating in the
cellular response to insulin. Thus, increased TGF-f responsiveness and signaling is integral
to the insulin-responsive gene expression response, insulin-induced attenuation of epithelial
integrity and insulin-induced cell migration, and allows for cooperation between TGF-f and
insulin signaling. These findings highlight a role of Akt activation in controlling the TGF-f
receptor availability and TGF-p responsiveness, and may be relevant for the interpretation of
the effects of insulin in cultured cells and in vivo.

Insulin induces an increase in TGF-P receptors at the cell surface

We reported that 25 mM glucose, as seen in hyperglycemia, induces a rapid increase in cell
surface levels of both the TBRI and TRRII receptors (18). Thus, replacing 4 mM glucose
with 25 mM glucose in cell culture medium resulted in increased cell surface TBRI and
TPRII abundance by 15 min after treatment, as detected by biotinylation of cell surface
proteins, in NMuMG epithelial cells and mouse embryonic fibroblasts (MEFs) (Fig. 1A). To
study the underlying signaling pathway(s) that mediate(s) this increase, we tested the effect
of insulin, which activates PI3K-Akt signaling, similarly to high glucose (19, 32). Treatment
of NMuMG cells or MEFs with insulin induced rapid increases in the TBRI and TPRII
abundance at the plasma membrane, without changes in their total abundance (Fig. 1B).
These increases in the cell surface abundance of TBRI and TPRII were not significantly
enhanced by the addition of 25 mM glucose (Suppl. Fig. S1).

Insulin enhances autocrine TGF-p/Smad activation

The amount of functional TGF-f3 receptors at the cell surface is a key determinant of cellular
sensitivity to TGF-B and Smad-activated TGF-B signaling. Inhibition of ectodomain
shedding of TRRI results in increased TRRI cell surface amounts and increased TGF--
induced Smad signaling (15). Additionally, the increased TPRII and TBRI abundance at the
plasma membrane in response to high glucose enhance TGF-f-induced Smad activation and
autocrine TGF- responsiveness (18). We therefore evaluated whether insulin enhanced
autocrine TGF-f signaling.

To study the effect of insulin on TGF-B-induced Smad activation, cells were treated with
insulin for different times. Insulin induced Smad2 and Smad3 activation, as assessed by
immunoblotting for C-terminally phosphorylated Smad2 or Smad3, a response that was
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blocked by the TBRI kinase inhibitor SB431542 (SB) (Fig. 1C). Because Smad activation
results in nuclear translocation (10, 33), we evaluated whether insulin induced the nuclear
translocation of activated Smad2 and Smad3 in cells. Insulin induced a gradual increase of
C-terminally phosphorylated Smad2 and Smad3 in nuclear fractions (Fig. 1D). These results
indicate that insulin activates autocrine Smad2/3 activation through the TGF-f3 receptor
TBRI.

Smad3 activation in response to TGF- results in transcriptional regulation at Smad binding
DNA sequences (10, 11). We therefore evaluated the effect of insulin on luciferase
expression from tandem Smad3 binding sites in the 4xSBE transcription reporter (34) in
NMuMG cells and MEFs. The basal expression of luciferase from this reporter, which
resulted from autocrine TGF-f signaling, was enhanced by insulin, and blocked by
SB431542 (Fig. 1E, left). Similarly, the 3TP-luciferase reporter, which combines Smad3
binding with AP-1-responsive DNA sequences (35), showed enhanced transcriptional
activity in response to insulin, which was also blocked by SB431542 (Fig. 1E, right).
Together, these data illustrate that insulin activates autocrine TGF-f signaling that requires
the kinase activity of TBRI and results in Smad2/3 activation and Smad-dependent
transcription. Because insulin treatment did not induce an increase in the expression of
mRNAs encoding TGF-f or activation of TGF- during the time windows of the
experiments (Suppl. Fig. S2), the increased autocrine TGF-f signaling resulted from
increased sensitivity of the cells to autocrine TGF- signaling through enhanced cell surface
abundance of TGF-$ receptors.

Insulin-induced Akt signaling drives TGF-B receptor translocation to the cell surface

Insulin can activate both the PI3K-Akt and the MEK1/2-Erk MAPK pathways (21). To
identify the signaling pathway that contributes to or drives the insulin-induced increase in
cell surface TBRII and TPRI receptors, we tested the effects of pharmacological inhibition of
either pathway. Treatment with GDC0941, a PI3K inhibitor that preferentially inhibits the a
and & p110 isoforms of PI3K (36, 37), enhanced the cell surface abundance of TBRI and
TBRII in the absence of insulin, and prevented the insulin-induced increase in their cell
surface abundance, as determined by cell surface protein biotinylation (Fig. 2A, B).
GDC0941 also prevented Akt activation, as shown by immunoblotting for Akt
phosphorylation on Ser473 (Fig. 2A,B), consistent with the dependence of insulin-induced
activation of Akt on PI3K activation (38). AktV1Il, a selective inhibitor of Aktl and Akt2
activation (39-41), also prevented the insulin-induced increase in the abundance of TBRI
and TPRII at the cell surface (Fig. 2A, B). In contrast, UO126, which inhibits activation of
MEK1/2 and thus, of the MAPK Erk, had little or no effect on the insulin-induced increase
of TGF- receptor abundance at the cell surface (Fig. 2C, D). These results suggest that Akt
activation is required for the increase of TBRI and TPRII at the plasma membrane in
response to insulin.

Localization to the plasma membrane plays an important role in Akt activation (42, 43). To
validate a role for Akt activation in the cell surface presentation of TBRI and TRII, we
expressed a form of Akt2 with a myristoylation sequence fused to its NH2-terminus (Myr-
Akt2) that confers constitutive activation (44). A role for Akt2 in insulin-stimulated glucose
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transport has been established (45, 46). Consistent with our results on the role of Akt in
TGF- receptor transport, expression of Myr-Akt2 resulted in an increase of TGF-p
receptors at the plasma membrane that was comparable to the effect of insulin treatment (Fig
2E).

Growth factors that act through receptor tyrosine kinases also induce Akt activation, with
the extent of activation depending on the ligand-receptor combination and cell context. We
therefore evaluated the effect of insulin-like growth factor 1 (IGF-1). Treatment of NMuMG
cells with IGF-1 resulted in Akt activation and enhanced the cell surface abundance of TPRI
and TPRII (Suppl. Fig. S3). Furthermore, inhibition of Akt activation using AktVIII
prevented the increase in cell surface abundance of TBRI and TRII in response to 25 mM
glucose (Suppl. Fig. S4), supporting a central role of Akt activation in controlling the
amount of TGF-f receptor at the cell surface.

Aktl and Akt2, which are encoded by distinct genes, are present in most cells. Insulin
treatment of NMuMG cells or MEFs resulted in activation of both Aktl and Akt2, assessed
by phosphorylation at Ser4’3 and Thr408, with Akt1 activation seeming more prominent than
Akt2 activation due to much higher total amounts of Aktl (Suppl. Fig. S5A, B). Selective
silencing using siRNAs suggested that both Akt1 and Akt2 contributed to the insulin-
induced increase in cell surface abundance of both TBRI and TPRII (Suppl. Fig. S5C),
although Akt2 appeared to have a more prominent role than Aktl in attenuating the cell
surface abundance of TGF-f receptors. Silencing of Akt2, but of not Aktl, enhanced TPRI
and TRRII amounts at the cell surface in the absence of insulin, and prevented their increase
in response to insulin (Suppl. Fig. S5C).

