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Abstract Tumor necrosis factor-a (TNF-a) can modulate the signalling capacity of tyrosine kinase receptors; in
particular, TNF-a has been shown to mediate the insulin resistance associated with animal models of obesity and
noninsulin-dependent diabetes mellitus. In order to determine whether the effects of TNF-a might involve alterations in
the expression of specific protein-tyrosine phosphatases (PTPases) that have been implicated in the regulation of growth
factor receptor signalling, KRC-7 rat hepatoma cells were treated with TNF-a, and changes in overall tissue PTPase
activity and the abundance of three major hepatic PTPases (LAR, PTP1B, and SH-PTP2) were measured in addition to
effects of TNF-a on ligand-stimulated autophosphorylation of insulin and epidermal growth factor (EGF) receptors and
insulin-stimulated insulin receptor substrate-1 (IRS-1) phosphorylation. TNF-a caused a dose-dependent decrease in
insulin-stimulated IRS-1 phosphorylation and EGF-stimulated receptor autophosphorylation to 47–50% of control.
Overall PTPase activity in the cytosol fraction did not change with TNF-a treatment, and PTPase activity in the
particulate fraction was decreased by 55–66%, demonstrating that increases in total cellular PTPase activity did not
account for the observed alterations in receptor signalling. However, immunoblot analysis showed that TNF-a treatment
resulted in a 2.5-fold increase in the abundance of SH-PTP2, a 49% decrease in the transmembrane PTPase LAR, and no
evident change in the expression of PTP1B. These data suggest that at least part of the TNF-a effect on pathways of
reversible tyrosine phosphorylation may be exerted through the dynamic modulation of the expression of specific
PTPases. Since SH-PTP2 has been shown to interact directly with both the EGF receptor and IRS-1, increased abundance
of this PTPase may mediate the TNF-a effect to inhibit signalling through these proteins. Furthermore, decreased
abundance of the LAR PTPase, which has been implicated in the regulation of insulin receptor phosphorylation, may
account for the less marked effect of TNF-a on the autophosphorylation state of the insulin receptor while postreceptor
actions of insulin are inhibited. J. Cell. Biochem. 64:117–127. r 1997 Wiley-Liss, Inc.
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With recent advances in our understanding
of reversible tyrosine phosphorylation in growth
factor signalling, interest has developed in fur-
ther characterizing how these pathways are
regulated in normal physiology and also in iden-
tifying the mechanisms of the cellular and mo-
lecular defects that lead to the alterations of

these signalling systems in disease states. One
of the most intensively studied examples of this
problem is the pathological resistance to the
biological actions of insulin that is commonly
observed in the general population with Type II
diabetes and related syndromes [1]. In particu-
lar, the relationship between obesity and the
development of insulin resistance is widely ap-
preciated, but the underlying mechanism is
poorly understood [2,3].
Recently, tumor necrosis factor (TNF)-a has

been shown to be associated with the insulin
resistance of obesity and noninsulin-dependent
diabetes mellitus in animal models and in hu-
man subjects [reviewed in 4]. Administration of
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TNF-a to rats has profound physiological ef-
fects in the body by altering lipid and protein
metabolism in insulin-sensitive tissues, and it
has been shown to impair insulin action on
peripheral glucose disposal and hepatic glucose
output [5–8]. Cellular studies have shown that
exposure of 3T3-L1 adipocytes to 5 nM TNF-a
blocks insulin-stimulated hexose uptake due to
the suppression of glucose transporters GLUT4
and GLUT1 [9]. The mechanism of action of
TNF-a is unknown, although it can initiate a
cascade of signal transduction that includes the
activation of phosphoprotein phosphatases as
well as kinases A and C and MAP kinase [10–
13] and possibly additional effects that result in
alterations of the phosphorylation state of mul-
tiple cell proteins. Reversible tyrosine phosphor-
ylation of signalling proteins in the action of
insulin and other growth factors has been shown
to be modulated by the effects of TNF-a in
adipose tissue and hepatoma cells [14–17],
which may be part of a paracrine signalling
loop as TNF-a is synthesized locally in adipose
cells and increases in insulin-resistant states
[18–20]. The mechanism for the modulation of
insulin receptor kinase activity, thought to be of
central importance to the action of TNF-a on
insulin signalling, is not known with certainty.
The available data supports a hypothesis that
TNF-a effects on the insulin receptor are medi-
ated by the activation of a serine kinase that
phosphorylates IRS-1, and possibly also the
insulin receptor itself, resulting in an attenua-
tion of receptor kinase activity and reduced
tyrosine phosphorylation of IRS-1, which effec-
tively blocks postreceptor insulin signalling [17].
One potential mechanism for the action of

