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Interferon-y-dependent tyrosine phosphorylation of MEKK4 via
Pyk2 is regulated by annexin Il and SHP2 in keratinocytes
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IFNy (interferon-y) binding to its cognate receptor results,
through JAK (Janus kinase), in direct activation of receptor-bound
STAT1 (signal transducer and activator of transcription 1),
although there is evidence for additional activation of a MAPK
(mitogen-activated protein kinase) pathway. In the present paper,
we report IFNy -dependent activation of the MEKK4 (MAPK/ex-
tracellular-signal-regulated kinase kinase kinase 4) pathway in
HaCaT human keratinocytes. MEKK4 is tyrosine—phosphoryl-
ated and the IFNy -dependent phosphorylation requires intracellu-
lar calcium. Calcium-dependent phosphorylation of MEKK4 is
mediated by Pyk2. Moreover, MEKK4 and Pyk?2 co-localize in an
IFNy -dependent manner in the perinuclear region. Furthermore,
the calcium-binding protein, annexin II, and the calcium-regulated
kinase, Pyk2, co-immunoprecipitate with MEKK4 after treatment
with IFNy. Immunofluorescence imaging of HaCaT cells shows
an IFNy-dependent co-localization of annexin II with Pyk2 in
the perinuclear region, suggesting that annexin II mediates the

calcium-dependent regulation of Pyk2. Tyrosine phosphorylation
of MEKK4 correlates with its activity to phosphorylate MKK6
(MAPK kinase 6) in vitro and subsequent p38 MAPK activation in
an IFNy-dependent manner. Additional studies demonstrate that
the SH2 (Src homology 2)-domain-containing tyrosine phospha-
tase SHP2 co-immunoprecipitates with MEKK4 in an IFNy -de-
pendent manner and co-localizes with MEKK4 after IFNy stimu-
lation in the perinuclear region in HaCaT cells. Furthermore, we
provide evidence that SHP2 dephosphorylates MEKK4 and Pyk2,
terminating the MEKK4-dependent branch of the IFNy signalling
pathway.

Key words: annexin II, interferon-y (IFNy), mitogen-activated
protein kinase/extracellular-signal-regulated kinase kinase kin-
ase 4 (MEKK4), Pyk2, Src-homology-2-domain-containing phos-
phatase (SHP2), STAT1 (signal transducer and activator of
transcription 1).

INTRODUCTION

Interferons, especially the type II cytokine IFNy (interferon-y),
exhibit antiviral, immunoregulatory and growth-inhibitory activ-
ities [1-4]. The IFNGR (IFNy receptor) is expressed on almost all
cell types. IFNy activates the IFNGR, consisting of two hetero-
dimers, the IFNGR1 («) and the IFNGR2 (8) subunits. Upon
ligand binding to the IFNGR1 subunits, an active complex as-
sembles by associating the « subunits with the two smaller 8 sub-
units. Activated JAK (Janus kinase) 2 that is associated with the
o subunit transphosphorylates both JAK1, which binds to the 8
subunit, and IFNGR1. The tyrosylphosphate of IFNGR1 recruits
STAT1 (signal transducer and activator of transcription 1), which
itself becomes activated by tyrosine phosphorylation, subse-
quently dimerizes and translocates to the nucleus [1]. IFNy has
been shown to elicit a Ca** flux, which has been investigated in
certain cell types, such as neutrophils [5], promyelocytic leuk-
aemia cells [6], thyroid cells [7], lymphocytes [8], microglia [9],
fibroblasts [10] and gastric carcinoma cells [11], suggesting
that this increase of intracellular calcium is involved in IFNy
signalling.