AS160 controls insulin-induced transport of TBRI and TBRII to the cell surface

Because Akt activation was required for the insulin-induced cell surface presentation of
TPRI and TRRII, we explored the role of the Rab-GTPase activating protein AS160, a kinase
substrate of Akt that has been implicated in selective cell surface transport of Glut4 in
muscle and fat cells (31, 47-50), the intracellular routing of the vasopressin-regulated water
channel aquaporin-2, (51) and the aldosterone-regulated sodium channel ENaC (26) in an
epithelial duct cell line, as well as the translocation of the fatty acid receptor CD36 to the
cell surface of cardiomyocytes (52). Phosphorylation of AS160 by Akt overcomes the
intracellular retention of Glut4-containing vesicles by AS160, allowing transport of Glut4 to
the cell surface (31, 48, 53). As shown in adipose cells and myoblasts (31, 54, 55), insulin
induced the phosphorylation of AS160 at Thr842 in NMuMG cells and MEFs (Fig 3A;
Suppl. Fig. S6).

To evaluate whether AS160 controls Akt-mediated cell surface transport of TGF-3
receptors, we decreased the AS160 abundance using siRNA (Fig. 3B). This decrease
resulted in increased TRRI and TRRII abundance at the cell surface in the absence of insulin
that were comparable to those in insulin-stimulated cells transfected with control sSiRNA
(Fig. 3B). Additionally, insulin treatment of AS160 siRNA-transfected cells conferred no
further increase in TGF-f receptor abundance at the plasma membrane (Fig. 3B). Similar
results were obtained with cells that were lentivirally infected to express sShRNA to decrease
the AS160 abundance (Suppl. Fig. S7). These data suggest that, in the absence of insulin,
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AS160 retains the TGF- receptors intracellularly and prevents them from moving to the
plasma membrane.

The role of AS160 in insulin-induced TGF- receptor presentation at the cell surface
suggests that the TGF-f receptors may localize in the same compartment as AS160. Cell
fractionation studies have shown that the bulk of AS160 that is not associated with the
plasma membrane resides in a low-density microsomal (LDM) fraction (56). We therefore
isolated the LDM fraction and separated it from the high-density microsomal (HDM)
fraction, the plasma membrane and the cytosol. The LDM fraction of NMuMG cells was
then fractionated over a 10-36% sucrose gradient. Immunoblotting of gradient fractions
revealed that TBRI and TRRII were present in the LDM fraction, and were found in gradient
fractions 4-12, with peaks in fractions 10-12, coinciding with the presence of AS160 in
fractions 5-12 (Fig. 3C). These data indicate that TGF-p receptors and AS160 co-exist in an
LDM subpopulation. EEAL, an early endosomal and LDM marker (57), was present in most
fractions (Fig. 3C). The co-fractionation of EEA1 with the TGF-f receptors is consistent
with the recycling of TGF-p receptors to the plasma membrane (58-60). These fractions also
contained Rab4 and Rab11 (Fig. 3C), two Rab GTPases that have been implicated in
endosomal recycling (61) and that colocalize in endosomes (62).

The colocalization of TGF-f receptors with AS160 was also supported by
immunofluorescence and coimmunoprecipitation. For immunofluorescence, NMuMG cells
were transfected to express Flag-tagged AS160 and HA-tagged TPRI. As has been
previously reported (63), AS160 staining was diffuse throughout the cytoplasm with more
concentrated, punctate staining adjacent to nucleus, partially overlapping with the punctate
TBRI immunostaining in the cytoplasm and adjacent to the nucleus (Fig. 3D). The
limitations of available antibodies did not allow verification of the colocalization of
endogenous AS160 with TBRI or TBRII. In coimmunoprecipitation analyses using
transfected 293T cells, we found TPRI in association with AS160 (Fig. 3E). This low-level
association was apparent only after chemical stabilization of pre-existing complexes using
dithiobis succunimidylpropionate (DSP), which covalently links adjacent Lys residues.
However, we failed to detect the interaction of AS160 with TPRII using available
antibodies. Collectively, these data show that AS160 and the TGF-f receptors colocalize in
the same vesicles, and raise the possibility of their association in protein complexes destined
to be routed to the plasma membrane.

AS160 controls autocrine TGF-@ signaling

Because AS160 silencing resulted in increased TGF-f receptor abundance at the cell
surface, we addressed whether AS160 controls autocrine TGF-3 responsiveness. We
therefore evaluated the effect of AS160 siRNA on Smad-dependent gene expression in the
absence or presence of SB431542, which blocks TGF-B-dependent Smad activation. In
Smad-dependent transcription assays using the 4xSBE (34) and 3TP luciferase reporters
(35), decreasing the AS160 abundance resulted in increased transcription that was largely
inhibited by SB431542 (Fig. 3F). Consistent with the increased Smad activation, decreasing
AS160 resulted in enhanced expression of TGF-B/Smad target genes, such as Smad7 and
Serpinel, which encodes plasminogen activator inhibitor type | (PAI-1), although these
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increases were not statistically significant (Fig. 3G). These results show that decreasing
AS160 increases TGF- responsiveness. We conclude that AS160 limits TGF-
responsiveness by preventing cell surface presentation of the TGF-f receptors, similarly to
the effect of insulin.

Insulin-induced TGF-B receptor delivery reveals mutual dependence of TBRI and TBRII

Because insulin induced an increase in cell surface abundance of both TBRI and TBRII, and
the TGF-p receptors dynamically interact with each other in the absence of ligand (64, 65),
we examined whether the TBRI and TPRII receptors depended on each other in the insulin-
induced increase of cell surface TGF-f receptors. Silencing TBRI in NMuMG cells enhanced
the cell surface abundance of TPRII but attenuated the insulin-induced increase in cell
surface TBRII (Fig. 4A). Additionally, insulin did not induce an increase in cell surface
abundance of TPRII in Tgfbr1~~ MEFs (Fig. 4B). Reconstituting TRRI in these cells
restored the insulin-induced increase in TBRI and TPRII amounts at the cell surface,
although not always in a statistically significant manner, similarly to what was seen in wild-
type MEFs (Fig. 4B).

To evaluate whether insulin-stimulated transport of TBRI conversely depends on TRII, we
silenced the expression of TBRII in NMuMG cells and MEFs using an siRNA that targets
the 3’UTR of its mMRNA. In MEFs, silencing TBRII enhanced the cell surface amount of
TBRI, yet still allowed for insulin to induce enhanced cell surface TBRI abundance (Fig. 4B),
whereas in NMuMG cells, the decrease in TBRII impaired the increase of cell surface TPRI
in response to insulin (Fig. 4C). Restoration of TBRII rescued the insulin-induced increased
cell surface abundance of TBRI and TRRII (Fig. 4C). These analyses suggest a mutual
dependence of TBRI and TBRII on each other in insulin-induced presentation of the TGF-f
receptors at the plasma membrane, with some difference between NMuMG cells and MEFs,
and perhaps a stronger dependence for the cell surface presentation of TBRII on TBRI. These
results are consistent with the dynamic interactions of TBRI and TBRII in the absence of
ligand resulting in heteromeric association of a fraction of TBRI and TPRII at any given time
(64).

Enhanced autocrine TGF- signaling participates in the insulin gene expression response

The increased TGF-B-dependent, autocrine Smad activation in response to insulin (Fig. 1C)
suggested that insulin might mildly induce TGF-§ target gene expression. Indeed, insulin
induced the expression of TGF-f target genes, including those encoding Smad7 and PAI-1
(Fig. 5A). As demonstrated by Smad3 reporter assays (Fig. 1E), the basal expression of
these genes was enhanced by insulin, an increase that was blocked by SB431542 (Fig. 5A).
Because IGF-1, similarly to insulin, induced Akt activation and enhanced TBRI and TPRII
abundance at the cell surface (Suppl. Fig. S3), we also evaluated the effect of IGF-1 on
TGF-B target gene expression in NMuMG cells and MEFs. Also IGF-1 induced the
expression of MRNASs encoding Smad7 and PAI-1, and this induction was blocked by
SB431542 (Suppl. Fig. S8).

