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Abstract

Insulin receptor substrate-1 (IRS-1), a substrate of various
receptor tyrosine kinases transmits mitogenic signals initi-
ated by extracellular ligands. This protein is involved in
normal hepatocyte growth and has been found to be overex-
pressed in human hepatocellular carcinoma. Expression of
a carboxy-terminal truncated IRS-1 molecule containing
the pleckstrin homology and phosphotyrosine-binding do-
mains associates with the insulin receptor and prevents ty-
rosyl phosphorylation of endogenous IRS-1 and Shc pro-
teins. Thus, subsequent activation of downstream signaling
molecules induced by insulin and IGF-1 such as phosphati-
dylinositol-3 kinase and mitogen activated protein kinase is
inhibited. The morphologic features of transformed human
hepatocellular carcinoma cells change to a differentiated
hepatocyte appearance and characteristics of the malignant
phenotype as manifested by anchorage independent cell
growth and tumor formation in nude mice are lost. These
studies demonstrate that signal transduction pathways me-
diated through or by IRS-1 are important in hepatocyte and
human hepatocellular carcinoma cell growth. (J. Clin. In-
vest. 1996. 98:2100-2108.) Key words: human hepatoma -«
signal transduction » carcinogenesis

Introduction

Human hepatocellular carcinoma (HCC)' is one of the most
common tumors in the world today (1). Studies related to un-
derstanding the cellular mechanisms of unrestrained hepato-
cyte growth may have relevance to the pathogenesis of the dis-
ease. Normal hepatocyte proliferation is regulated by several
growth factors of which EGF, TGFa, and hepatocyte growth
factor (HGF) as type 1 stimulators and insulin and IGF-1 as
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type 2 stimulators are believed to be the most important
ligands in this regard (2-4). Such growth factors bind to hepa-
tocyte cell surface receptors with intrinsic tyrosine kinase ac-
tivity and initiate a series of protein phosphorylation events
within cells (1). Tyrosyl phosphorylation (TP) of downstream
molecules transmits the mitogenic signals from the cell surface
to the nucleus through several signal transduction pathways.

It is of interest that a cDNA encoding for one of the key
molecules involved in the insulin mediated signal transduction
cascade, namely human insulin receptor substrate-1 (hIRS-1),
has been found to be overexpressed at the protein and RNA
level in HCC cell lines and tumor tissues (5, 6). IRS-1 is phos-
phorylated on tyrosine residues following cellular stimulation
by ligands such as insulin, IGF-1, IL-4, -9, and -13, IFN «, B, v,
and w, growth hormone, leukemia inhibitory factor, and tumor
necrosis factor (7-11). Tyrosyl phosphorylated IRS-1 serves as
a key “docking” protein and transmits mitogenic or metabolic
signals by interacting through specific motifs with downstream
SH2-containing molecules (12). For example, the 7Y VNI mo-
tif of hIRS-1 binds to the Grb2 adopter protein (13), the
180YIDL motif to Syp phosphatase (also known as PTP1D,
PTP2C, and SH-PTP2) (14), and **YMPM and *?YMKM mo-
tifs are the principal binding sites for the p85 subunit of phos-
phatidylinositol-3 kinase (PI3K) (15, 16). While TP sites are
recognized throughout the entire IRS-1 protein, the SH2-bind-
ing domains are located only in the COOH-terminal region
(9). The NH,-terminal sequences, however, contain three im-
portant functional domains identified as a pleckstrin homology
(PH) region located from 9-117 aa. (17) and two regions ho-
mologous to a phosphotyrosine-binding (PTB) domain located
from 161-317 amino acid (aa) (18) and from 314-463 aa. (19).

It is noteworthy that normal hepatic growth has been asso-
ciated with enhanced TP of IRS-1 and subsequent interaction
with SH2-containing molecules such as Grb2 and PI3K during
the G1 phase of the hepatocyte cell cycle after partial hepatec-
tomy (20). There is now evidence to support the hypothesis that
IRS-1 may have transforming properties as well (21, 22). Sta-
ble transfection and overexpression of the A//RS-1 gene in NIH
3T3 cells leads to increased TP of the protein, enhanced bind-
ing to Grb2 and Syp but not PI3K and persistent activation of
the downstream mitogen-activated protein kinase (MAPK) cas-
cade. Such transfected cells developed a phenotype character-
ized by increased transformed foci formation, induction of an-
chorage independent cell growth, increased cell proliferation,
and formation of large tumors in nude mice (22). The func-
tional domains of the hIRS-1 protein required for its trans-
forming activity have been shown to reside in both the 7Y VNI
and "8YIDL motifs (23). Other studies indirectly support the
role of IRS-1 in mediating some of the cellular events associ-
ated with malignant transformation since insulin and IGF-1
have been shown to act as dominant cellular mitogens for sev-
eral different human tumor types including HCC (24).