TNF-a on insulin signal transduction which has
not been explored in detail involves modulation
of cellular protein-tyrosine phosphatases
(PTPases) that have been shown in recent stud-
ies to regulate the activation state of the insulin
receptor and its endogenous substrate proteins,
such as IRS-1 [21,22]. By dephosphorylating
the regulatory domain of the insulin receptor,
PTPases can attenuate the catalytic activity of
the receptor tyrosine kinase [23]. In addition,
PTPases can modulate postreceptor signalling
by dephosphorylating the phosphotyrosyl form
of cellular substrate proteins for the insulin
receptor such as IRS-1 and Shc, effectively
blocking their ability to complex with src homol-
ogy-2 (SH2) domain-containing downstream en-

zymes and preventing their activation [24].
Work in our laboratory and others has im-
plicated the tandem domain transmembrane
PTPase called leukocyte common antigen-
related, or LAR [25], and the intracellular single
domain enzymes PTP1B [26] and SH-PTP2
[27,28] as candidate PTPases for the regulation
of insulin action pathway [reviewed in 22]. In
particular, recent studies have shown that ma-
nipulation of the abundance or activity of LAR
or PTP1B in situ has direct effects on insulin
signalling in intact cells [29,30], and block-
ing the activity of SH-PTP2 or preventing its
complex formation with endogenous proteins
can attenuate mitogenic signalling by insulin
[31–34].
In order to determine whether the effect of

TNF-a to induce insulin resistance might also
be mediated by alterations in cellular PTPase
activities, we measured overall PTPase activity
as well as the abundance of candidate PTPases
that impact on the insulin signalling system in
well-differentiated rat hepatoma cells treated
with TNF-a. Our data suggest that at least part
of the TNF-a effect on pathways of reversible
tyrosine phosphorylation may be exerted
through the dynamic modulation of the expres-
sion of specific PTPases.

EXPERIMENTAL PROCEDURES
Cell Culture

Rat hepatoma KRC-7 cells were kindly pro-
vided by Dr. JohnKoontz (University of Tennes-
see) and maintained in Dulbecco’s modified Ea-
gle’s medium (GIBCO/BRL, Gaithersburg, MD)
containing 10% fetal calf serum (Sigma, St.
Louis, MO) at 37°C in an atmosphere of 5% CO2

in air. Cells were plated into six-well 35 mm
diameter dishes and used at 70% confluence.

Measurement of the Effect of TNF-a
on Cell Growth

Cells were plated into 35mmdiameter dishes
at a density of 3 3 105 cells/well and cultured
overnight. Various concentrations of TNF-a
were then added, and the cells were cultured
for an additional 72 h before the cells were
released by trypsinization, resuspended in cul-
ture medium, and the cell number determined
by counting on a hemacytometer. Cell viability
after incubation with TNF-a for a period of 1–2
h was determined by exclusion of Trypan blue
dye (0.4% v/v) (Sigma).
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Treatment of Cells With TNF-a and Preparation
of Cell Extracts