In addition to insulin inducing TGF-B target genes, the increased autocrine TGF-f signaling
in response to insulin may participate in the insulin-induced gene expression response. To
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determine whether autocrine TGF-3 signaling contributes to insulin-induced gene expression
changes, we treated NMuMG cells with or without insulin, in the presence or absence of the
TGF-B signaling inhibitor SB431542. Quantification of insulin target genes with gRT-PCR
revealed that autocrine TGF-f signaling participated in insulin-induced activation of some
genes but not others. For example, insulin induces the expression of Vegfa and Fn1 mRNA
(66—-68), but this induction was prevented when TGF-f signaling was blocked using
SB431542 (Fig. 5B). Additionally, siRNA-mediated knockdown of AS160, which results in
enhanced TGF-f receptor abundance at the cell surface (Fig. 3B), also enhanced Vegfa and
Fnl mRNA expression (Suppl. Fig. 9), providing further support for a functional link
between AS160 and increased autocrine TGF-f signaling in the insulin-induced gene
response. In contrast to the induction of Vegfa and Fnl mRNA expression, SB431542 did
not affect the insulin-induced expression of Foxc2 and Sebfl mRNAs. Both FOXc2 and
SREBF1, the latter of which is also known as SREBP-1c, are transcription factors that
control lipid homeostasis in response to insulin (69, 70) (Fig. 5C). We conclude that insulin
induces a modest increase in the expression of TGF- target genes by increasing TGF-
responsiveness, and that increased TGF-3 signaling contributes to the expression of some
insulin-responsive genes.

Insulin promotes an autocrine TGF-B-dependent epithelial plasticity response

The increased sensitivity of cells to autocrine TGF-f signaling and increased fibronectin
abundance in response to insulin (Fig. 5B) suggested that insulin may impair epithelial
integrity. TGF-f induces epithelial plasticity responses, normally in development and
pathologically in carcinomas and fibrosis, that result in decreased epithelial and increased
mesenchymal gene expression and properties, and can lead to EMT (1-3, 71). While
increased fibronectin expression marks EMT, the epithelial plasticity response is driven by
the EMT master transcription factors Snaill or Snail2 (also known as Slug) (72, 73). In
NMuMG cells, EMT is initiated by activation of Shail expression (74—76). Insulin induced
the expression of Shail mRNA and protein, an induction that was blocked by SB431542
(Fig. 6A, B), without affecting Snai2 mRNA expression (Suppl. Fig. S10). Consistent with
the role of AS160 in the insulin-induced increase in autocrine TGF-§3 responsiveness,
decreasing the AS160 abundance also enhanced the expression of Shail MRNA in NMuMG
cells (Suppl. Fig. S11). Besides increased fibronectin abundance at the mMRNA and protein
levels (Fig. 5B, 6B, C), which is a characteristic of EMT, insulin induced a modest increase
in the mRNA and protein amounts of the mesenchymal marker N-cadherin (Fig. 6B, D). We
did not see, after 24 h of insulin stimulation, decreased abundance of the epithelial junction
protein E-cadherin or increased abundance of vimentin (Fig. 6B), as is often observed in
EMT, suggesting that the epithelial plasticity response induced by short exposure to insulin
is modest but depends on increased autocrine TGF-f signaling.

Enhanced autocrine TGF-f signaling promotes insulin-induced cell migration

Epithelial plasticity and EMT result in increased cell motility (77). Because insulin induced
a mild epithelial plasticity response, and promotes cell migration during wound healing (78,
79), we asked whether autocrine TGF-f signaling in response to insulin contributed to
insulin-induced cell migration. We therefore performed monolayer wounding assays using
confluent NMuMG cells, with the wounded monolayers exposed to insulin with or without
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SB431542. Insulin increased the migration of NMuMG cells to close the wound, when
compared to control cells, an effect that was prevented by SB431542 (Fig. 6E). No
differences in cell number were apparent after 8 h (Suppl. Fig. S12), the time interval used
to score cell migration.

Cell invasion requires increased cell migration with increased extracellular matrix
degradation and remodeling. Thus, we evaluated whether insulin induces NMuMG cell
invasion. Transwell assays indicated that insulin increased cell invasion through
extracellular matrix, an increase was prevented in the presence of SB431542 (Fig. 6F).
Together, these data suggest that insulin-induced autocrine TGF-§ signaling is required for
insulin-stimulated cell migration and invasion.

Insulin enhances TGF-B-induced epithelial plasticity responses

The enhanced TGF- responsiveness in response to insulin raises the possibility that insulin
might potentiate TGF-p responses. To address this possibility, we evaluated TGF-B-induced
EMT responses in NMuMG cells. Indeed, insulin enhanced TGF-p/Smad-induced gene
expression responses at a low TGF-B concentration (0.2 ng/ml), as illustrated with the
expression of Shail, Serpinel and Fn1 mRNA (Fig. 7A). The insulin-enhanced induction of
these TGF-B-responsive genes was prevented by SB431542. Immunoblotting indicated that
insulin also mildly enhanced the abundance of fibronectin, Snaill, and pro-N-cadherin
(upper band), without affecting that of vimentin and E-cadherin (Fig. 7B). Consistent with
the enhancement of TGF-p responsiveness by insulin, the elongated cell morphology
induced by low concentrations of TGF-§ was more pronounced in the presence of insulin,
whereas cells treated with insulin alone (without adding TGF-p) retained a cuboidal
epithelial phenotype (Fig. 7C). Decreasing AS160 abundance also promoted an elongated
cell phenotype in the presence of a low concentration of TGF- (Suppl. Fig. S13A), which
was accompanied by increased fibronectin deposition (Suppl. Fig. S13B), supporting the
notion that the insulin-Akt target AS160 controls the epithelial plasticity response to low
concentrations of TGF-p.

The ability of insulin to enhance TGF-f responses was also apparent in the increased cell
migration of NMuMG cells, when compared with TGF-f3 treatment alone. Insulin enhanced
TGF-B-induced cell migration, resulting in more rapid monolayer wound closure (Fig. 7D).
Consistent with the role of AS160 in this aspect of the insulin response, sSiRNA-mediated
knockdown of AS160 also conferred a modest increase in migratory behavior in response to
low levels of TGF-B (Suppl. Fig. S13C). Finally, insulin also enhanced the expression and
gelatinolytic activity of MMP-9, which contributes to extracellular matrix degradation (80,
81) (Fig 7E, F). Together, these results illustrate that insulin enhances TGF-f responses,
which based on our results above, results from increased amounts of TGF-f receptors at the
plasma membrane.

DISCUSSION

Our findings reveal a strategy that cells employ to control TGF-f responsiveness through
increased TGF-P receptor presentation at the cell surface, and provides insight into the
nature of the cell response to insulin. Specifically, we have shown that (i) insulin induces a
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rapid increase in the cell surface abundance of TGF-f receptors, thus enhancing autocrine
TGF-B responsiveness, (ii) Akt activation leads to increased cell surface abundance of TGF-
j receptors through its control of the Rab GTPase activating protein AS160, (iii) insulin-
induced autocrine TGF-f3 responsiveness contributes to and is integral to the cellular
response to insulin, (iv) autocrine TGF-f signaling is an essential component of insulin-
induced cell migration, (v) the increased TGF-f3 responsiveness in response to insulin allows
for cooperation between TGF-f and insulin signaling.

Insulin enhances the abundance of TGF-p receptors at the cell surface through Akt

activation

We have come to appreciate that cells regulate their TGF-B responsiveness by controlling
the functional receptor abundance at the cell surface. Activation of the Erk or p38 MAPK
pathways by growth factors or inflammatory cytokines results in ectodomain shedding, thus
decreasing the functional TBRI abundance at the cell surface and TGF-f responsiveness
(15). High glucose, in contrast, rapidly increases the TGF-3 receptor abundance at the cell
surface end enhances TGF-f responsiveness (18). We now present evidence that insulin
increases TGF- responsiveness by mobilizing intracellular TGF-f3 receptors and enhancing
their cell surface abundance. Thus, the cells enhance their basal autocrine TGF-f signaling,
which is often considered as negligible.