To transduce a signal from an activated receptor into the cell to
produce a physiological response, a cascade of protein kinases is
often utilized, and the MAPK (mitogen-activated protein kinase)
cascade represents such a signal transduction module. While
STAT1 activation via IFNGR-activated JAK has been studied ex-
tensively, there is also evidence for the activation of MAPKs,

although there is little knowledge about the upstream proteins in
these signalling pathways. MEKKs (MAPK/extracellular-signal-
regulated kinase kinase kinases) were identified based on their
homology with the yeast MAPKKK (MAPK kinase kinase),
STE11 [12]. MEKK1-4 have been identified, and their role in
signal transduction pathways is only partially known. With regard
to MEKK4, little is known about the agonist-dependent regulation
of this kinase, although MEKK4 is predicted to function as a
serine/threonine protein kinase [13] upstream of MKK6 (MAPK
kinase 6), the regulating kinase for the p38 MAPK [14—16]. Based
on the position of MEKK4 in the p38 MAPK pathway, it is reason-
able to suggest that IFNy could signal through MEKK4, but the
details of how IFNy regulates the p38 MAPK are not known (re-
viewed in [17]).

Pyk2 is a calcium-regulated tyrosine kinase that functions in G-
protein-coupled receptor signalling [18-21], as well as in IFNGR
signalling [22]. Pyk?2 is a signalling protein that links G-protein
and cytokine receptor signalling to the activation of MAPK cas-
cades [23,24]. However, Pyk2 substrates are not well defined,
and, moreover, the mechanism for calcium-dependent regulation
of Pyk2 remains unclear.

The SH2 (Src homology 2)-domain-containing protein tyrosine
phosphatase, SHP2, is widely expressed [25-27], and direct inter-
action of SHP2 with Pyk2 has been reported [28]. In a quiescent
state, SHP2 phosphatase activity is regulated by autoinhibition
achieved by binding of the N-terminal SH2 domain to its catalytic
domain, thereby preventing access of substrate to the active site

Abbreviations used: ATF2, activating transcription factor 2; BAPTA/AM, bis-(o-aminophenoxy)ethane-N,N,N',N'-tetra-acetic acid tetrakis(acetoxymethyl
ester); COX2, cyclo-oxygenase 2; CSK, C-terminal Src kinase; DMEM, Dulbecco’s minimal essential medium; DTT, dithiothreitol; FBS, foetal bovine serum;
GST, glutathione S-transferase; HA, haemagglutinin; IFNy, interferon-y; IFNGR, IFNy receptor; JAK, Janus kinase; MAPK, mitogen-activated protein
kinase; MEKK, MAPK/extracellular-signal-regulated protein kinase kinase kinase); MKK6, MAPK kinase 6; NP40, Nonidet P40; SH2, Src homology 2;
SHP2, SH2-domain-containing tyrosine phosphatase; STAT1, signal transducer and activator of transcription 1; TBST, Tris-buffered saline with Tween 20.

" To whom correspondence should be addressed (email vaillancourt@pharmacy.arizona.edu).

© 2005 Biochemical Society



18 U. M. Halfter, Z. E. Derbyshire and R. R. Vaillancourt

[29,30]. Upon agonist stimulation, SHP2 can be activated by at
least two mechanisms. Tyrosine phosphorylation of the C-ter-
minal tyrosines Tyr’** and Tyr*® results in intramolecular binding
of the N-terminal SH2 domain(s) to the C-terminal tyrosylphos-
phates or the N-terminal SH2 domains bind to another protein
which frees the catalytic cleft for substrate access. A few sub-
strates for SHP2 have been investigated, with SHP2 having posi-
tive (i.e. signal-enhancing) and negative effects on signal trans-
duction pathways. In order for SHP2 to bind to Pyk2, Tyr**
of Pyk2 is essential, and, surprisingly, the two N-terminal SH2
domains of SHP2 alone are not sufficient for binding to Pyk2
[28]. Moreover, deletion of the two N-terminal SH2 domains,
leaving only the phosphatase domain, resulted in an unregulated,
more active phosphatase [31,32] which inhibited angiotensin-II-
stimulated tyrosine phosphorylation of Pyk2 [28,33].