Hepatoma cells were incubated in culture
medium with murine TNF-a (R&D Systems,
Minneapolis, MN) for the indicated time inter-
vals and then stimulated with 100 nM insulin
or epidermal growth factor (EGF) (Sigma). For
Western blot analysis, the medium was re-
moved, and the cells were rapidly frozen in
liquid nitrogen and solubilized into 0.25 ml/
dish of 50 mM 4-(2-hydroxyethyl-1-piperazine)
ethanesulfonic acid (HEPES) buffer, pH 7.6,
containing 150mMsucrose, 2mMsodiumortho-
vandate, 80 mM a-glycerophosphate, 10 mM
sodium fluoride, 10mM sodium pyrophosphate,
2mM sodium [ethylene-bis(oxyethylenenitrilo)]
tetraacetic acid (EGTA), 2mMsodium ethylene-
diamine tetraacetic acid (EDTA), 1% (v/v) Tri-
ton X-100, 0.1% (w/v) sodium dodecyl sulfate
(SDS), and protease inhibitors including 1 mM
phenylmethylsulfonylfluoride (PMSF), 10 µg/ml
aprotinin, and 10 µg/ml leupeptin. The solubi-
lized cell material was centrifuged at 12,000g
for 10 min. Aliquots of the supernatant were
assayed for protein content by the method of
Bradford [35], and equivalent amounts of pro-
tein were loaded onto gels in sample buffer and
subjected to electrophoresis in gels containing
SDS and 7.5% (w/v) polyacrylamide [36].
For preparation of cytosol and particulate

cell fractions for the PTPase enzyme assays,
the washed cells were scraped into ice-cold 50
mM HEPES buffer, pH 7.6, containing 150 mM
sucrose, 2 mM sodium EDTA, and protease
inhibitors including 1mMPMSF, 10 µg/ml apro-
tinin, and 10 µg/ml leupeptin, briefly homog-
enized, and then centrifuged at 1,000g for 5min
at 4°C to remove nuclei and cell debris. The
supernatant was centrifuged at 100,000g for 1
h at 4°C, and the supernatant was taken as the
cytosol fraction. The pellet was then solubilized
in homogenization buffer containing 1% (v/v)
Triton X-100 and recentrifuged at 15,000g for
15 min, and the supernatant was taken as the
solubilized particulate fraction.

Immunoblotting

Following electrophoresis, proteins were
transferred to nitrocellulose filters (0.45 µ pore
size) at 100 V for 3 h in a buffer containing 20%
(v/v) methanol in 25 mM tris(Hydroxymethyl)-
aminomethane (Tris) base and 192 mM glycine
at pH 8.3 [37]. Filters were incubated in a

blocking buffer containing 150mMNaCl, 0.05%
(v/v) NP-40, 5% (w/v) bovine serum albumin,
1% (w/w) ovalbumin, 0.01% (w/v) sodium azide,
and 10 mM Tris-HCl buffer, pH 7.4, with rock-
ing for 1 h at room temperature. Depending on
the experiment, an appropriate antibody was
added (1.0 µg/ml for PTPase 1B, 0.5 µg/ml for
LAR, 1.25 µg/ml for SH-PTP2, 0.8 µg/ml for
phosphotyrosine, and 1 µg/ml for the insulin
receptor), and rocking was continued for 2 h.
Membranes were washed three times for 10
min with blocking buffer alone, followed by
incubation with 2 µCi of 125I-protein A (30 mCi/
mg) (ICN Biomedicals Inc., Irvine, CA) for 1 h
at room temperature, followed by three washes
for 10 min each in 150 mMNaCl and 0.1% (v/v)
Triton X-100 in 10 mM Tris-HCl buffer, pH 7.4.
Immunoreactive proteins were visualized by
direct phosphorimager analysis of the immuno-
blot (Molecular Dynamics, Sunnyvale, CA). Pro-
tein migration was calibrated with prestained
molecular size standards (Bio-Rad, Melville,
NY).
Polyclonal antiserum to the cytoplasmic do-

main of recombinant rat LAR was obtained by
immunization of rabbits with LAR protein puri-
fied from a bacterial expression system [38],
and the antibodies were affinity-purified using
Affi-Gel (Bio-Rad) columns containing the im-
mobilized purified LAR cytoplasmic domain
[39]. Polyclonal antiserum to insulin receptors
and EGF receptors as well as monoclonal anti-
bodies to SH-PTP2 were obtained from Trans-
duction Laboratories (Lexington, KY). After
blotting with the monoclonal antibody, blots
were incubated with 150 µl rabbit anti-mouse
IgG (Sigma) in 10 ml of blotting buffer and then
washed again prior to reaction of the immuno-
blot with labeled protein A. Polyclonal antibod-
ies to PTP1B were obtained by immunization of
rabbits with a peptide corresponding to amino
acids 42–56 of the rat PTP1B sequence [40]
conjugated to keyhole limpet hemocyanin and
injected subcutaneously into rabbits [39]. Anti-
body reactive towards PTP1Bwas immunopuri-
fied by on an affinity column of recombinant
full-length rat PTP1B [38] coupled to Affi-Gel
[39].