In the present investigation, we have defined the functional
domains of hIRS-1 essential for insulin and IGF-1 induced TP
and necessary for subsequent activation of downstream signal
transduction molecules associated with human hepatocyte
transformation. Direct evidence for the relevance of these
pathways in control of HCC growth is provided, since a domi-
nant negative mutant protein that blocks TP of endogenous
hIRS-1 protein and other substrates such as Shc will reverse
the malignant phenotype of HCC cells.

Methods

Reagents. A poorly differentiated cell line (FOCUS) derived from a
human hepatocellular carcinoma tumor (6) was used to clone the
hIRS-1 cDNA. The FOCUS cell line contains one copy of integrated
hepatitis B virus (HBV) DNA (25). The FOCUS and well differenti-
ated HepG2 human hepatoblastoma cell lines were cultured in DMEM,;
(Mediatech, Washington, DC) supplemented with 10% heat inacti-
vated FBS (Sigma Chemical Co., St. Louis, MO). The moderately dif-
ferentiated HuH-7 human HCC cell line was cultured in RPMI-1640
medium supplemented (Mediatech) with 3 X 1078 M Na,SeO; (serum
free) or with 10% FBS (26). Heat inactivated calf serum (GIBCO
BRL, Rockville, MD) containing much lower concentration of insulin/
IGF-1 was also used for morphologic analysis of cell growth (27). For
immunoprecipitation and immunoblot studies, and anti-IRS-1 rabbit
polyclonal antibody (Upstate Biotechnology Inc., Lake Placid, NY),
antiphosphotyrosine antibody conjugated with horseradish peroxi-
dase (PY20H; Transduction Laboratories, Lexington, KY), anti-Shc
rabbit polyclonal antibody (Transduction Laboratories), antiinsulin re-
ceptor rabbit polyclonal antibody (provided by Dr. X.F. Zhang, Mas-
sachusetts General Hospital), anti-FLAG M2 mouse monoclonal an-
tibody (Eastman Kodak Co., Rochester, NY), anti-Grb2 rabbit
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA),
anti-Syp/PTP2C mouse monoclonal antibody (Transduction Labora-
tories), and anti-p85 PI3K rabbit polyclonal antibody (Upstate Bio-
technology Inc.) were used. MAPK activity was measured using mye-
lin basic protein (MBP; Sigma Chemical Co.) as the specific substrate.

Construction of hIRS-1 mutants. The hIRS-1 deletion mutants
were sequentially constructed using PCR or restriction enzymes di-
gestion and have a FLAG epitope (DYKDDDDK+stop codon)
added to the COOH terminus by PCR. The cDNA of each mutant
IRS-1 construct was subcloned between the cytomegalovirus pro-
moter and SV40 poly A regions of the pcDNA3 plasmid (Invitrogen
Corp., San Diego, CA). The DNA sequence of each hIRS-1 mutant
construct was determined using Sequenase Ver 2.0 (United States
Biochemical Inc., Cleveland, OH).

Cell culture and transfection studies. Parental FOCUS HCC cells
and clonal stable transfected cell lines (25) were cultured in DME
supplemented with 10% heat FBS. HCC cells (1 X 10°) were grown in
3.5-cm dishes and transfected with 2 pg of the various hIRS-1 mutant
constructs as well as empty pcDNA3 (mock) plasmid using Lipo-
fectamine (Life Technologies, Inc., Gaithersburg, MD) according to
manufacturer’s instructions. 2 d after transient transfection, cells were
serum starved for 12 h to allow cells to accumulate in G1 of the cell cy-
cle followed by 100 nM insulin addition. To obtain stable transfected
clones, neomycin-resistant colonies were isolated in the presence of
G418 (800 pg/ml) in DME with 10% FBS 2 d after a 1:10 split.

Immunoblot and immunoprecipitation analysis. Cell lysates de-
rived from transfected HCC cells were prepared in Triton-lysis buffer
(50 mM Tris-HCI, pH 7.5, containing 1% Triton, 2 mM EGTA, 10 mM
EDTA, 100 mM NaF, 1 mM Na,P,0,, 2 mM NaVO,, 1 mM phenyl-
methylsulfonyl fluoride, 25 mg/ml aprotinin, 3.5 mg/ml pepstatin A,
and 25 mg/ml leupeptin). These HCC cells had been serum starved for
24 h followed by the addition of insulin or IGF-1. Cell lysates contain-
ing 100 g of total protein were electrophoresed through SDS-poly-
acrylamide gels and proteins were transferred onto Immobilon-P

membranes (Millipore Corp., Bedford, MA) followed by immunoblot
analysis. Immunodectection was performed using specific antibodies
and proteins revealed by the ECL system (Amersham Corp., Arling-
ton Heights, IL). For immunoprecipitation studies, cell lysates con-
taining 500 pg of protein were incubated with specific antibodies and
precipitated with protein A-agarose beads. The immunoprecipitants
were subjected to SDS-polyacrylamide gel electrophoresis and pro-
teins detected with specific antibodies.

