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Enhancement of epidermal growth factor (EGF) and insulin-stimulated
tyrosine phosphorylation of endogenous substrates by sodium selenate
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Sodium selenate stimulated tyrosine phosphoryhition of the epidermal growih fuctor (EGF) receptor in A431 cells ind enhanced the tyrosine

phosphorylution of endogenous proteins in response to EGF in Ad31 cells and insulin in NIH 3T3 HIR2.S cells. These effects oceurred without

changes in ligand binding. were not abolished by mercuptocthunot in the case of the EGF receptor, and appeared distinet from the effects of

vanadate. These rexults support u role for selenium or selenoproteins in reguliting EGF and insulin receplor tyrosing kinase uctivity und suggest
# mechanism whereby selenium-contuining compounds contribute to ¢ell growth.

Selenate; Epidermal growth fuctor (EGF); Insulin; Receptor; Tyrosine phosphorylation

1. INTRODUCTION

Selenium is an essential trace element in humans and
animals [1.2] and is required for the activity of glutathi-
one peroxidase (3] which is important for the destruc-
tion of reactive oxidative species [4] complementing the
antioxidant activity of superoxide dismutase enzymes
and vitamin E. Keshan discase is an endemic cardiomy-
opathy found in Keshan provinee in China and is cuus-
ally tinked to selenium deficiency [5]. A variety of other
selenoproteins have been discovered in mammals [6).
Recently, selenate has been found to be a potent insulin-
like agent in isolated rat adipocytes {7] and in vivo [8].
In the present study, we have explored the effects of
selenate on EGF receptor phosphorylation and EGF-
stimulated phosphorylation in A431 cells, and insulin-
stimulated tyrosine phosphorylation in NIH 3T3
HIR3.5 cells [9]. cell lines which over-express EGF and
insulin receptors. respectively.

2. MATERIALS AND METHODS

Sodium selenate (Na,80,). bovine insulin and sodium orthavina.
date (Na,VQO,) were purchased from Sigma Chemicul Company
(Poole, Dorset, UK). Nitrocellulose membranss (Schleicher und
Schugll) were obtained from Andermuna, ['"*IJEGF and ["*l]insulin

Abbreviations: DMEM, Dulbecco's modified Eagle's medium; EGF,
epidermal growth factor; Nu,YO,, sadium orthovanadate; NS¢0,
sodium sclenate: PMSF, phenylmethylsulfenylfluoride; TBS, Tris.
buffered saline.
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were purchased from Amersham Internationnl (Amershum, Bucks,
UK). Rabbit polyclonal unti-phosphotyrosine antibodiex were pre-
piresd using keyholeslimpst-huemecyinin-conjugated phosphotyram-
ine as immunogen [10] und affinity-purified on phosphotyrosine-ugi-
rose (Affigel 15, Bio-Rad). NIH 3T3 HIR3.S cells (9] were obtained
from Dr. 1. Whittuker (Stony Brook, NY. USA).

Analysis of tyrosine phosphorylation in A431 cells und NIH 3T3
HIR.S cells waus performed us described [11] but with some modificu-
tions, Cells were routinely cultured in 1.5 em G-well dishex (Costar)
with DMEM und 10% loeta} calf serum, and used when upproaching
confluence, Approximately 12 b prior to experimental manipulations
the niedium wis repluced with freal HEPES-bulTered DMEM (Sigmu)
containing | mg/ml BSA, Cells were then expused to sodium sclenale
ind EGF or insulin as indicuted. At the end of the incubution, the
medium wus rupidly aspirated und the cells squirted with 100 gl boiling
Luemmli sample buffer ¢ontaining phasphatase inhibitars [11). The
<l dysutes were sonicated in the dish and clarified by centrifugation.
The lysutes were then loaded onto a 7.5% Tricine-SDS gel [12]. The
gels were semi-dry electrablotied for 1 h (Bio-Rad SD Transblat) onta
0.45 uM nitrocellulose which wus then blocked for 1 h using 3% BSA
in Tris-buffered saline (80 mM Tris, 150 mM NaCl, pH 2.4) (buffer
A). The blocked membrancs were probed with anti-phosphotyrosine
untibody (0.5-1 ug/ml) in buffer A with 0,05% Tritan X-100 for 12 h
end washed in TBS, 0.1% Triton X-100, | mM EDTA (buffer B) (5
=% 100 ml/1S min each) and then probed with anti-rubbil peroxidase
conjugate (Sigma)(1:2,000) for 1 h. The membranes were then washed
extensively in bufller B as described above. Bound antisrabbit anti-
body~peroxiduse conjugate was visualised using the luminol-based
ECL system (Amersham) as described in the manufacturer's instrug-
tions and a permanent record obtained by exposure to preflushed
Hyperfilim MP (Amersham), usually for 1=30 5. Bund intensities were
quantified by densitometric scanning on an LKB Ultroscan XL En-
hanced Luser densitometer using LK B 2400 Gelscun XL Version 1.21
software, ["*1)EGF binding studies in intact A431 cells were per-
formed cssentially as described [13]