With the bulk of TGF- receptors residing intracellularly (18), we sought to identify a
signaling mechanism that mediates the rapid increase of TGF-3 receptors at the cell surface.
We found that Akt activation was required in this response to insulin, and that its
constitutive activation was sufficient to induce increased TGF-p receptor presentation.
Therefore, the PI3K-Akt pathway plays a central role in mobilizing the TGF-f receptors to
the cell surface and in increasing the cell responsiveness to TGF-B. We surmise that other
growth factors and stimuli that activate Akt signaling similarly induce TGF-B hyper-
responsiveness through Akt. Indeed, the growth factor IGF-1, which also confers Akt
activation, induces increased autocrine TGF-p responsiveness, and inhibition of Akt
activation prevents the increase in cell surface TGF-f receptor abundance in response to
IGF-1 or high glucose, as we observed with insulin.

The widely distributed Rab GTPase activating protein AS160 is an Akt kinase substrate, and
Akt-mediated phosphorylation inactivates its ability to retain intracellularly a subpopulation
of endosomes that harbor the transmembrane Glut4 glucose transporters. Insulin-induced
Akt activation results in AS160 phosphorylation and a rapid increase of Glut4 at the cell
surface, thus conferring increased glucose uptake (31, 82-84). The activity of AS160 is,
however, not restricted to these transporters, because it also controls endosomal delivery of
several other proteins, such as the epithelial sodium channel ENaC, a Na*/K*-ATPase, the
water channel aquaporin-2 and the glycoprotein receptor CD36, to the plasma membrane
(26, 51, 52, 63). As seen with Glut4, silencing AS160 resulted in increased TGF-3 receptor
abundance at the cell surface, consistent with attenuated intracellular retention (48). A role
of AS160 in the regulated transport of TGF-3 receptors to the cell surface is also supported
by their subcellular colocalization and the presence of the TPRI receptor in AS160 protein
complexes. Moreover, the mutual dependence between TBRI and TBRII in the translocation
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to the cell surface is consistent with the dynamic interaction of TBRI and TBRII in the
absence of ligand (61). Hence, on the basis of our data, we propose a model for the insulin-
induced increase of TGF-f receptors at the cell surface (Fig. 8). Activation of Akt in
response to insulin allows intracellular vesicles with TGF-f receptors to translocate to the
plasma membrane, thus increasing the TGF-3 receptor abundance at the cell surface, which
in turn permits increased TGF-f stimulation and enhanced autocrine TGF-B/Smad signaling.
Although fibroblasts and epithelial cells differentially activate mTOR complexes through
Akt in response to TGF- 3 (85), our analyses of NMuMG epithelial cells and MEFs suggest
an overall common pathway in both cell types.

Increased TGF-B responsiveness is integral to the cell response to insulin

The increased TGF-} responsiveness in response to insulin may have substantial
physiological relevance, especially because most if not all cells respond to insulin, and
insulin is therapeutically used to repress hyperglycemia in diabetic patients. The increased
autocrine TGF- signaling in response to insulin results in a low, basal activation of TGF-3
target genes, such as those encoding Smad7 and PAI-1. This is particularly relevant because
many TGF-f target genes, such as those encoding fibronectin, collagens, integrins,
metalloproteases or protease inhibitors, contribute to increased extracellular matrix
deposition and turnover, as seen in fibrosis. Considering the key role of TGF-p signaling in
activating fibroblasts and driving fibrosis (3, 11), continued exposure of cells to insulin may
confer a TGF-B-mediated profibrotic tissue response that perpetuates the response to high
glucose. Indeed, both insulin and high glucose induce Akt activation, and increased cell
surface TGF-B receptor abundance and autocrine TGF-f signaling. It should be noted that
fibrosis with extensive extracellular matrix deposition commonly associates with increased
TGF-B/Smad activity in rodent models and diabetic patients, including those with prolonged
insulin treatment (8, 86). Whether insulin administration promotes or enhances fibrosis
development in mouse models remains to be studied.

Because TGF-B-activated Smads cooperate with various transcription factors in regulating
gene responses (10, 11), we also evaluated whether increased autocrine TGF-$ signaling
contributes to the insulin-induced gene expression program. This was indeed the case.
Insulin activates various genes, including some that are targeted by Smads in response to
TGF-B (87, 88), like those encoding fibronectin and VEGF-A (66-68). The insulin-induced
expression of these genes was attenuated if not blocked when TGF-f signaling was
prevented. The striking contribution of autocrine TGF-f signaling to insulin-induced
increases in VEGF-A production may be important considering the key role of VEGF-A in
angiogenesis, including in cancer progression (89). Other insulin-responsive genes,
however, namely those encoding FoxC2 (69) and SREBP1F (90), were not affected by
blocking autocrine TGF-p signaling. Together, increased autocrine TGF-f signaling appears
to be integral to insulin-induced changes in gene expression. A comprehensive
transcriptome analysis will better define the participation of autocrine TGF-B signaling in
the response to insulin.

Because TGF-p signaling represses the epithelial phenotype and can induce a partial or
complete EMT, we also assessed whether the increased autocrine TGF- signaling in
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response to insulin results in an epithelial plasticity response. Whereas insulin did not
repress the epithelial phenotype, some epithelial plasticity responses that are involved in
EMT were noted, which depended on autocrine TGF-f signaling. Thus, insulin slightly
increased the abundance of the EMT transcription factor Snaill and mesenchymal
fibronectin and N-cadherin, and blocking TGF-B signaling prevented these increases.
Furthermore, the enhanced TGF-f responsiveness in response to insulin allowed for
cooperation of TGF-f and insulin signaling in inducing EMT, as apparent by the expression
of mesenchymal genes and a conversion from epithelial into more elongated cell
morphology.

Insulin promotes cell motility in vitro (78, 91). However, attenuation of the epithelial
phenotype also enables increased cell motility, which can lead to invasion, and these
responses are apparent in TGF-B-induced EMT (87, 92). We now show that insulin-induced
motility depends on autocrine TGF-f signaling. Furthermore, as in gene expression
responses, the increased TGF-f responsiveness allowed for cooperation between TGF-$ and
insulin signaling in the induction of cell migration. Similarly to the cell matility response,
insulin promoted cell invasion in vitro, which was blocked in the absence of TGF-3
signaling. These observations further support the participation of autocrine TGF-f signaling
in the cellular response to insulin, and raise the possibility that continued exposure to insulin
in vivo may affect epithelial and/or endothelial integrity through increased TGF- signaling,
which then may contribute to the progression of fibrosis.

Linking insulin signaling and Akt activation with TGF-p signaling in cancer progression

The linkage of Akt activation with TGF-p responsiveness may be relevant in cancer
progression. Glioblastomas and carcinomas commonly show increased Akt activation (93,
94), and increased TGF-f signaling leads to epithelial plasticity or EMT, thus promoting
cancer invasion and dissemination, and possibly cancer stem cell generation (1, 2, 6). Based
on our results, we now propose that increased Akt signaling, resulting in AS160
phosphorylation, may enhance the TGF-f responsiveness of cancer cells, thus promoting
invasion and dissemination. In support of this notion, Akt activation and AS160
phosphorylation in carcinomas correlate with cancer progression (95, 96). Although Akt
activation promotes cell proliferation, glucose uptake and protein synthesis, its role in
increasing TGF-f signaling, thus promoting cell invasion and dissemination, is also worth
considering.