Mitogenic and anchorage independent growth assays. HCC cells
transfected with the various IRS-1 constructs were plated at a con-
centration of 1 X 10° cells in 24-well plates and 24 h later the medium
was replaced with DME containing 0.25% FBS. Cells were incubated
with or without 100 nM insulin or 100 ng/ml IGF-1 additions for 18 h
followed by pulse labeling with 1 mCi/ml [*H]thymidine in DME
for 3 h. The labeled cells were washed, solubilized in 1 ml of PBS and
0.1% SDS and TCA was added to a final concentration of 10%. The
TCA insoluble pellet was solubilized in 1 N NaOH, neutralized with
HCl and the amount of [*H]thymidine incorporated into DNA deter-
mined by liquid scintillation counting.

The ability of transfected cells to exhibit anchorage-independent
growth was determined by plating 1 X 103 cells in DME containing
10% FBS and 0.4% soft agar (FMC Bioproducts, Rockland, ME) and
overlaid on a bottom agar containing medium consisting of DME,
10% FBS and 0.53% agar. Anchorage-independent growth of the pa-
rental and cloned stable transfectant cell lines was assessed by count-
ing the numbers of colonies formed in soft agar 2 wk after seeding.

Tumor formation in nude mice. To investigate tumorigenicity in
nude mice, 1 X 107 parental (mock plasmid transfected DNA) and
AC- hIRS-1 FOCUS HCC cell clones c1 and ¢2 in 0.1 ml PBS were in-
jected subcutaneously into the back of nude mice as previously de-
scribed (25). Nude mice were observed for tumor formation over a
4-wk period. If no tumor formation was apparent at 28 d, mice were
observed for another 3 mo.

MAPK and PI3K assays. Insulin or IGF-1-induced MAPK and
PI3K activation was measured using cell lysates derived from trans-
fected cells that had been prior incubated with or without 100 nM
insulin or 100 ng/ml IGF-1 for 10 min after a 24-h period of serum
starvation. MAPK enzymatic activity was measured according to a
previously described method (13). In brief, cell lysates with or with-
out IGF-1 stimulation were electrophoresed through SDS-polyacryl-
amide gels containing 0.5 mg/ml MBP. The SDS was removed from
the gels by washing with 20% 2-propanol in 50 mM Tris-HCI (pH 8.0)
for 1 h and then 50 mM Tris-HCI (pH 8.0) containing 5 mM 2-mer-
captoethanol for an additional 1 h at 20°C. After the enzyme in the
gels was denatured by treatment with 6 M guanidine HCI and 50 mM
Tris-HCI (pH 8.0) for 1 h at 20°C and renatured in 50 mM Tris-HCI
(pH 8.0) containing 0.04% Tween-40 and 5 mM 2-mercaptoethanol,
the gel was preincubated in kinase buffer ([40 mM Hepes {ph 8.0}],
2 mM dithiothreitol, 0.1 mM EGTA, 20 mM MgCl,) for 1 h at 25°C.
Phosphorylation of MBP was performed by incubation of the gel with
kinase buffer containing 25 n.Ci of [y-**P] ATP (Dupont, Wilmington,
DE) for 1 h at 25°C. The gel was washed in 5% (wt/vol) TCA solution
containing 1% sodium pyrophosphate and MAPK induced phosphor-
ylation of MBP was determined by autoradiography.

PI3 kinase assay. An assay for PI3K activity was performed as
previously described (28). Briefly, 500 pg of cell lysate was immuno-
precipitated with polyclonal antibodies against the p85 subunit of
PI3K followed by incubation with protein A-Sepharose beads. The
immunoprecipitates were washed twice with cell lysis buffer, once
with 1% NP-40-PBS, once with 100 mM Tris-HCI (pH 7.4) containing
0.5 M LiCl, and twice with 10 mM Tris-HCI containing 100 mM NaCl.
Samples were preincubated with a phosphoinosital (PT) solution (1 mg
of sonicated PI, 50 mM Hepes, 1 mM EGTA, 1 mM sodium phos-
phate) and then reacted with 1 pnCi of [y-*P] ATP, 50 mM ATP and
10 mM MgCl, for 10 min. After termination of the reaction with HCI
and CHCly/methanol mixture, lipid phosphorylation was analyzed by
thin-layer chromatography on silica gel plates coated with 1% potas-
sium oxalate followed by autoradiography.
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Results

The NH, terminus of hIRS-1 is required for its tyrosyl phosphor-
ylation in HCC cells. To determine the essential region of
hIRS-1 required for TP in FOCUS HCC cells, NH,-terminal
(hIRS-1A3-516: AN-hIRS-1) and COOH-terminal truncated
mutants of hIRS-1 containing a FLAG epitope (hIRS-1A517-
1243: AC-hIRS-1) were constructed (Fig. 1) and transiently
transfected into FOCUS cells. Both mutants proteins have nu-
merous potential TP sites in their remaining sequences (9, 18).
Fig. 2 A demonstrates that following transfection of hIRS-1A3-
516 and hIRS-1A517-1243 constructs, the mutant proteins
were expressed with the predicted molecular size as deter-
mined by a COOH-terminal specific antibody (leff) and anti-
FLAG antibody (right). However, insulin stimulation will only
TP the hIRS-1A517-1243 and not the hIRS-1A3-516 protein
(Fig. 2 B) in constructs made both with and without the FLAG
epitope by direct Western blot analysis. Tyrosyl phosphoryla-
tion of the 180-190-kD endogenous hIRS-1 protein and the
95 kD B subunit of the insulin receptor was also apparent in