The effect of mercaploethanol on EGF and insulin receptor phos«
phorylation wax examined in Triton X+100 cell lysutes. A431 or NIH
3T3 HIR3.S cells were exposed (o selenate and/or EGF/insulin as
above and then lysed in ice-cold buffer (50 mM HEPES, pH 7.4, with
10% glyceral, 0.4% Triton X-100, 1 mg/mi bacitracin, 2 mM Na,VO,
and 100 mM PMSF), Lysates from selenaie-treated cells were treated
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with mercaplocthanol befare they were combined with lysates from
untreated eelis. The mixtures were incubated ut 37°C for 60 min. Then
3-fold-concentrated Luemlli sample huffer was udded, the lysutes were
boiled und subjected to eleetrapharesis end immunablotting as de-
scribed ubove,

3. RESULTS

Analysis of phosphotyrasyl-containing proteins in
whole cell lysates of A431 cells by immunoblotting
showed a M, 170 kDa protein in control cells (Fig. 1).
0.01 M EGF stimulated the phospharylation of this
protein by approaimately 10-fold (Fig. 1b). These fea-
tures are consistent with the propertics of the EGF re-
ceptor. 1 and 10 mM selenate stimulated tyrosine phos-
phorylation of the EGF receptor by approximately 1.5-
and 4-fold, respectively (Fig. 1b). Exposure to lower
concentrations of selenate over § min did not stimulate
EGF receptor phosphorylation (Fig. la). When cells
were pretreated with | and 10 mM selenate for 5 min
and then exposed to EGF, selenate- and EGF-stimu-
lated EGF receptor phosphorylation were found to be
additive (Fig. 1b). However, a marked potentiation of
EGF-stimulated phosphorylation of endogenous sub-
strates was observed after exposure to 10 mM selenate,
In particular, 10 mM selenate enhanced the phosphoryl-
ation of several endogenous proteins of 80. 84 and 103
kDa by approximately S-fold.

The effects of selenate were next compared with
orthovanadate (Fig. 1b). Although 1 mM ranadate
stimulated EGF receptor phosphorylation to the same
axtent as 1 mM selenate, thers was no significant en-
hancement of endogenous substrate phosphorylation at
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tl’gs maximally effertive concentration of vanadate (Fig.
1b).

In intact NIH 3T3 FHIR3.5 cells. 1| mM selenate stim-
ulated tyrosine phosphorylation of the insulin receptor
B-subunit and a 185 kDa protein (ppl8S) by approxi-
mately 2-fold in the atsence of insulin (Fig. 2a). In the
presence of insulin, thy effect of selenate on the phos-
phorylation of the insulin receptor S-subunit and ppl8S
was significuntly potentiated (Fig. 2b). In particular,
ppl85 phosphorylation was enhanced by 3- and 6-fold,
respectively, with g-subunit phosphorylation being po-
tentiuted over that with insulin alone (Fig. 2b). The
conclusion that the 185 kDa protein observed in the
present study is ppl 85 is based on evidence from previ-
ous studies {1 1]. In NIH 3T3 HIR3.5 cells, apart from
the insulin receptor S-subunit, insulin rapidly stimulates
the tyrosine phosphorylation of an 188 kDa protein
with an identical dose-response curve. This 185 kDa
protein is rapidly dephosphorylated [11]. These and
other features [11] indicate that it is distinct from the
insulin receptor and is likely to be insulin receptor sub-
strate-1 (IRS1) [14]. In addition. in NIH 3T3 HIR3.5
cells exposed to selenate, insulin stimulated the tyrosine
phosphorylation of another 64 kDa protein (Fig. 2b).