The increased TGF-f responsiveness in response to insulin or IGF-1, and cooperation
between insulin and TGF-f signaling may be of further relevance, because carcinomas
commonly show increased abundance of the IGF-1 receptor which can be activated by either
IGF-1 or insulin (97). Thus, continued exposure of cancer cells to insulin may promote
epithelial plasticity, cell invasion and migration, and cancer progression and dissemination,
through cooperation of insulin with enhanced TGF-f signaling. Although insulin has
multiple effects on tumor cells, the proposed mechanism of signaling cooperation may help
understand the clinical and epidemiological association of increased cancer risk and cancer
progression with insulin therapy in diabetic patients (98-101).
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MATERIALS AND METHODS

Cell culture and transfections

NMuMG epithelial cells and wild-type and Tgfbr1~/~ (102) mouse embryonic fibroblasts
(MEFs) were cultured in DMEM with 4 mM glucose and 10% fetal bovine serum (FBS) at
37°C and 5% CO2 in a humidified incubator. Cells were transfected using Lipofectamine
2000 (Invitrogen) or RNAIMAX (Invitrogen) for double-stranded siRNA, according to the
manufacturer’s protocol.

Expression plasmids encoding Flag- or Myc-tagged human TBRI or TBRII have been
described (103). An expression plasmid encoding Flag-tagged AS160 was from Gustav E.
Lienhard (Dartmouth Medical School, USA) (30), and a plasmid encoding NH2-terminally
myristolated Akt2 was from Kevan Shokat (University California San Francisco, USA).

Insulin from bovine pancreas (Sigma) was used at 100 nM, human IGF-1(Sigma) was used
at 50 ng/ml, and TGF-B1 from HumanZyme was used at 0.2 ng/ml. The TBRI kinase
inhibitor SB4315242 (Sigma) was used at 5 UM and added 30 min before treatment.
GDCO0941 (Selleck Chemicals), Akt VIII (EMD Milipore), and U0126 (Sigma) were used at
10 UM, 5 UM, or 10 UM, respectively.

Determination of protein concentrations

Protein concentrations were quantified using Bio-Rad Bradford Assay (Biorad) with bovine
serum albumin as standard, and a SpectraMax M5 microplate reader.

Immunoprecipitations and immunoblotting

293T cells were transfected, and lysed after 36 h in 150 mM NaCl, 25 mM Tris-Cl pH 8, 1
mM EGTA, 1% NP-40, 50 mM NaF, 5 mM glycerol phosphate, 5 mM NasO7P,, 5 mM
NazVOy, and complete protease inhibitor cocktail (Roche). Protein associations were
chemically stabilized by crosslinking using dithiobis succinimidyl propionate (DSP)
(ThermoScientific), the lysates were precleared and subjected to immunoprecipitations with
anti-Myc (9E10) antibody and Protein G Sepharose (GE Healthcare) for 4 h at 4°C. Beads
were washed three times with 200 mM NaCl, 25 mM Tris-Cl pH 8, 1 mM EGTA, 50 mM
NaF, 5 mM glycerol phosphate, 5 mM Na4O7P2, 5 mM Na3VO4, complete protease
inhibitor cocktail (Roche), 1% glycerol. Specifically adsorbed proteins were eluted from the
beads in LDS sample buffer (Invitrogen), analyzed by SDS-PAGE and immunoblotting.

For immunoblotting, we used the following antibodies: rabbit anti-human fibronectin,
mouse anti-GAPDH, anti-Flag (M2) and anti-p-actin from Sigma; rabbit monoclonal
antibodies to Smad2, phospho-Smad2 (Ser465/467), Smad3, Akt, Akt1, Akt2 phospho-Akt
(Ser#73), phospho-Akt (Thr398), Erk1/2, phospho-Erk1/2 (Thr202/Tyr204) AS160, phopho-
AS160 (Thr842), Rab4, Rab11 (XP) vimentin, E-cadherin, N-cadherin, and Snaill from Cell
Signaling, rabbit polyclonal anti-AS160 from Milipore, rabbit polyclonal anti-GFP from
Invitrogen, rabbit polyclonal anti-TGF-B receptor | and anti-phosphoSmad3 (Ser423/425)
from Abcam, and rabbit polyclonal anti-TGF-f receptor Il from Santa Cruz Biotechnology.
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Cell surface protein biotinylation

Cell surface proteins were isolated as described (18). Cells were grown to 80-90%
confluence before treatment, washed with ice-cold PBS, and incubated for 30 min with EZ-
Link-Sulfo-NHS-LC-Biotin (Thermo Scientific). After blocking the non-reacted biotin with
0.1 mM glycine for 20 min, cells were lysed in MLB buffer (20 mM Tris-Cl, 200 mM NacCl,
10 mM NaF, 1 mM Na3V04, 1% NP-40, complete protease inhibitor (Roche)), and the
lysate was removed from the plate by scraping, then incubated on ice for 10 min, and
centrifuged for 15 min (13,000 rcf, 4 °C) to remove the pelleted insoluble material.
Supernatant proteins were incubated for 4 h to overnight with Neutravidin beads
(ThermoScientific). Beads were washed three times with MLB with 1% glycerol, eluted
with LDS sample buffer (Invitrogen) and subjected to SDS PAGE and followed by
immunoblotting.

TGF- Bioassay

Active TGF- was measured using TMLC reporter cells (104). MEFs or NMuMG cells were
starved with serum-free medium, stimulated with insulin for 30 min or 60 min, or left
untreated. Conditioned media samples were then heated at 80°C for 10 min or kept at 4°C
until assayed. TMLC cells were incubated with conditioned media or serial dilutions of a
TGF-f standard for 12-24 hr. Unconditioned media without serum was used as a control (0
min). To increase the concentration of TGF-f in the media, conditioned media from MEFs
or NMuMG cells were concentrated using Pierce Concentrator 7K (Pierce).

Immunofluorescence and cell imaging

Cells were fixed in 3.7% paraformaldehyde for 5 min, permeabilized in PBS with 0.2%
Triton-X100 (PBS-T) for 5 min, and blocked with 5% BSA in PBS for 2 h at room
temperature. Cells were incubated with rabbit-anti GFP (1:100, Invitrogen) and mouse anti-
Flag (M2) at 1:100 diluted in 5% BSA/PBS overnight at 4°C, washed with PBS at room
temperature, and then incubated with secondary Alexa Fluor-conjugated secondary
(Invitrogen) in 5% BSA/PBS for 2 h at room temperature in the dark. Slides were mounted
with Vectorshield and stained with DAPI. Immunofluorescence images were obtained using
a Leica SP5 AOBS Upright 2 laser scanning confocal microscope. Changes in cell
morphology were observed by phase contrast microscopy using a Leica microscope
DMI5000, and analyzed using Photoshop CS5.

Luciferase reporter assays

Cells were transfected with the luciferase reporter plasmid 4xSBE-Luc (34) and the Renilla
luciferase vector pRL-TK (Promega). Luciferase activities were quantified using a
SpectraMax M5 microplate reader and the Dual Luciferase Reporter Assay System
(Promega) according to the manufacturer’s protocol. Data were normalized to Renilla
luciferase and expressed as relative luminescence units (RLU).

Isolation of nuclear and cytoplasmic extracts

Nuclear and cytoplasmic extracts were isolated according to the nuclear extraction protocol
from Life Technologies. Hypotonic buffer (20 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM
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MgCI2, Roche protease inhibitor Mini Complete) was used to lyse the cells, while keeping
the nuclei intact, and thus extract the cytoplasmic proteins. RIPA extraction buffer was used
to resuspend the nuclei and extract nuclear proteins. Protein concentrations in the nuclear
and cytoplasmic extracts were determined using the Bradford assay.