The present study shows, using HaCaT cells, IFNy -dependent
tyrosine phosphorylation of MEKK4. We provide evidence that
Pyk2 tyrosine phosphorylates MEKK4 and that Pyk2 functions
in a Ca’"-dependent manner, involving annexin II. We demon-
strate that tyrosine phosphorylation of MEKK4 correlates with
MEKK4-dependent phosphorylation of MKK6. Furthermore, we
provide evidence that SHP2 regulates this signalling pathway by
dephosphorylating MEKK4 and its activating kinase, Pyk2.

MATERIALS AND METHODS
Materials

Monoclonal antibodies against Pyk2, annexin II and SHP2 were
obtained from BD Transduction Laboratories (San Diego, CA,
U.S.A.); antibodies against phosphotyrosine (clone 4G10) were
from Upstate Biotechnology (Lake Placid, NY, U.S.A.); mono-
clonal anti-v-Src antibodies were obtained from Calbiochem
(San Diego, CA, U.S.A.); polyclonal anti-(annexin II) antibodies
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
U.S.A.); monoclonal antibodies against p38 and phospho-specific
p38 were obtained from Cell Signaling Technology (Beverly,
MA, U.S.A)). Specific anti-MEKK4 antibodies were described
by Derbyshire et al. [34]. Alexa Fluor®-conjugated secondary
fluorescence antibodies were obtained from Molecular Probes
(Eugene, OR, U.S.A.). Protein A—Sepharose, Myc—agarose, anti-
FLAG Matrix and Hoechst 33342 were obtained from Sigma
(St. Louis, MO, U.S.A.). Haemagglutinin (HA)-agarose and
FuGENE 6 were from (Roche, Indianapolis, IN, U.S.A.). Ni-NTA
(Ni*"-nitrilotriacetate)—-Sepharose was obtained from Invitrogen
(Carlsbad, CA, U.S.A.). Recombinant human IFNy was obtained
from R&D systems (Minneapolis, MN, U.S.A.).

Cell culture

Immortalized human keratinocytes, HaCaT cells, were main-
tained in DMEM (Dulbecco’s minimal essential medium) (Gibco,
Carlsbad, CA, U.S.A.) supplemented with 10 % (v/v) FBS (foetal
bovine serum) (Invitrogen) and 50 ©g/ml penicillin/streptomycin
(Invitrogen) at 37 °C under 5 % CO,. HEK-293 (human embryo-
nic kidney) cells were grown in DMEM, with 10% (v/v)
FBS, 100 pg/ml gentamicin (Invitrogen) and 250 pg/ml geneticin
(Invitrogen). Sf9 insect cells were maintained in Grace’s com-
plete insect media (Gibco), supplemented with 10 % (v/v) FBS,
50 pg/ml penicillin/streptomycin, 0.25 ug/ml fungizone, 50 ng/
ml gentamicin and 0.1 % pluronic acid, with gentle shaking at
27°C.

HEK-293 transient transfections

To optimize transfections, the culture medium was exchanged
with Opti-MEM® serum-free medium (Gibco). FuGENE 6 trans-
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fection reagent was used according to the manufacturer’s in-
structions at a ratio of 2 ul:1 ug of DNA. For a 10-cm-diameter
plate of HEK-293 cells, 3 ug of plasmid DNA was used, while, for
co-transfection, a ratio of 1:3 (Pyk2/SHP2) was used. After 5 h,
10% (v/v) FBS and 50 % complete DMEM were added. Cells
were allowed to recover for 1 day and were deprived of serum for
14 h before treatment and analysis.