SH2-binding motifs

—  r——

897 942 1180 1243 Figure 1. Schematic representa-

tion of the functional domains
of the hIRS-1 protein and
structural organization of the
truncated mutants. All mutant
hIRS-1 proteins have potential
tyrosine phosphorylation sites
in their remaining sequences

(9, 18). The various AC-hIRS-1
deletion constructs contain a
FLAG (F) epitope (DYKD-
DDDK) at the COOH terminus.
PH and PTB indicate pleckstrin
homology and phosphotyrosine
binding regions, respectively.

the transfected FOCUS HCC cells after insulin stimulation. In
addition, TP of hIRS-1A517-1243 was also apparent in another
transiently transfected HepG2 HCC cell line (Fig. 2 C). These
results demonstrate that the NH, terminus (1-516) was re-
quired for insulin stimulated TP of IRS-1 in both HCC cell
lines.

Tyrosyl phosphorylation of AC-hIRS-1 requires the first
PTB domain. The NH, terminus of hIRS-1 is composed of
three functional domains; a pleckstrin homology (PH) and two
regions homologous for PTB. To address the role of these re-
gions of the hIRS-1 molecule in the tyrosyl phosphorylation of
AC-hIRS-1, constructs containing sequential truncations of
these domains were prepared as shown in Fig. 1. FOCUS cells
were stable transfected with each mutant construct several
times and two to four clones were established under neomycin
selection conditions. Each mutant protein has potential TP
sites in the remaining sequences (9, 18). Starting from the par-
ent AC-hIRS-1 molecule, Fig. 3 A (lane 3) illustrates that, as
expected, progressive truncation of these regions (lanes 4-9)
reduced the size of the expressed protein. As demonstrated by

A. B. 3
o S, $  Figure 2. Transient expression of the hIRS-1—
o o e o 2 truncated mutants in HCC cells with (+) or with-
=) l:‘ " l:r ©  out (—) 100 nM insulin stimulation. (A) Cellular
é 2 f‘é 2 'Y expression in transfected FOCUS cells of NHy-
— - — = terminal (hIRS-1A3-516) and COOH-terminal
12 49 299 § § £  deletion mutants (hRS-14517-1243) as identi-
g2 & 3 E E = 2 € E = fied by anti-COOH-terminal specific hIRS-1
g s B = 9 Y ok — + 4+ (aIRS-I)and anti—.FLAG M2 e.lnti'bodies
(aFLAG), respectively. Mock indicates transfec-
0IRS-] e tion with empty plasmid vector. (B) Tyrosyl
217 phosphorylation (7P) of hIRS-1 A3-516 hIRS-1
- -} hIRS-1 W -mpl80-190 aIRS-1/oPY and A517-1243 constructs as detected by an an-
& | g . . .
- “- tiphosphotyrosine antibody (od"Y). Note the TP
111 . ~@A3-516 of hIRS-1 A517-1243 was prominent in FOCUS
~gp% cells. (C) Analysis of endogenous expression of
- ® oFLAG #  hIRS-1 (alRS-1), TP of hIRS-1 (aIRS-1/aPY),
. ~=@AS517-1243 -1 and expression (aFLAG) and TP (aFLAG/aPY)
R o of the A517-1243 COOH-terminal deletion mu-
44 b o aFLAG/aPY ®*  tant transiently transfected in HepG2 cells. We
- 5 used nonrelevant monoclonal and polyclonal an-
28 - 111 tibodies as controls for specific immunoprecipi-
oIRS-1 oFLAG oPY tation of the above hIRS-1 mutant proteins.
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Figure 3. Western blot analysis of cell lysates derived from FOCUS
HCC cells stable transfected with various hIRS-1 deletion mutants as
described in Fig. 1 with (+) or without (—) indulin stimulation. (A)
Cellular expression of mutant proteins of AC-hIRS-1 and its deriva-
tives as detected by anti-FLAG M2 antibody (aFLAG). (B) TP of
AC-hIRS-1 and its derivatives in stable transfected FOCUS HCC
cells. Note that not all COOH-terminal truncated hIRS-1 mutant pro-
teins are TP after insulin stimulation. Insulin induced TP of AC-hIRS-1
was associated with reduction of TP of endogenous hIRS-1. Mock in-
dicates transfection with empty plasmid vector.

the direct antiphosphotyrosine (aPY) immunoblot shown in
Fig. 3 B, the AC-hIRS-1 (lane 3), AC-hIRS-1A9-117 (lane 4),
AC-hIRS-1A320-457 (lane 6), and AC-hIRS-1A9-117A320-457
(lane 8) mutant proteins were TP after insulin stimulation in
FOCUS cells. In contrast, AC-hIRS-1A163-256 (lane 5), AC-
hIRS-1A119-457 (lane 7), and AC-hIRS-1A4-296 (lane 9) mu-
tant proteins were not tyrosyl phosphorylated to any apprecia-
ble extent. The mean transfection efficiencies of the various
plasmid constructs were essentially equal and produced G418
resistant colonies in the range of 53.7-55.3 colonies per micro-
gram of DNA in three independent experiments. There was
no change in the level of expression of the insulin receptor or
endogenous hIRS-1 protein in all stable transfected and
cloned cell lines (data not shown). These studies demonstrate
that the most proximal PTB domain was required for TP of
AC-hIRS-1 in FOCUS HCC cells.