EGF Receptor Immunoprecipitation

KRC-7 cells treated with TNF-a and controls
were treated with 100 nM EGF for 5 mins and
solubilized in the extraction buffer indicated
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above. EGF receptor monoclonal antibody (4
µg) was added to 250 µg of cell lysate protein
and incubated at 4°C for 1 h before 5 µg of
rabbit anti-mouse IgG (Sigma) was added for
an additional 30 min. The immunocomplexes
were precipitated by incubating with 25 µl of
10% (v/v) Trisacryl-Protein A beads (Pierce,
Rockford, IL) for 30 min. After pelleting the
beads at 12,000g for 5 min, the samples were
washed three times with cell extraction buffer
and resolved on polyacrylamide gels followed
by immunoblotting with phosphotyrosine anti-
body as described above.

Insulin Receptor Dephosphorylation

Partially purified insulin holoreceptors were
obtained by wheat germ agglutinin-agarose
chromatography [41] of solubilized plasma
membranes from transfected Chinese Hamster
Ovary cells overexpressing the recombinant hu-
man insulin receptor [23]. Aliquots of 4 mg
protein were autophosphorylated in a 0.45 ml
reaction containing 1mM insulin, 5mMMnCl2,
0.1 mM ATP, 180 µCi of g-[32P]ATP (3,000 Ci/
mmol) (Amersham, Arlington Heights, IL), and
0.1% (v/v) Triton X-100 in 50mMHEPES buffer
at pH 7.6 at 4°C for 120 min. Unincorporated
[32P]-ATP was removed by a Bio-Gel P6 spin
column, and 25 µl aliquots of the labeled recep-
tors were incubated with 40 µl of the cell ly-
sates in a 125 µl reaction containing 1 mM
dithiothreitol (DTT) and 2 mM EDTA in 50 mM
HEPES, pH 7.6, at 30°C. The reactions were
terminated by the addition of 0.5 ml of a chilled
stop solution containing 10 mM ATP, 10 mM
sodium pyrophosphate, 4 mM EDTA, 100 mM
NaF, 2 mM sodium vanadate, 0.1 mg/ml aproti-
nin, and 2 mM PMSF in 50 mM HEPES buffer,
pH 7.6. After boiling in gel sample buffer con-
taining 100 mM DTT, samples were subjected
to electrophoresis in gels containing sodium
dodecyl sulfate and 7.5% polyacrylamide [36].
Dephosphorylation of the 95 kDa b-subunit of
the insulin receptor was analyzed by direct
phosphorimager analysis of the dried gel (Mo-
lecular Dynamics).

PTPase Assay With pNPP
and Phosphotyrosyl Lysozyme

For the hydrolysis of para-nitrophenylphos-
phate (pNPP), aliquots of cell lysates were incu-
bated in a final volume of 100 µl at 37°C for
10–30 min in reaction buffer containing 10 mM

pNPP (Sigma) in 50 mMHEPES buffer, pH 7.0,
containing 1 mM DTT and 2 mM EDTA. The
reaction was stopped by the addition of 50 µl of
1 M NaOH, and the absorption was determined
at 410 nm in a Dynatech microplate reader. A
molar extinction coefficient of 1.78 3 104 M21

cm21 was used to calculate the concentration of
p-nitrophenolate ion produced in the reaction
[42].
For use as a PTPase substrate, reduced, car-