Low density microsome subcellular fractionation

NMuMG cells, grown to 80-90% confluence in two 150 mm plates, were washed with ice-
cold PBS, and harvested by scraping in 20 mM HEPES pH 7.4, 1 mM EDTA, 250 mM
sucrose, 10 mM NaF, 1 mM NazVOy,, 1 mM PMSF, and complete protease inhibitor
cocktail (Roche). The separation of the high density microsomal (HDM) and low density
microsomal (LDM) fractions was adapted from published work (84) with some changes.
The cells were homogenized with 25 to 30 strokes using a tight-fitting Dounce homogenizer,
and the homogenates were centrifuged at 500 rcf for 10 min at 4°C to remove unbroken
cells. Equal supernatant protein amounts were centrifuged at 10,080 rcf for 20 min at 4°C.
The cytosol (supernatant) fraction was then centrifuged using Sorvall RC6T at 15,750 rcf
and 4°C for 20 min, and the resultant supernatant was re-centrifuged in 70Ti rotor
(Beckman) at 175,000 rcf for 120 min at 4°C to separate the cytosol and pelleted LDM
fractions. The resulting pellets (LDM) were resuspended in extraction buffer, loaded on a
layered 10 — 36 % (wt/wt) discontinuous sucrose gradient cushion, and centrifuged using
SW38 rotor (Beckman) for 12 h at 4°C at 284000 rpm. Twelve fractions were collected,
starting from the top of the gradient, and equal volumes of each fraction were analyzed by
SDS-PAGE followed by immunoblotting.

RNA interference

Double-stranded RNA: to silence mouse AS160 was from QIAGEN and targeted the coding
sequence -5’-CCGGACCCUGGACAAGAUAA-3'. The RNAI to silence mouse TPRII was
from Thermo Scientific and targeted the 3’'UTR sequence - 5’-
GGATAGCGTTAGCACTTGACA-3". RNAI to silence mouse Aktl (S104715235) or Akt2
(S100895930) was from QIAGEN. Cells were transfected using Lipofectamine RNAIMAX
(Invitrogen) for 24 h, media were then replaced, and the cells were further incubated for 12—
24 h before analyses. To stably silence TBRI in NMuMG cells, cells were infected with
lentivirus expressing shRNA targeting the 3’UTR (Sigma) -5’-
ATATCTGCTCCTGGGTGTTTA- or the lentiviral empty vector pLKO.1. The cells were
selected with puromycin for 1 week before use.

Real-time RT-PCR

Total RNA was prepared using RNeasy Mini Kit (QIAGEN), according to the
manufacturer’s protocol, and quantified by UV absorption using NaNo Drop at 260nm. One
ug of total RNA was reverse transcribed using an iScript cDNA synthesis Kit (Bio-Rad),
according to the manufacturer’s protocol. cDNA samples were subjected to real-time PCR
using Bio-Rad PCR and the double strand-specific dye SYBR Green (Bio-Rad) using the
following mouse primer sequences (forward, reverse): Snail, (5’
AAGATGCACATCCGAAGC-3 and 5'- ATCTCTTCACATCCGAGTGG -3'); Smad7 (5'-
TCGGACAGCTCAATTCGGAC-3, 5- GGTAACTGCTGCGGTTGTAA-3); Serpinel,
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(5-TGCATCGCCTGCCATTG-3; 5-GGACCTTGAGATAGGACAGTGCTT-3'); Thcld4
(encoding AS160), (5-TATTACCCAGGTTTTTGAGATGG-3, 5/~
GGTCCATGTTCTGTCTTTTCAAT-3); FOXc2 (5'-
GCAACCCAACAGCAAACTTTC-3, 5- GACGGCGTAGCTCGATAGG-3); Cdh2, (5'-
AGC GCA GTCTTACCGAAGG-3, 5 -TCGCTGCTTTCATACTGAACTTT-3); Cdhi,
(5’- CAGGTCTCCTCATGGCTTTGC -3/, 5- CTTCCGAAAAGAAGGCTGTCC -3);
Fnl, (5-GCAGTGACCACCATTCCTG-3, 5- GGTAGCCAGTGAGCTGAACAC-3);
Sebfl, (5-AAGCCATCGACTACATCCG-3, 5-TCCATAGACACATCTGTGCCTC-3');
Vegfa, (5-AATGCTTTCTCCGCTCTGAA-3, 5-CTCACCAAAGCCAGCACATA-3);
Tof-p1, (5-GCAACAATTCCTGGCGTTACC-3, 5'-
CCCTGTATTCCGTCTCCTTGGT-3); Tgf-A2, (5-TCGACATGGATCAGTTTATGCG-3,
5-CCCTGGTACTGTTGTAGATGGA-3); Tgf-A3, (5'-CCTGGCCCTGCTGAACTTG-3,
5-TTGATGTGGCCCGAAGTCCAAC-3'); Gapdh, (5'-
GCACAGTCAAGGCCGAGAAT-3, 5-GCCTTCTCCATGGTGGTGAA-3'). The mRNA
expression values were normalized to the expression of Rpl19 mRNA (5
ATGAGTATGCTCAGGCTACAGA-3 and 5-GCATTGGCGATTTCATTGGTC-3').

In vitro wound healing assay

In vitro wound-healing assays were performed as described (87). NMuMG cells were seeded
on cell culture dishes and treated for 24-36 h. Confluent cells were then scratched with a
pipette tip across the entire diameter of the dish. Cells were rinsed twice using PBS to
remove cell debris, and new culture medium was added. The denuded surface was
photographed immediately after wounding and the migration into the denuded surface at
later times was documented using Leica DMI5000 camera, followed by analyses using
Photoshop CS5. The migration rate was quantified by calculating the distance before and
after the scratch divided over the duration of the experiment.

Invasion assays

For invasion assays, performed as previously described (87), 50,000 cells were added to
rehydrated Matrigel-coated inserts (BioCoat Matrigel Invasion Chamber; Becton Dickinson)
in DMEM supplemented with 1% FBS. These inserts were then placed in companion plates
with DMEM supplemented with 10% FBS for 24 h. Upper chambers were removed and
cleaned using cotton tips. The filters were fixed in methanol for 5 min at -20°C, and
mounted using Prolong Gold antifade reagent with DAPI (Invitrogen). Experiments were
performed in duplicates and quantified by averaging the number of DAPI nuclei of view
counting 5 fields per chamber. Images were analyzed using CellProfiler 2.1.1 (Broad
Institute, USA).

Gelatin zymography

Cells were cultured in serum-free media for 12 h before treatment, and media samples were
collected and centrifuged for 5 min at 2000 rcf to remove cell debris. The cleared media
were transferred to a 9K MWCO concentrator (Thermo Scientific), and centrifuged at 2100
rcf for 25 min. Equal volumes of each fraction were run in SDS-PAGE gel containing 0.1%
gelatin (Invitrogen), washed and incubated overnight at 37°C in gelatinase developing buffer
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(50 mM Tris base, 40 mM HCI, 200 mM NaCl, 5 mM CaCl2, 0.02% (w/v) Brij 35) before
staining with Bio-Safe Coomassie Stain (Bio-Rad).