AC-hIRS-1 inhibits insulin/IGF-1-induced tyrosyl phosphor-
ylation of endogenous hIRS-1. After insulin stimulation, the
180-190 kD endogenous hIRS-1 protein is TP in mock-plasmid
DNA transfected FOCUS HCC cells (Fig. 2 B, lanes 1 and 2
and Fig. 3 B, lanes / and 2). In FOCUS HCC cells stable trans-
fected with AC-hIRS-1, however, the TP of endogenous hIRS-1
was substantially decreased whereas the expressed AC-hIRS-1
mutant protein becomes highly tyrosyl phosphorylated (Fig. 3 B,
lane 3). It has been previously established that endogenous
IRS-1 becomes rapidly dephosphorylated upon insulin depri-
vation in vitro (29). Similarly, endogenous hIRS-1 was rapidly

A. AC-hIRS-1 B. AC-hIRS-1

cl
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—*Nﬂ'\owv—cg

[ R IO T & |
-+ - +

aFLAG

111

o N
— =

aFLAG/oPY

mock - -
alRS-1 - - - . . . = a“ :
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Figure 4. Characterization of AC-hIRS-1 protein in stable transfected
FOCUS HCC cell clones. (A) Expression (aFLAG), TP (aFLAG/
aPY), and dephosphorylation of AC-hIRS-1 mutant protein com-
pared with endogenous hIRS-1 in a clone derived from stable mock
plasmid DNA transfected FOCUS cells. In these experiments, cells
were stimulated with insulin containing (100 nM), medium for 5 min
followed by replacement with DME. (B) Interaction of the insulin re-
ceptor with AC-hIRS-1 protein in two stable clones (7 and c2). Cell
lysates derived from each clone were stimulated with (+) or without
(—) insulin and immunoprecipitated using an anti-insulin receptor
antibody followed by immunoblotting with an anti-FLAG antibody
(alR/aFLAG) to detect the AC-hIRS-1 mutant protein in the immu-
noprecipitate.

dephosphorylated with 2 h in insulin-derived mock plasmid
DAN tranfected FOCUS cells as shown in Fig. 4 A (bottom).
However, the tyrosyl phosphorylated AC-hIRS-1 protein was
not dephosphorylated as rapidly as endogenous hIRS-1 and
high levels of phosphorylation were observed after 8 h of insu-
lin deprivation (Fig. 4 A, top), a phenomenon that may be due,
in part, to the fact that the exogenous mutant protein is highly
overexpressed relative to the endogenous IRS-1 molecule. In
addition, the AC-hIRS-1 protein coimmunoprecipitated with
the B subunit of the insulin receptor (Fig. 4 B), suggesting that
the mutant molecule will bind to and occupy the insulin recep-
tor. Other tyrosyl phosphorylated mutant proteins were found
not to coimmunoprecipate with the § subunit of the insulin re-
ceptor (data not shown). This dominant negative effect on TP
of endogenous hIRS-1 was not observed with stable cloned
cell lines illustrated in Fig. 3 B, lanes 4-9 expressing other
hIRS-1 mutant proteins. Finally, two to four clones derived
from each stable expressing mutant hIRS-1 construct were
studied and the same results were obtained.

Another protein such as Shc also functions as an intracellu-
lar substrate for EGF, insulin, and IGF-1 cell surface receptors
(30-32). Insulin and IGF-1 additions will stimulate TP of Shc
protein in mock-plasmid DNA transfected FOCUS cells (Fig. 5).
In contrast, stable AC-hIRS-1 transfected FOCUS cell clones
(cl and c2) demonstrate a striking suppression of insulin/IGF-1
induced TP of Shc (Fig. 5 A). However, expression of AC-
hIRS-1 protein did not affect TP of Shc induced by EGF stim-
ulation (Fig. 5 A). Thus, AC-hIRS-1 protein overexpression in
HCC cells will inhibit insulin and/or IGF-1-induced TP of en-
dogenous cellular substrates other than hIRS-1. Similar find-
ings were observed with a ¢3 A-hIRS-1 clone (data not shown).
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Figure 5. Tyrosyl phosphorylation of Shc and Erk1 proteins in AC-hIRS-1 stable transfected FOCUS HCC clones (¢! and c2) as compared with
a mock plasmid DNA transfected clone (A). Cell lysates were obtained from each clone after stimulation with 100 nM insulin, 100 ng/ml IGF-1,
or 100 ng/ml EGF for 10 min and then analyzed for TP of Shc by immunoprecipitation and by immunodetection (aShc/aPY). (B) Analysis of TP
(aErk/aPY) of Erkl (p44) and Erk2 (p42) after insulin, IGF-1, and EGF stimulation. Note that AC-hIRS-1 protein blocks TP of endogenous Shc
and Erk1 and Erk2 proteins after insulin and IGF-1 stimulation but not after EGF stimulation. Measurement of MAPK (C) and PI3K activity