boxamidomethylated, maleyated lysozyme (RCM-
lysozyme) (Sigma) was phosphorylated using
partially purified rat liver insulin and EGF
receptor kinases [43] and g-[32P-ATP] as de-
scribed by Tonks et al. [44]. PTPase activity
was assayed using 20 µl of PTPase preparation,
diluted to less than 1 unit/ml in buffer, and
preincubated for 5 min at 30°C. The reaction
was initiated by the addition of 20 µl of 10 mM
phosphotyrosyl RCM-lysozyme, and the reac-
tion was terminated by the addition of 0.9 ml of
acidic charcoal mixture (0.9 M NaCl, 90 mM
sodium pyrophosphate, 2 mMNaH2PO4 and 4%
(v/v) Norit A). After microcentrifugation, the
amount of radioactivity in 0.4 ml of superna-
tant was measured by Cerenkov counting in a
liquid scintillation counter. One unit of PTPase
activity was defined as the amount releasing 1
nmole of phosphate per minute.

Data Analysis

The results from at least three separate ex-
periments were used for quantitative data
analysis, which is presented in graphical form
as the mean 6 standard error of the mean.

RESULTS
Effect of TNF-a on Cell Growth

Incubation of KRC-7 rat hepatoma cells with
TNF-a over a period of 72 h slowed down the
rate of cell division, resulting in a dose-depen-
dent decrease in the number of cells per culture
dish (Fig. 1). This cell line is sensitive to the
antiproliferative effect of TNF-a, and the con-
centration of the cytokine required to inhibit
cell division by 50% (IC50) is estimated to be 0.4
nM. During the shorter incubation times of 1–2
hwith TNF-a employed in themore acute treat-
ment studies described below, there was no
apparent loss of cell viability as estimated by
exclusion of Trypan blue dye (data not shown).
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Effect of TNF-a on Tyrosine Phosphorylation
of the Insulin Receptor and IRS-1

In order to determine the effect of TNF-a
treatment on the insulin signalling system in
KRC-7 hepatoma cells, the cells were treated
with increasing doses of TNF-a for 1 h prior to
assessment of insulin-stimulated receptor auto-
phosphorylation and IRS-1 phosphorylation by
immunoblotting with antibodies to phosphoty-
rosine. No change in the autophosphorylation
of insulin receptors was found after incubation
of cells with TNF-a at concentrations up to 2
nM (Fig. 2). No significant effect on insulin
receptor abundance was observed during this
time period as measured by immunoblotting
with insulin receptor antibodies (data not
shown). However, under these conditions,
TNF-a treatment lead to a 49% decrease in the
tyrosine phosphorylation of IRS-1 (Fig. 2). These
results suggested that the effect of TNF-a on
insulin signalling in the hepatoma cells was
mediated primarily by effects on insulin recep-
tor kinase activity or by altering the ability of
IRS-1 to be tyrosine-phosphorylated in re-
sponse to insulin.

Effect of TNF-a on Epidermal Growth Factor
Receptor Autophosphorylation

To evaluate whether the effect of TNF-a was
specific for insulin signalling, we also measured
the effect of 1 h exposure to TNF-a on tyrosine
autophosphorylation of the EGF receptor in the

KRC-7 cells (Fig. 3). Treatment with TNF-a
resulted in a dose-dependent decrease in EGF-
stimulated receptor autophosphorylation to 47%
of control at 1 nM, indicating that the cellular
effects of this cytokine are not limited to the
insulin signalling system but also involve the
inhibition of tyrosine kinase activity by other
growth factor receptors.

PTPase Enzyme Activity in Subcellular
Tissue Fractions

To evaluate the hypothesis that TNF-a might
disrupt tyrosine kinase signalling through the
modulation of cellular PTPase enzymes, we
measured PTPase activity in cytosolic and par-
ticulate subcellular fractions of TNF-a–treated

Fig. 1. Effect of TNF-a on the growth of KRC-7 rat hepatoma
cells. After we incubated KRC-7 cells with the indicated concen-
tration of TNF-a for 72 h, the cell number was determined by
counting the resuspended cells from each well of a 35 mm
six-well culture plate in a hemacytometer.