Preparation of cell lysates, immunoprecipitation

Cells were deprived of serum (DMEM, 0.1 % BSA) for 14 h, were
agonist-treated and washed twice with ice-cold PBS. Cells
were harvested on ice in MAPK-lysis buffer [70 mM 2-glycero-
phosphate, 2 mM MgCl,, 1 mM EGTA, 1 mM DTT (dithio-
threitol), 0.5% (v/v) Triton X-100, and, freshly added, 1%
aprotonin, 5 pg/ml leupeptin and 2mM Na;VO,]. Proteins
were immunoprecipitated from cleared lysates with appropriate
antibodies, as indicated, and Protein A—Sepharose under constant
rotation at 4°C for 3 h. Immunoprecipitates were washed twice
with 1 ml PAN-NP40 buffer [PAN (10 mM Pipes, pH 7, 100 mM
NaCl and 1 % aprotonin) and 0.5 % (v/v) NP40 (Nonidet P40)]
followed with 1 ml of PAN. Immunoprecipitates were resus-
pended in Laemmli-DTT loading buffer, denatured for 5 min at
100°C and separated by SDS/8 % PAGE.

Bead pull-down

Anti-epitope (Myc, FLAG and HA)-coupled beads were used
to purify transiently expressed proteins with the respective tags.
HEK-293 cells were lysed with extraction buffer [10 mM Tris/
HCI, pH 7.4, 50 mM NaCl, 1 % (v/v) Triton X-100, 5 mM EDTA,
1 % aprotonin, 50 mM NaF, 2.5 pg/ml leupeptin, ImM PMSF and
2 mM Na;VO,]. Cleared lysates were incubated with appropriate
anti-epitope-coupled beads under constant rotation for 2h,
washed twice with PAN-NP40 and once with PAN.

Immunoblotting

SDS/polyacrylamide gels were transferred on to nitrocellulose
by total immersion electrotransfer {10 mM Caps [3-(cyclohexyl-
amino)propane-1-sulphonic acid], pH 11, and 10 % methanol}.
The membrane was blocked with 2.5 % (w/v) non-fat dried milk
in TBST (Tris-buffered saline with Tween 20) and incubated with
primary antibodies under constant rocking at room temperature
(22°C). The membrane was washed three times with TBST
and incubated with HRP (horseradish peroxidase)-conjugated se-
condary antibodies (Cell Signaling Technology). Subsequently,
the membrane was washed again three times with TBST, and
subjected to ECL® (enhanced chemiluminescence detection)
(Amersham Biosciences, Piscataway, NJ, U.S.A.).

In vitro kinase assay

Immunoprecipitates were washed once with RIPA buffer
(150 mM NaCl, 50 mM Tris/HCl, pH 8.0, 5mM EDTA, 1%
NP40, 0.5 % sodium deoxycholate, 10 mM NaF, 10 mM disodium
pyrophosphate and 0.1 % SDS), twice with PAN-NP40 and once
with PAN. The precipitates were in 40 ul1 PAN supplemented with
4 nul 10x UKB (universal kinase buffer; 20 mM Pipes, pH 7,
20 mM MnCl, 20 mM MgCl, and 0.01 % aprotonin), 50 uM
ATP or 5 1Ci of [y-**P]ATP was added, and the reaction mixture
was incubated at 30 °C for 20 min. Subsequently, the reaction was
stopped by adding 2 x loading buffer and boiling the sample for
5 min. In the case of the MEKK4 assay, the immunoprecipitates
were washed with kinase buffer (25 mM Tris/HCI, pH 7.4,25 mM
MgCl,, 25 mM 2-glycerophosphate, 1 mM EGTA, 2 mM DTT
and 500 uM Na,;VO,) before the in vitro kinase assay.
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Figure 1 MEKK4 is tyrosine-phosphorylated in an IFNy -dependent manner
in HaCaT cells

(A) HaCaT cells deprived of serum were treated with 200 units/ml IFNy as indicated, and MEKK4
was immunoprecipitated with antibodies directed against amino acids 18—139 of MEKK4 and
immunoblotted (IB) for phosphotyrosine (e« P-Y; upper panel). The total amount of protein was
determined by re-probing with antibodies directed against amino acids 11021255 of MEKK4
(o MEKK4; lower panel). (B) Co-immunoprecipitation of Pyk2 and annexin Il with MEKK4. The
immunoblot was probed with monoclonal antibodies against Pyk2 (« Pyk2; upper panel) and
annexin Il (« annexin II; lower panel).