(D) in AC-hIRS-1 transfected FOCUS cells (clone 1) following stimulation with 100 nM insulin or 100 ng/ml IGF-1, compared with a mock plas-
mid DNA stable transfected FOCUS HCC cell clone. (E) Measurement of *[H]thymidine incorporation into DNA of clones stable transfected

with AC-hIRS-1 mutant constructs. Cell lines were stimulated with 100 nM insulin or 100 ng/ml IGF-1 and results compared with a mock-plasmid

DNA transfected cell line.

Tyrosyl phosphorylation of endogenous hIRS-1 induced by in-
sulin and IGF-1 leads to the activation of downstream mole-
cules involved in the signal transduction cascade such as
MAPK (Fig. 5 B). In this regard, subsequent MAPK (Fig. 5 C),
and PI3K activation (Fig. 5 D) induced by insulin stimulation
were found to be substantially reduced to levels found in non-
insulin-stimulated cells in AC-hIRS-1 stable transfected FO-
CUS cell clones.

[*H]thymidine incorporation into DNA was measured in
stable transfected FOCUS cell lines to assess the effects of
hIRS-1 mutant constructs on insulin and IGF stimulation of
DNA synthesis. As expected, [*H]thymidine incorporation
was increased approximately threefold in mock plasmid DNA

2104  S. Tanaka and J.R. Wands

transfected cells after insulin/IGF-1 stimulation. However,
there was a significant reduction in DNA synthesis almost to
the level observed in quiescent cells in each of the two AC-
hIRS-1-transfected clones (Fig. 5 E). Stable cloned FOCUS
cell lines transfected with the other mutant constructs had sub-
stantially less and more variable inhibition of PH]thymidine
incorporation into DNA. Finally, detailed growth curves were
performed on the cell lines presented in Fig. 5 E. We found
that only the AC-hIRS-1 stable-transfected cloned c1 and c2
grew at a substantially slower rate than cell lines stably trans-
fected with the other truncated hIRS-1 mutant constructs
which grew at a rate similar to mock DNA transfected FOCUS
cells (data not shown).



Table I. Anchorage-independent Growth of Transfected
FOCUS HCC Cells

Efficiency of colony formation

Clone in soft agar (%)
Mock 7.2+0.5
AC-hIRS-1 cl 0.2+0.1
AC-hIRS-1 c2 0.1x0.1
AC-hIRS-1A9-117 c1 43x1.1
AC-hIRS-1A9-117 2 3.6x£0.7
AC-hIRS-1A163-256 c1 6.8+1.0
AC-hIRS-1A163-256 c2 7.2+0.8
AC-hIRS-1A320-457 c1 4.0x0.6
AC-hIRS-1A320-457 c2 3.1+03
AC-hIRS-1A119-457 c1 82+1.1
AC-hIRS-1A119-457 c2 7.6£1.3
AC-hIRS-1A9-117A320-457 c1 5.1=*0.5
AC-hIRS-1A9-117A320-457 c2 42+04
AC-hIRS-1A4-296 c1 6.6+0.9
AC-hIRS-1A4-296 c2 7.1+0.8

Values for growth in soft agar represent averages and standard devia-
tion of colony formation normalized to total cell number in each well.
These data were obtained from duplicate experiments.

Expression of the AC-hIRS-1 protein changes the character-
istics of the malignant phenotype. The FOCUS cell line was
initially isolated and cloned from a poorly differentiated hepa-
titis B virus—positive HCC tumor and such cells exhibit the
characteristics of the malignant phenotype (25) including an-
chorage-independent cell growth (33). As shown in Table I,
mock plasmid DNA transfected FOCUS cells will form colo-
nies in soft agar. However, individual clones derived from AC-
hIRS-1 transfected FOCUS cells demonstrate very low effi-
ciency of colony formation in soft agar and indicate the loss of
anchorage-independent cell growth. All cloned cell lines trans-
fected with other mutant hIRS-1 constructs retain the ability of
anchorage independent growth to various degrees.