Fig. 2. Effect of TNF-a on insulin-stimulated autophosphoryla-
tion of the insulin receptor and IRS-1 in KRC-7 hepatoma cells.
above: Antiphosphotyrosine immunoblot of hepatoma cell ex-
tracts following treatment with the indicated concentration of
TNF-a for 1 h followed by stimulation with 100 nM insulin for 1
min (lanes 2–6). Migration of the insulin receptor b-subunit
(IR-b) and IRS-1 was visualized by phosphorimager analysis
after incubation of the immunoblot with 125I-protein A. Protein
migration was calibrated with prestained molecular size stan-
dards. below:Quantitation of insulin-stimulated autophosphory-
lation of the insulin receptor and IRS-1 by phosphorimager
analysis of hepatoma cells treated with TNF-a and stimulated
with insulin as described above.
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hepatoma cells using various PTPase sub-
strates (Fig. 4). In addition to the using the
autophosphorylated insulin receptor kinase do-
main as a physiologically relevant substrate,
the dephosphorylation of derivatized lysozyme
as well as the hydrolysis of pNPP was evalu-
ated. Following treatment with 2 nM TNF-a for
1 h, there was no significant change in the
overall PTPase activity in the cytosol fraction
with any of the substrates, while the solubilized
particulate fraction demonstrated a significant

55–66% decrease in PTPase activity, depending
on the substrate.

Abundance of Specific PTPases in
TNF-a–Treated KRC-7 Cells

Although liver cells contain a variety of
PTPases, the modulation of individual PTPase
enzymes may have important effects on specific
signal transduction pathways. Since the
PTPases LAR, PTP1B, and SH-PTP2 are major
PTPases in liver cells and have been implicated
in insulin signalling, we measured the abun-
dance of these enzymes in hepatoma cells
treated with TNF-a to investigate whether the
insulin resistance induced by TNF-a might be
associated with changes in the level of the pro-
tein mass of these individual enzymes.
Immunoblotting of cell extracts with an anti-

body to the LAR PTPase cytoplasmic domain
revealed a single protein band of 85 kDa, repre-
senting the processed enzyme ‘‘P’’ subunit corre-
sponding to the transmembrane and intracellu-
lar catalytic domains of LAR [45,46]. The
abundance of the transmembrane PTPase LAR
was significantly reduced in a dose-dependent
fashion after a 1 h treatment of cells with
TNF-a (Fig. 5). At 1 nM TNF-a, the abundance
of LAR was reduced by 49% compared to un-
treated cells.
Using a monoclonal antibody, the 67 kDa

SH-PTP2 protein was easily visualized in the
cell extracts (Fig. 6). In contrast to the effect of
TNF-a to decrease the abundance of the trans-
membrane PTPase LAR, the mass of SH-PTP2
was significantly increased to a maximum of
2.5-fold over the basal level in response to 2 nM
TNF-a treatment for 1 h.
The intracellular PTPase, PTP1B, was quan-

titated by measuring the abundance of the full-
length 50 kDa form found in the cell extracts
(Fig. 7). Interestingly, the abundance of PTP1B
protein was not significantly changed by treat-
ment with TNF-a for 1 h up to a dose of 2 nM.

DISCUSSION

In the present work, we tested the hypothesis
that TNF-amightmodulate the signal transduc-
tion pathway of tyrosine kinase receptors by
affecting cellular PTPase activity and/or the
abundance of specific candidate PTPases that
have recently been shown to be involved in the
regulation of signalling through certain growth
factors. The possibility of tyrosine phosphatase

Fig. 3. Effect of TNF-a on EGF-stimulated autophosphoryla-
tion of the EGF receptor in KRC-7 hepatoma cells. above:
Antiphosphotyrosine immunoblot of hepatoma cell extracts
following treatment with the indicated concentration of TNF-a
for 1 h followed by stimulation with 100 nM EGF for 1 min and
immunoprecipitation with anti-EGF receptor antiserum (lanes
2–4). Migration of the ,170 kDa EGF receptor was visualized
by phosphorimager analysis after incubation of the immunoblot
with 125I-protein A. Protein migration was calibrated with
prestained molecular size standards. below: Quantitation of
EGF-stimulated receptor autophosphorylation by phosphorim-
ager analysis of immunoblots represented by the image shown
in A.
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involvement in the mechanism of action of
TNF-a was first suggested by Totpal et al. [47],
who demonstrated that the antiproliferative
effects of TNF-a on a murine connective tissue
cell line were blocked by orthovanadate, an
inhibitor of PTPases.
Initially, we demonstrated that TNF-a inhib-