To determine whether the effects of selenate were
related to the oxidation of intracellular sulphydryls,
EGF receptor phosphorylation in Triton X-100 celf ly-
sates was studied (Fig. 3a). 2-Mercaptoethanel (1 mM)
was added 1o Triton X-100 cell lysates after selenate
treatment of intact cells, to assess whether the effects of
selenate could be reversed or abolished. | mM mercap-
toethunol did not diminish selenate-stimulated EGF re-
ceptor phosphorylation (Fig. 3a). In contrast, the in-
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Fig. 1. Effects of selenate on EGF receplor phosphorylation. Autoluminographs of anti-phosphotyresine immunoblots are showu. (a) Dose-

response of selenate-stimulated phosphorylation of the EGF receptor. Ad31 cells were exposed Lo sodium selenate (10 4M to 10 mM) then lysed

and subjected to clectrophoresis and immunaoblotting using anti-phosphotyrasine antibodies. (b) Compurison of ligand-stimulated phosphorylation

in the presence of selenate and vanadate. Ad3! cells were exposed to sodium selenate (1 and 10 mM) or vanadate (1 and 0.1 mM) for 5 min and/or

EGF (0.01 M) for 5 min and treated as above, Representative examples of severa) experiments are shown, The :«crows indicate the positien of
the EGF receptor,
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Fig. 2. Tyrasine phosphorylation in NIH 3T3 HIRJ.S cells after selenate treatment, NIH 3T3 HIR3.S colls were exposed to sclenate only (u), or
selenate andvor insulin (b) us indicated, and lysed and subjected to electrophoresis und unti-phosphotyrosine immunablotting as described in seetion
2, The arrow indicates the position of ppl¥s,

creuse in ppl8S phosphorylation was largely abolished
by the addition of 1 mM mercaptoethanol (Fig. 3b).
Neither EGF nor insulin binding was affected by treat-
ment of A431 and NIH 3T3 HIR3.S cells with selenate
{data not shown).

4. DISCUSSION

Sclenium is an essential trace element in humans,
animals and for the growth of cells in culture [1.2].
Despite its known role in glutathione peroxidase (3] and
other selenoproteins [5], the mechanism of action of
selenium in regulating cell growth remains to be eluci-
dated. This study provides the st evideuce for the
regulation of EGF receptor tyrosine phosphorylation
and kinase activity by a selenium-containing com-
pound, sodium selenate,

Insulin-like effects of selenate were first observed in
rat adipocytes [7] by Ezaki. In isolated rat adipocytes.
selenate has several insulin-like effects, including stimu-
lating tyrosine phosphorylation of numerous en-
dogenous cellular proteins, glucose transport, cAMP
phosphodiesterase activity, and ribosomal §6 phospho-
rylation [7]. Subsequent experiments in streptozotocin-
induced diabetic rats have confirmed these insulin-like
effects on glucose :ptake {8].

We embarked on this study to gain further insight
into the cell biology of these growth fuctor-like effects
of selenate using cell lines that over-express EGF und
insulin receptors. The high levels of expression facilitale
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the rapid analysis of ligand-stimulated endogenous sub-
strate phosphorylution by anti-phosphotyresine im-
munoblotting. In A43! cells. selenate stimulates EGF
receplor phosphorylution and enhunces its endogenous
tyrosine kinase activity asis appuren: from its effects on
substrate phosphorylation. Orthovanadate, a well-stud-
ied phosphotyrosine phosphatase inaibitor. was less ef-
fective thun selenate at increasing -GF receplors and
enhancing EGF-stimulated tyrosine phosphorylation of
endogenous substrates for the EGF receptor. This indi-
cates that the effects of selenate are unlikely to be due
to the inhibition of phosphotyrosine phosphatuses,
which is consistent with the evidence from rat adi-
povyles where selemale did not inhibit the activity of
phosphotyrosine phosphatases in cell tysates [7]. In
NIH 3T3 HIR3.5 cells, selenate increases the insulin-
stimulated phosphorylation of a 185 kDa protein. Insu-
lin receptor substrate-1 (IRS1) [14] is a ubiquitous 185
kDu substrate that displays properties of being a major
insulin receptar substrate involved i insulin action and
may function as a multi-site docking protein during
insulin-initiated signal transduction. The tyrosine
phosphorylated ppl185 buand observed in immunoblots
from NIH 3T3 HIR3.5 cells in previous studies and the
present study probably represents murine IRS-1 in
whole or part [11]. The kinetics of pp185 or IRS! phos-
phorylation indicate a relatively curly und proximal role
in insulin-initiated signal transduction {14]. The present
study has provided cvidence that selenate regulates this
proximal component of the insulin-initiated signal
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Fig. 3. Effects of mercaptoethanol on selenutesstimuluted phosphorylation in Friton X-100 lysates of A431 (a) and NiH 3T3 HIR3.5 cslls (b). Ad31

or NIH 3T3 HIR3.S cells were incubated in DMEM und then exposed 1o 10 mM selenate (or § min and EGF (0.01 4M) or insulin (0.1 zM).