Statistical analyses

All statistical analyses were done using JMP 10; the methods used are mentioned in the
figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Insulin enhances TGF-f receptor abundance at the plasma membrane and induces
Smad2/3 activation through autocrine TGF-f signaling

(A, B) Immunoblot analyses of the TBRI and TRRII receptors in NMuMG epithelial cells
and mouse embryonic fibroblasts (MEFs), treated with 25 mM glucose (A) or insulin (B) for
15 or 30 min. The top two panels show the cell surface receptors isolated through
Neutravidin adsorption after cell surface protein biotinylation. The lower panels show TBRI
and TPRII in total cell lysates, and p-actin or GAPDH as loading control. Immunoblots in
(A) and (B) are representative of three independent experiments. Blots were analyzed by
densitometry and the ratios of cell surface TPRI to total lysate TPRI, or cell surface TBRII to
total lysate TBRII, were compared at different time points. Pairwise comparison of relative
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abundance across time was performed using Wilcoxon rank-sum test; *p < 0.05. (C) MEFs
were treated with 100 nM insulin with or without SB431542 for the indicated times, and
Smad?2 and Smad3 activation were assessed by immunoblotting for phosphorylated Smad?2
(pSmad2) or phosphorylated Smad3 (pSmad3) immunoblotting. Blots were analyzed by
densitometry and the ratios of phosphoSmad2 to total lysate Smad2, or phosphoSmad3 to
total Smad3, at different time points are shown by scatter plot. (D) Immunoblots of nuclear
and cytoplasmic extracts from insulin-treated NMuMG cells show phosphoSmad2 and
phosphoSmad3 accumulation in the nucleus. Histone H3 and glyceralde-3-phosphate
dehydrogenase (GAPDH) mark the nuclear and cytoplasmic compartments. Immunoblots in
(C) and (D) are representative of two independent experiments. (E) Smad3-mediated
luciferase expression in NMuMG cells transfected with the 4xSBE (left panel) or 3TP (right
panel) luciferase reporters and treated with insulin for 24 h show insulin-induced luciferase
expression that was inhibited in the presence of SB431542. Luciferase activities were
normalized against the co-transfected Renilla-Lux reporter. Error bars indicate standard
errors, based on three independent experiments. Statistical analysis was performed using
Wilcoxon rank-sum test; *p < 0.05**, p<0.0083***, p<0.001. AP, affinity precipitation; 1B,
immunoblot; Ctrl, control; SB, SB431542.

Sci Sgnal. Author manuscript; available in PMC 2015 December 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Budi et al.

A MEFs Cul GDCOg41 AkVII

Insulin 100 nM = +
Biotinylation  ||B: TBRI -L- - -
AP Neutravidin
(Cetsurtace) |ip: Tarn > ([N (N [N

[1B: pAkter+73 »

Total lysate

CEEY | |
e~ (8] (B8] [BF]
|IB: B-actin » e —
TBRI TBRII
1 -
%0.8 : § 3
§ 06 - S2-
504 4 o
T 02 | z 17
€ o AR e
0.2 o gy D @&
[e: & e 4
o S
C  MEFs .
- Insulin
Insulin -~ Y0126
Time (min) 01530 01530
Biotinylation IB: TBRI 1
AP Neutravidin . g E@

(Cell surface) |IB: TRRI » [El-

Towlbsate e TR~ ) (N
s
TBRI TBRII
i v 1%
2]
505 5 | ﬁ
) o 0.5 -
N B AN
ctl U026 ol UD126
E Ctrl Myr-Akt2
Insulin 100 nM =

Biotinylation 1B: TBRI
AP Neutravidin
(Cell surface) | g TBRII

Total lysate

epr - [N =

-

B: TRRII - II g

IB: Akts&ﬂ]'! p—— [+

=

1B: Akt2 L cﬂé
IB: p-actin >

B NMuMG cells

Page 25

Ctrl GDCO947 Aktvil

Insulin 100 nM
Biotinylation | |B: TRRI =
AP Neutravidin
(Cell surface) | !B: TBRII "[
Total lysate IB: Akt »
IB: Akt -
IB: TBRI  »
1B: TBRI >
IB: B-actin »
TBRI
Sos
c
i}
=
(5}
= 4
e T
05 1 9 F
D NMuMG cells Insulin
Insulin U126
Time (min) 015 30 015 30
Biotinylation | IB: TBRI »[-
AP Neutravidin
(Cell surface) |!B: TBRII l'[-
Total lysate IB: TRRI - El |
IB: TRRII r@l_ s
L |
i8: ercirz ~C[EES] [ESS]
1B: B-actin > (] (|
TBRI : TRRII
1.5 4
@ @
g 1 §1 4
2 5
505 - )
o e
(¥ 0 1 o - 0 1
crl U0126 crl L0126
TRRI TBRII
* * _ 3
= *
2
£ 2
o
24 H H
=
Q
® o L ke
£ Ins -+ -+

Ctrl  Myr-Akt2

Ctrl  Myr-Akt2

Fig. 2. Role of PI3K-Akt signaling in insulin-induced cell surface presentation of TGF-

receptors

(A, B) Inhibition of PI3K or Akt activation using GDC0941 or AktVIII prevents the insulin-
induced increase in TBRI or TBRII abundance at the cell surface, as assessed by affinity
purification of cell surface proteins using Neutravidin, and immunoblotting. Total lysates
were immunoblotted to detect phospho Akt-Ser4’3, Akt, TBRI, TBRII, and B-actin as loading
control. (C, D) Inhibition of MEK1/2 activation using U0126 does not prevent the insulin-
induced increase in TBRI or TBRII abundance at the cell surface, as assessed using cell
surface protein biotinylation as in A and B. Total protein lysates were immunoblotted to
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detect TBRI, TPRII, or phosphoErk1/2 or Erk1/2 (panel D), and B-actin as loading control.
(A-D) Fold change of cell surface protein abundance is represented in bar graphs with error
bars. (E) Expression of Myr-Akt2 increases TBRI and TPRII abundance at the cell surface,
and this increase is not further enhanced by insulin. Cell surface TGF- receptors were
biotinylated, affinity purified, and immunoblotted with antibodies to detect TBRI or TPRII.
Total lysates were immunoblotted for TBRI, TBRII, phospho Akt-Ser4’3, Akt2, and p-actin
as loading control. Error bars in (A) to (E) indicate standard errors, based on three
independent experiments. Comparisons were performed using Wilcoxon rank-sum test; *p <
0.05. AP, affinity precipitation; 1B, immunoblot; Ctrl, control.
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Fig. 3. AS160 controlstheinsulin-induced cell surface presentation of TBRI and TBRII
(A) Increased phosphorylation of AS160 in response to insulin accompanies increased cell

surface abundance of TPRI and TPRII. MEFs were treated with insulin and cell surface
proteins were biotinylated. Neutravidin-affinity purified biotinylated proteins were
immunoblotted for TBRI and TPRII. Phosphorylation of AS160 was assessed by
immunoblotting for phosphoAS160-Thr842, Whole cell lysates were immunoblotted for
AS160, TPRI, TRRII, and GAPDH as loading control. Error bars indicate standard errors,
based on three independent experiments. (B) siRNA-mediated decrease of AS160 in
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NMuMG cells results in increased TBRI and TPRII abundance at the cell surface, assessed
by immunoblotting of affinity-purified biotinylated cell surface proteins. Whole cell lysates
were immunoblotted for AS160, TBRI and TPRII, and GAPDH as loading control. Error
bars indicate standard errors, based on three independent experiments. Pairwise comparison
of relative abundance was performed using Wilcoxon rank-sum test. * p<0.05 (C) NMuMG
cell lysates were subjected to sequential centrifugations to generate the LDM fraction of cell
membranes, which was then fractionated by centrifugation in a 10-36% sucrose gradient.
Twelve equal fractions spanning the gradient were analyzed by immunoblotting for AS160,
TBRI, TBRII, EEA1, Rab4 and Rab11. Immunoblots are representative of three independent
experiments. (D) Immunofluorescence of NMuMG cells expressing Flag-tagged AS160 and
TBRI-EGFP, double stained with anti-Flag and anti-GFP. Scale bar, 10 pm. Images are
representative of two independent experiments. (E) 293T cells expressing Flag-tagged
AS160 and/or Myc-tagged TPBRI were subjected to chemical crosslinking using DSP, and
analyzed by immunoprecipitation and immunoblotting using the antibodies shown.
Immunoprecipitation of TBRI resulted in co-immunprecipitation of AS160. Immunoblots are
representative of two independent experiments. (F, G) AS160 silencing enhances autocrine
TGF-B/Smad-induced transcription in NMuMG cells. In (F), cells were transfected with the
Smad reporter plasmids 4xSBE or 3TP-Lux, and luciferase expression of cells, treated or not
with SB431542, was normalized against the co-transfected Renilla-Lux reporter. In (G)
Serpinel mRNA (which encodes PAI-1) and Smad7 mRNA, expressed by cells treated or
not with SB431542, were quantified by gRT-PCR and normalized against Rpl19 mRNA.
Error bars indicate standard errors, based on three independent experiments. Statistical
analysis was performed using Wilcoxon rank-sum test (* p<0.05, ** p<0.0083). In panels A,
B, C and E: AP, affinity purification, IB, immunoblot, IP, immunoprecipitation. Ctrl,
control.
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Fig. 4. Requirement of TBRI and TPRII in insulin-stimulated presentation of the TGF-B cell