ited the viability of cultured hepatoma cells, an
effect that was associated with alterations in
the tyrosine phosphorylation state of the insu-
lin receptor and its major cellular substrate.
There was a more significant decrease in the
insulin-stimulated tyrosine phosphorylation of
IRS-1 than that of the insulin receptor itself, in
agreement with published work [15,16]. Also,
in previouswork, the inhibitory effects of TNF-a
on insulin receptor and IRS-1 phosphorylation
were associated with reduced insulin stimula-
tion of biological effects [15]. We also found,
interestingly, that ligand-stimulatedEGF recep-
tor autophosphorylationwas significantly inhib-
ited by TNF-a treatment in the hepatoma cells,
suggesting that the inhibitory mechanism of
the TNF-a effect was generalized to multiple
signalling pathways involving reversible tyro-
sine phosphorylation. Previous reports in hu-
man tumor cells have shown a variety of TNF-a
effects on the EGF receptor, including increased
abundance of EGF receptor protein in choriocar-
cinoma cells [48] and an actual stimulation of
EGF receptor kinase activity by TNF-a in cervi-

Fig. 4. Effect of TNF-a on PTPase enzyme activity in subcellu-
lar fractions of KRC-7 hepatoma cells. Following treatment of
hepatoma cells with 2 nM TNF-a for 1 h, subcellular particulate
and soluble (cytosol) cell extracts were prepared in the absence
of PTPase inhibitors as described in Experimental Procedures.

The results of PTPase assays for each subcellular fraction are
shown for the substrates tested, including the intact recombi-
nant human insulin receptor (IR), reduced, carboxamidomethyl-
ated, maleyated lysozyme (RCML), and para-nitrophenyl phos-
phate (pNPP).

Fig. 5. Effect of TNF-a on the abundance of LAR in KRC-7
hepatoma cells. above: Anti-LAR immunoblot of hepatoma cell
extracts following treatment with the indicated concentration of
TNF-a for 1 h. Migration of the ,85 kDa LAR ‘‘P’’ subunit was
visualized by phosphorimager analysis after incubation of the
immunoblot with 125I-protein A. Protein migration was cali-
brated with prestained molecular size standards. below: Quan-
titation of LAR abundance by phosphorimager analysis of immu-
noblots represented by the image shown in A.
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cal carcinoma cells [49,50], suggesting that cell-
type or tissue-specific differences might exist
for TNF-a action. Our results in the hepatoma
cells that tyrosine phosphorylation of the EGF
receptor was affected in addition to the insulin
signalling pathway, however, suggested that a
common mechanism for the influence of TNF-a
might involve cellular PTPases, a possibility
that has not been carefully evaluated in previ-
ous work in this area.
Following TNF-a treatment, there was no

significant change in the cytosol fraction PTPase
activity, and the solubilized particulate fraction
was decreased by more than 50%. These results
showed that the mechanism of the TNF-a effect
on tyrosine kinase signalling does not involve a
straightforward increase in the overall PTPase
activity in the treated cells. The abundance of
three candidate PTPases for the insulin action

pathway was then examined. SH-PTP2 was
found to be significantly increased. This
PTPase has been shown to complex with auto-
phosphorylated EGF receptors and tyrosine-
phosphorylated IRS-1 and is capable of dephos-
phorylating both of these proteins in vitro
[28,51,52]. Thus, it is possible that although
total measured PTPase activity is unchanged
or decreased, a specific increase in SH-PTP2
may contribute to the observed inhibition of
EGF receptor and IRS-1 phosphorylation in the
treated cells. With regard to its potential in-
volvement in insulin signalling, the effects of
SH-PTP2 have been perplexing. Blocking SH2
domain/phosphotyrosine complex formation of
SH-PTP2 with its cellular substrates or trans-
fection of a catalytically inactive mutant can
block insulin signalling, although overexpres-
sion of the native SH-PTP2 is without effect on
insulin action [31,32,53,54]. Further studies are
necessary to decipher the cellular role of SH-
PTP2 in the regulation of insulin action and the
way the increase in this enzyme by TNF-a