respectively, for § min. The cells were lysed in 0.4% Triton X-100, Lysates from control cells (Janes | and 2) wers combined with lysates {rom

selenate-treuted cells (lanes 3-6) of which two aliquats (lanes 4 and 6) had been treated with | mM mercaptecthanol. All the lysates were then

incubited ut 37°C for 60 min. The lysutes were subjected to SDS-PAGE, unti-phosphotyrasine immunoblotting und autoluminography as described.
A typical example of several experiments is shown, In () the urrow indicates the EGF receplor.

transduction pathway. substantiating the initial obser-
vations of Ezaki [7]. us well as identifying o possible site
of action. This effect may be sufficient to explain the
effect of selenate on more distal components of the
signal transduction pathway although it does not ex-
clude direct distal effects as well, The mechanism of
action of selenate in these situations is not clear, but
could be related to the oxidation of critical SH groups
in susceptible regulatory proteins us selenate oxidises
SH groups in vitro [15]. The lack of effect on ligand
binding indicates that the effects of selenate are proba-
bly mediated intracellularly. Phosphotyrosine phos-
phatases regulate growth factor receptor tyrosine kinase
activity by promoting dephosphorylation [16,17]. Criti-
cal cysteine residues in these phosphatases regulate their
activity [18.19]. Consequently, the effects of selenate
may be explained by this mechanism. If sclenate acts by
inhibiting phosphotyrosine phosphatases, then why do
its effects on the EGF receptor appear distinct from
vanadate? It is possible thut only selected phosphoty-
rosine phosphatases arc affected by selenate. Mercap-
toethanol failed to reverse the cffects of selenate on
EGF-stimulated phosphorylation suggesting that
sulphydryl group oxidation may not be the only mecha-
nism in the action of selenate on EGF-stimulated phos-
phorylation, but appears (o be important in insulin-
stimulated phosphorylation. Furthermore, not all sele-
nate-induced modifications may not be susceptible to
reduction by mercaptoethunol.

The results of this study illustrate several differences
and similarities in the regulation of EGF receptor and
insulin receptor tyrosine phosphorylation in the cell
lines used. Firstly, | mM selenate appears less effective
at stimulating insulin receptor phosphorylation than
EGF reveptor phosphorylation. In rat adipocytes, sele-
nate did not stimulate insulin receptor phosphorylation,
but clearly enhianced insulin-stimulated kinase activity
towards endogenous substrates [7]. The potentiation of
insulin-stimulated insulin receptor G-subunit phospho-
rylation is likely to be a reflection of this enhanced
endogenous tyrosine kinase activity in the present
study. Selenate potentiates the ligand-stimulated phos-
phorylation of endogenous substrates for both the EGF
and insulin receptors. Mercaptocthanol was more effec-
tive at reversing the effects of selenate on insulin-stimu-
lated phosphorylation receptor than EGF-stimulated
phosphorylation. An explanation for this difference is
not readily apparent but may be explained by structural
differences in the nature of individual phosphotyrosine
phosphatases that regulate dephosphorylation of differ-
ent tyrosine kinase receptors and which may dictate
their susceptibility to oxidative-reductive modification.

Although selenium is a trace element, these effects of
selenate are only observed in the presence of phanana-
cological concentrations. However, the precise mecha-
nisms by which toxic levels of selenium interfere with
cellular function are poorly understoed and conse-
quently thiz study may provide a basis for understand-
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ing selenium toxicity in humans and animals [20]. The
effects of selenate on Ad31 cells, NIM 3T3 HIR3.S cells
and rat adipocytes [7] have similar dose-response
curves in terms of the maximally effective concentra.-
tions. Hence, selenate may prove useful in the identifica-
tion of novel EGF and insulin receptor substrates owing
to its effects on ligand-stimulated tyrosine phosphoryla-
tion of endogenous substrates. A goul of future studies
would be further characterization of these substrates.
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