Mock plasmid DNA-transfected FOCUS cells are poorly
differentiated and exhibit a flattened large irregular shape,
multiple mitotic figures, and pleomorphic nuclei with promi-
nent nucleoli (Fig. 6 A). FOCUS cells grow rapidly without
contact inhibition and form multi-layered structures upon
reaching confluence (Fig. 6 D). Stable transfection of AC-
hIRS-1 substantially alters the morphologic appearance of
FOCUS cells. Cloned cell lines (c1 and ¢2) exhibit a differenti-
ated pattern of growth including sinusoid formation and have
an appearance reminiscent of primary hepatocytes in culture
(Fig. 6, B and C) (34). In addition, the AC-hIRS-1-transfected

Figure 6. Morphologic appearance of AC-hIRS-1 and mock plasmid DNA stable transfected FOCUS HCC cells clones. Panels A (X25) and D
(X100) are mock DNA-transfected cells. Panels B and C represent two AC-hIRS-1 (c1 and c2) transfected FOCUS HCC clones. Note that these
cells have morphologic features similar to primary hepatocytes in culture as illustrated by a sinusoidal pattern of growth, polygonal shape, and
contact inhibition as shown in E and F (X100).
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Figure 7. HuH-7 HCC cells stable transfected with AC-hIRS-1 (clones hl or h2) with (+) or without (—) IGF-1 (100 ng/ml) stimulation. (A)
Western blot analysis demonstrating expression and TP of AC-hIRS-1 protein. (B-E) Morphologic appearance of the transfected HuH-7 HCC
cells (X25). Cellular morphology of mock-plasmid DNA transfected HuH-7 cells under serum-free (B) or 10% FBS conditions (C). Pattern of

growth of AC-hIRS-1 transfected HuH-7 cells (clone H1:D, clone h2:E).

cells are much smaller in size and have a polygonal morphol-
ogy with normal appearing nuclei. FOCUS cells expressing
AC-hIRS-1 now exhibit contact inhibition of cell growth (Fig.
6, E and F).

A similar alteration of phenotype was also observed in
HuH-7 cells transfected stably with AC-hIRS-1 (Fig. 7). HuH-7
cells may be grown under serum-free conditions and were de-
rived from a human tumor not related to chronic hepatitis B
virus infection (26). Fig. 7 A demonstrates expression (left) and
tyrosyl phosphorylation (right) of AC-hIRS-1 protein in two
clones of stable transfected HuH-7 cells (h1 and h2) after stim-
ulation by IGF-1 (100 ng/ml). Expression of AC-hIRS-1 inhib-
its IGF-1 induced tyrosyl phosphorylation of endogenous
hIRS-1 (Fig. 7 A, lanes 3 and 4, left). Mock plasmid DNA
transfected HuH-7 cells have a pleomorphic and fibroblastoid
appearance in both serum free or medium containing 10%
FBS (Fig. 7, B and C). The AC-hIRS-1 transfected HuH-7
clones (hl and h2), however, demonstrate a differentiated po-
lygonal cellular morphology and form flat sheets of cells exhib-
iting the phenomenon of contact inhibition. Such AC-hIRS-1-
expressing cells also develop a sinusoidal pattern of growth
reminiscent of adult hepatocytes in culture (Fig. 7, D and E).

Finally, the ability of parental FOCUS and two AC-hIRS-1
stable-transfected cloned cell lines (c1 and c2) to form solid tu-
mors in nude mice was assessed (25). After the subcutaneous
injection of 1 X 107 mock plasmid transfected FOCUS cells

2106  S. Tanaka and J.R. Wands

into nude mice, there was rapid tumor formation at the injec-
tion site and tumors reached a mean size of 2.5 cm within 28 d
in 9 of 10 injected nude mice. In contrast, none of the mice in-
jected with the c1 and ¢2 AC-hIRS-1 clones developed tumors
(Table II) even after three additional months of observation.

Discussion

The hIRS-1 protein serves as the main intracellular substrate
for receptor tyrosine kinase activity of the insulin/IGF-1 recep-
tors and sends downstream signals by interaction with various
SH2-containing molecules at specific motifs located in the
COOH-terminal region of the molecule (9). Our study demon-
strates that the NH,-terminal region of hIRS-1 mutant protein
was essential for TP induced by insulin and IGF-1 signals in

Table II. Tumor Formation of Transfected FOCUS HCC Cells

Clone Tumors/mice
Mock plasmid 9/10
AC-hIRS-1 cl 0/9
AC-hIRS-1 c2 0/9

Tumorigenicity was determined by subcutaneous injection of 1 X 107
cells and measurement of tumor size at 4 wk.



HCC cells. Impairment of AC-hIRS-1 tyrosyl phosphorylation
was produced by a deletion of the most proximal NH,-termi-
nal PTB domain indicating that this region was indispensable
for TP induced by ligand stimulation. Recent reports have
demonstrated that the PTB domain of the Shc protein recog-
nizes a NPXY motif on various receptors with tyrosine kinase
activity (35, 36). One NPXY motif has been identified in the
juxtamembrane region of both the insulin and IGF-1 recep-
tors. This motif has been found to interact with the PTB do-
main by the yeast two hybrid system (19) and the same region
may be a functional target for the PTB domains of endogenous
IRS-1 as well as for the AC-hIRS-1 mutant protein. In addi-
tion, another specific intracellular substrate of the insulin re-
ceptor such as 4PS/IRS-2 also contains a highly homologous
region (named as IRS homology domain-2) to the first PTB
domain of IRS-1 (18, 37).