surfacereceptors

(A) siRNA-mediated silencing of TBRI in NMuMG cells enhances TBRII abundance and
attenuates the insulin-induced increase in surface TBRII. Cells were treated with insulin, and
cell surface proteins were biotinylated. Neutravidin-affinity purified biotinylated proteins
were immunoblotted for TBRI and TPRII. Whole cell lysates were immunoblotted for TRI
and TPRII, and B-actin as loading control. Immunoblots in (A) are representative of three
independent experiments. Fold change of cell surface protein abundance is presented in bar
graphs with error bars. (B) Effects of insulin on the cell surface abundance of TpRI and
TPRII in matched wild-type MEFs, Tgfbr1~~ MEFs and MEFs with TBRII silencing.
Tgfbr1~/~ MEFs were reconstituted with HA-tagged TBRI (third column), and MEFs with
TPRII silencing were reconstituted with siRNA-resistant Flag-tagged TBRII (fifth column).
Cell surface TBRI and TRRII were analyzed as in (A). Error bars indicate standard errors,
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based on three independent experiments. (C) siRNA-mediated silencing of TBRII in
NMuMG cells impairs the increase in surface TPRI in response to insulin. Cells were treated
with insulin, and cell surface TBRI and TRRII were analyzed as in (A). Error bars indicate
standard errors, based on three independent experiments. Pairwise comparisons were
performed using Wilcoxon rank-sum test *p < 0.05. AP, affinity precipitation; 1B,
immunoblot; Ctrl, control.
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Fig. 5. Contribution of TGF-B signaling to insulin-induced gene expr ession
(A to C) NMuMG cells were stimulated for 1.5 (A, C) or 24 h (B) with insulin, in the

presence or absence of SB431542, and mRNA for the indicated genes was quantified by
gRT-PCR and normalized against RPL19 mRNA expression. (A) Induction of direct TGF-f}/
Smad3 target genes encoding Smad7 and plasminogen activator type 1 (Serpinel mRNA) by
insulin. (B—C) Induction of insulin-responsive genes by insulin. Induction of Vegfa mRNA
and Fn1 mRNA (which encodes fibronectin) was repressed by SB431542 (B), and Foxc2
and Sebf1l mRNA induction was not affected by SB431542 (C). Error bars indicate standard
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errors, based on three independent experiments. Statistical analysis was performed using
Wilcoxon rank-sum test; *p < 0.05; **p<0.0083.
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Fig. 6. Contribution of TGF-B signaling to insulin-induced epithelial plasticity and migration
(A) Induction of Shail mMRNA in NMuMG treated with insulin for 90 min, in the presence
or absence of SB431542. mRNA was quantified by qRT-PCR and normalized against
RPL19 mRNA expression. Error bars indicate standard errors, based on three independent
experiments. (B) Immunoblot analysis of EMT-associated protein abundance in NMuMG
cells, treated with or without insulin in the presence or absence of SB431542 for 24 h. The
two N-cadherin bands are likely to correspond to the precursor (upper band) and mature
form (lower band) of N-cadherin (105). Similarly, the upper E-cadherin band represents
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immature E-cadherin, and the more intense band represents its mature form (106, 107).
GAPDH served as loading control. Immunoblots in (B) are representative of two
independent experiments. (C) Immunofluorescence staining of fibronectin in NMuMG cells
after insulin treatment for 24 h, in the absence or presence of SB431542. Images are
representative of three independent experiments. Scale bar, 100 um (D) Induction of Cdh2
mRNA (which encodes N-cadherin) in NMuMG treated with insulin for 40 h, in the
presence or absence of SB431542. mRNA was quantified by gRT-PCR as in (A). (A, D)
Error bars indicate standard errors, based on three independent experiments. The statistical
significance was determined by Wilcoxon test: * p < 0.05. (E) Migration of NMuMG cells
measured in a monolayer wounding assay. Confluent monolayers were scratched with a
pipette tip at time O (left), and cells were allowed to migrate into the wounded area for 8 h
(right). The migration distance is graphically presented. Error bars indicate standard error of
the means of three experiments. * p < 0.05, **p< 0.0083, *** p < 0.0001. The statistical
significance was determined by post hoc Tukey—Kramer HSD test. (F) Invasion of NMuMG
cells in Transwell assays in the presence or absence of insulin, with or without SB431542.
After 24 h, the invaded cells at the bottom filter surface were counted as shown in the graph.
The results are averages of five randomly chosen microscopic fields from two separate
experiments, each conducted in duplicate. Error bars indicate standard error of means. The
statistical significance was determined by Wilcoxon method; * p < 0.05, **p< 0.0083, *** p
< 0.0001.
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Fig. 7. Cooperation of insulin and TGF- signaling in epithelial plasticity and migration

(A) TGF-B-induced Snail, Serpinel and Fn1 mRNA expression in NMuMG cells was
enhanced after 90 min of insulin exposure. mMRNA was quantified by gRT-PCR and
normalized against RPL19 mRNA. Error bars indicate standard errors, based on three
independent experiments with duplicates. * p < 0.05, compared with the TGF-f3 group by
Wilcoxon test. (B) Immunoblot analysis of EMT-associated protein abundance of NMuMG
cells treated with TGF-B or TGF-$ and insulin for 24 h in the presence or absence of
SB431542. GAPDH served as loading control. Immunoblots are representative of two
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independent experiments. (C) Phase contrast images of NMuMG cells treated with TGF-§3,
insulin, or both for 24 h. Images are representative of three independent experiments. Scale
bar, 100 um. (D) Migration of NMuMG cells, in the presence or absence of TGF- with or
without insulin, measured in a monolayer wounding assay. Confluent monolayers were
scratched with a pipette tip at time 0 (left), and cells were allowed to migrate into the
wounded area for 11 h (right). The migration distance was measured and is graphically
presented. Error bars indicate standard error of the means of three experiments. Statistical
significance was determined by Wilcoxon test; *p<0.05. (E) TGF-B-induced Mmp9 mRNA
expression in NMuMG cells is enhanced in the presence of insulin. NMuMG cells were
treated for 24 h with or without insulin in the presence or absence of TGF- B. Error bars
indicate standard errors, based on three independent experiments. (F) Gelatinase zymogram
of equal amount of protein extracted from the media of cells treated with insulin, TGF-B, or
insulin and TGF-B, in the presence or absence of SB431542. Densitometric analyses
represent MMP9 activities. Error bars indicate standard errors, based on three independent
experiments. Statistical analysis was carried out using non parametric Wilcoxon test;
*p<0.05, ***p<0.001.
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Fig 8. Modéd for regulation of the cell surface presentation of TGF- receptorshby Akt
Insulin-induced PI3K activation increases PI(3,4,5)P3 concentrations, which leads to Akt

activation. Activated Akt phosphorylates AS160, thus promoting GTP-loading of Rab
proteins and increasing the translocation of intracellular vesicles containing TBRII and TPRI
to the plasma membrane. The increased abundance of TGF-p receptors at the cell surface
confer increased TGF-p responsiveness. Increased TGF-f ligand binding to TBRII/TPRI
complexes results in enhanced activation of Smad2 and Smad3 through phosphorylation by
the activated TPRI receptors. Activated Smad2 and Smad3 form complexes with Smad4 that
then translocate into the nucleus and cooperate with other transcription factors to regulate
TGF-p/Smad target gene expression.
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