Phosphatase assay

Immunoprecipitates or protein-coupled beads were washed with
phosphatase buffer (100 mM Hepes, pH 7.4, 150 mM NaCl,
1 mM EDTA and 1 mM 2-mercaptoethanol), and the supernatant
was removed, leaving a volume of 40 wl. The phosphatase reac-
tion mixture was incubated for 30 min at 30°C, and was stopped
by adding 2 x loading buffer and boiling the sample for 5 min.

Immunofluorescence staining

HaCaT cells were grown on glass coverslips that were pre-treated
with HaCaT-conditioned growth medium for a few hours. Cells
were deprived of serum and were agonist-treated. Coverslips were
washed twice with ice-cold PBS and fixed with ice-cold methanol/
acetone (1:1) for 90 s, washed again three times and blocked in
10% goat serum in PBS for 1 h. Incubation with primary anti-
bodies was in 1% goat serum simultaneously for 90 min with
gentle rocking in a humidified chamber. Subsequently, coverslips
were washed three times for 5—-15 min with PBS and incubated
with the secondary antibodies, Alexa-Fluor®-488-coupled anti-
mouse and Alexa-Fluor®-594-coupled anti rabbit IgG (1:1500),
for a further 1 h in the dark with gentle rocking, followed by three
washes with PBS. Nuclear staining was performed with Hoechst
33342 (1:10000) at the end of the secondary antibody incubation
for 3 min. Coverslips were mounted on glass slides using
Cytoseal, low viscosity (Richard-Allan Scientific, Kalamazoo,
MI, U.S.A.). The staining was visualized with an Olympus IX70
inverted microscope equipped with 40x (9Uapo/340), 60x
(PlanAPO) and 100x (UPlanAPO) oil-immersion objectives and
a cooled charge-coupled device camera, controlled by SoftWoRX
software (Applied Precision, Issaquah, WA, U.S.A.).

RESULTS
MEKKA4 is tyrosine-phosphorylated in an IFNy -dependent manner

Studies have demonstrated that the levels of the pro-inflammatory
mediator IFNy increase in cancers of the skin and in inflamma-
tory diseases [3]. We show that MEKK4 is expressed in keratino-
cytes (Figure 1A). We used immortalized HaCaT human ker-

atinocytes to determine whether activation of a cytokine receptor
leads to tyrosine phosphorylation of MEKK4, as observed in
aortic smooth muscle cells in response to angiotensin II [34].
HaCaT cells were deprived of serum for 14 h and were treated with
200 units/ml IFNy for 15-60 min. Subsequently, MEKK4 was
immunoprecipitated from lysates prepared from untreated or
IFNy-treated cells and tyrosine -phosphorylation of MEKK4 was
determined by immunoblotting with anti-phosphotyrosine speci-
fic antibodies. Maximal tyrosine phosphorylation of MEKK4 was
observed following 30 min of IFNy treatment, while the level of
tyrosine phosphorylation returned to near basal levels after 60 min
(Figure 1A, upper panel). This result is consistent with a previous
study in which Derbyshire et al. [34] showed that MEKK4 is ex-
pressed in aortic smooth muscle cells and is phosphorylated on
tyrosine in response to angiotensin II, which acts through a G-
protein-coupled receptor. Derbyshire et al. [34] also reported that
angiotensin II stimulated the association of the calcium-binding
protein, annexin II, with MEKK4 in smooth muscle cells. There-
fore we wanted to determine whether activation of a cytokine re-
ceptor would also promote the association of annexin II with
MEKKA4. Indeed, annexin II was observed to co-immunopre-
cipitate with MEKK4 in an agonist- and time-dependent manner,
correlating with the level of tyrosine phosphorylation of MEKK4,
with maximal association of annexin II at 30 min (Figure 1B). Fur-
thermore, prompted by results using smooth muscle cells in which
we demonstrated a direct binding of the tyrosine kinase, Pyk2,
to MEKK4 [34], we investigated whether IFNy also stimulated
the binding of Pyk2 to MEKK4. Again, when probing the same
membrane with a monoclonal antibody directed against Pyk2,
we observed a co-association of Pyk2 with MEKK4 in a similar
manner, with the maximal amount at 30 min after cytokine treat-
ment (Figure 1B). Taken together, these results demonstrate that
activation of the IFNGR promotes the association of the calcium-
dependent proteins, annexin II and Pyk2, with MEKK4, and that
IFNy affects tyrosine phosphorylation of MEKK4. Thus MEKK4
functions downstream of cytokine receptors, such as the IFNGR,
as well as G-protein-coupled receptors, such as the angiotensin II
receptor [34].