All of these receptor substrates, therefore, may simulta-
neously interact with the NPXY motif of the insulin/IGF-1 re-
ceptors. In this regard, mutations of the NPXY motif on recep-
tors diminishes downstream effects of insulin/IGF-1 signals
such as inhibition of Ras activation by altering the interaction
of receptors with IRS-1 and Shc proteins (19, 38). The overex-
pressed AC-hIRS-1 mutant protein will bind to the insulin re-
ceptor (Fig. 4 B) and substantially inhibit TP of endogenous
intracellular substrates in HCC cells (Fig. 3 B, lane 3 and Fig. 5
A). It will be important to clarify the stoichiometry of this in-
teraction in future studies. This potent dominant negative ef-
fect inhibits insulin/IGF-1 signals principally because the mu-
tant protein binds with high avidity to these receptors,
subsequently becomes highly tyrosyl phosphorylated and in-
hibits TP of endogenous substrates in HCC cells. The insulin/
IGF-1 signals transmitted to downstream molecules are blocked
since there will be no interaction of the AC-hIRS-1 mutant
protein with known SH2-containing molecules such as Syp ty-
rosine phosphatase, Grb2 adapter protein, and p85 subunit of
PI3K since their binding motifs have been deleted from the
COOH-terminal region of the molecule.

The mechanisms of this dominant negative effect were fur-
ther studied with respect to the functional domains of the AC-
hIRS-1 molecule. The dominant negative properties of AC-
hIRS-1 were found to be abolished by deletion of either the
PH or both PTB domains (Figs. 3 and 5). Recently, Myers et al.
revealed that the PH domain enhanced the binding of IRS-1 to
the insulin receptor (39). Furthermore, the PH domain is in-
volved in the IRS-1 interaction with Janus tyrosine kinase Tyk-2
(10). Although other functions of PH domain remain to be
clarified, the demonstration of an interaction with the G pro-
tein (of subunits) (40) and phospholipids (41) suggests that
this region may play an additional role of linking IRS-1 with
other signal transduction pathways. In the present investiga-
tion, the more proximal PTB domain was shown to be an es-
sential region with respect to producing a dominant negative
effect since deletion of this domain allowed TP of endogenous
substrates necessary to transmit the insulin and IGF-1 signals
within the cell.

Our studies demonstrate that expression of AC-hIRS-1
protein will reverse the malignant phenotype of HCC cells
(Tables I and II), principally because of dominant negative ef-
fects exerted on insulin/IGF-I (and perhaps others) mediated
signal transduction pathways. Indeed, as shown in Figs. 6 and 7,
the morphologic appearance of both AC-hIRS-1-transfected
HCC cell lines is quite similar to differentiated adult hepato-

cytes grown in primary culture (34). It is also of interest that
IRS-1 plays a potential role in various other cytokine signaling
pathways that may be involved in cell proliferation such as in-
terleukins, integrins, and growth hormone in addition to insu-
lin and IGF-1 (7, 11, 42). The morphologic changes induced by
AC-hIRS-1 overexpression cannot be reproduced in human
HCC cells by either ligand (insulin and IGF-1) deprivation or
matrix supplementation (43). The function of AC-hIRS-1 with
respect to reversing the transformed phenotype may involve
inhibition of multiple intracellular signaling pathways, some
of which contribute either to the initiation or maintenance of
the transformed phenotype. Further analysis of other intracel-
lular molecule(s) associated with AC-hIRS-1 should provide
clues regarding the molecular mechanism(s) of hepatocarcino-
genesis.

It has been well recognized that growth factors and their
receptors are important in the development of human malig-
nancy (44). Tyrosine phosphorylation of intracellular sub-
strates induced by growth factor receptor tyrosine kinases is
one the key intracellular mechanisms to initiate signal trans-
duction related to growth by promoting the binding of mole-
cules such as IRS-I to Src-homology-2 (SH2) or PTB domains
of other signaling molecules (36). Binding to phosphotyrosine
sites by SH2-containing proteins may affect the function of
these molecules through direct stimulation of enzymatic activ-
ity (45), relocation within the cytoplasm (46), and enhanced
TP of other growth-related proteins (47). In this regard, persis-
tent activation of the MAPK cascade by gain of function muta-
tions has been found sufficient to transform mammalian cells
(48, 49). We have also found that overexpression of hIRS-1-
induced cellular transformation and liver associated with con-
stitutive activation of the MAPK cascade (22, 23).

Human HCC is one of the most ubiquitous tumors (ap-
proximately one million cases per year) in the world today and
has a five year survival rate of < 5% (1). The AC-hIRS-1 mu-
tant protein has been shown here to inhibit tumor cell growth
and reverse the malignant characteristics of human HCC cells
to a more differentiated phenotype. One salient issue to be re-
solved with additional investigations is whether the present
work is revealing a transformation mechanism that is unique
to HCC cells, or whether this transformation mechanism is
common to a variety of tumor cell types.
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