Fig. 6. Effect of TNF-a on the abundance of SH-PTP2 in KRC-7
hepatoma cells. above:Anti-SH-PTP2 immunoblot of hepatoma
cell extracts following treatment with the indicated concentra-
tion of TNF-a for 1 h. Migration of the ,67 kDa SH-PTP2
protein was visualized by phosphorimager analysis after incuba-
tion of the immunoblot with 125I-protein A. Protein migration
was calibrated with prestained molecular size standards. below:
Quantitation of SH-PTP2 abundance by phosphorimager analy-
sis of immunoblots represented by the image shown in A.

Fig. 7. Effect of TNF-a on the abundance of PTP1B in KRC-7
hepatoma cells. above: Anti-PTP1B immunoblot of hepatoma
cell extracts following treatment with the indicated concentra-
tion of TNF-a for 1 h. Migration of the ,50 kDa PTP1B
full-length protein was visualized by phosphorimager analysis
after incubation of the immunoblot with 125I-protein A. Protein
migration was calibrated with prestained molecular size stan-
dards. below:Quantitation of PTP1B abundance by phosphorim-
ager analysis of immunoblots represented by the image shown
in A.
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treatment might mediate the inhibition of insu-
lin signalling by this cytokine.
The abundance of the transmembrane

PTPase LAR was significantly reduced after
the treatment of KRC-7 cells with increasing
concentration of TNF-a. As a candidate PTPase
for the regulation of insulin signalling, LAR
has been shown by Serra-Pagès et al. [55] to be
largely found in the cell plasma membrane
where the efficient dephosphorylation of insu-
lin receptor occurs [56,57], and our previous
work has demonstrated that the LAR cytoplas-
mic PTPase domain has a catalytic preference
for the regulatory phosphotyrosines of the insu-
lin receptor kinase domain in vitro [23]. Impor-
tantly, we have also recently demonstrated that
reduction of LAR mass by overexpression of
antisense mRNA in rat hepatoma cells leads to
an amplification of insulin receptor and IRS-1
phosphorylation as well as enhanced postrecep-
tor signal transduction, providing strong evi-
dence that LAR is a physiological regulator of
insulin action in intact cells. The decreased
abundance of LAR protein associated with di-
minished PTPase enzyme activity in the cell
particulate fraction may protect the autophos-
phorylation state of the insulin receptor, while
IRS-1 and postreceptor actions of insulin are
blocked.
In summary, our results suggest that com-

plex changes in the abundance of specific
PTPases may contribute to the cellular effects
of TNF-a on signalling through growth factor
receptors. The observed increase in abundance
of SH-PTP2 may lead to accelerated dephos-
phorylation of the EGF receptor and IRS-1,
while the decrease in LAR abundance may ac-
count for the relative lack of TNF-a effect on the
phosphorylation state of the insulin receptor
itself. Changes in the activity of additional spe-
cific tyrosine phosphatases, not measured in
these studies, could also occur and play a role in
the cellular effects of this cytokine to block
insulin andEGF receptor signalling in the hepa-
toma cells. Unfortunately, the lack of suitable
antibodies has prevented us from characteriz-
ing whether changes in the PTPase specific
activity occur for the individual enzymes consid-
ered in this study.
The present work contributes to an increas-

ingly complex picture of TNF-a effects on cells
which can impact onmetabolic regulatory path-
ways. As the mechanisms of TNF-a action in
cells are elucidated, the primary and secondary

effects of this cytokine on pathways of revers-
ible tyrosine phosphorylation in cells will ulti-
mately be determined. From the studies pre-
sented here, it is apparent that modulation of
specific cellular tyrosine phosphatases accompa-
nies the action of TNF-a. Because of the close
connection between PTPases and reversible ty-
rosine phosphorylation in the insulin action
pathway, alterations in PTPases may influence
the degree of insulin resistance developed in
target tissues in response to TNF-a and may
also play a primary role in its mechanism of
action.
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