Selective calcium requirements for tyrosine
phosphorylation of MEKK4

We employed calcium chelators to investigate the potential role of
calcium on MEKK4 tyrosine phosphorylation. HaCaT cells were
pre-treated with EGTA to reduce the availability of extracellular
calcium or with BAPTA/AM [bis-(0-aminophenoxy)ethane-
N,N,N',N'-tetra-acetic acid tetrakis(acetoxymethyl ester)] to che-
late intracellular calcium. As described above, MEKK4 was im-
munoprecipitated, and tyrosine phosphorylation was determined
by immunoblotting. Chelating extracellular calcium followed by
IFNy treatment had no effect on MEKK4 tyrosine phosphoryl-
ation (Figure 2A, compare lanes d and f). In addition, chelating
extracellular calcium reduced the basal level of tyrosine phos-
phorylation of MEKK4 (considering slightly lower amounts of
immunoprecipitated MEKK4 in lane e as compared with lane ¢
of Figure 2A). However, depleting intracellular calcium by apply-
ing BAPTA/AM resulted in slightly elevated levels of MEKK4
tyrosine phosphorylation over basal levels (Figure 2A, compare
lanes a and e), but prevented further stimulation by IFNy (Fig-
ure 2A, lanes a and b). Moreover, chelation of intracellular, but not
extracellular calcium, abolished the IFNy -stimulated association
of annexin II and Pyk2 with MEKK4 (Figure 2B, compare lane b
with lanes d and f). These results indicate that intracellular calcium
is the primary source of calcium utilized to mediate calcium-de-
pendent tyrosine phosphorylation of MEKK4 by IFNy, most
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Figure 2 Calcium-dependent tyrosine phosphorylation of MEKK4

(A) Effect of calcium chelation by BAPTA/AM and EGTA on MEKK4 tyrosine phosphorylation.
HaCaT cells were pre-treated for 15 min with 10 ..M BAPTA/AM to chelate intracellular calcium
or for 20 min with 3 mM EGTA to deplete extracellular calcium, followed by IFNy stimulation as
indicated. Controls were harvested after chelator pre-treatment. MEKK4 was immunoprecipitated
from lysates and immunoblotted (IB) against phosphotyrosine (a P-Y; upper panel). The
membrane was stripped and re-probed with polyclonal antibody directed against MEKK4 (o
MEKK4; lower panel to show total amounts of protein, as described in the legend to Figure 1(A)
(lower panel). (B) Co-immunoprecipitating proteins are affected by depletion of intracellular
calcium. Appropriate parts of the same immunoblot were probed with monoclonal antibodies
against annexin Il (e annexin II; top panel), Pyk2 (e Pyk 2; middle panel) and SHP2 (o SHP2;
bottom panel) to visualize the calcium dependency of proteins co-immunoprecipitating with
MEKK4. IFNy stimulation following BAPTA/AM pre-treatment resulted in abolished induction
of tyrosine phosphorylation of MEKK4 and eradicated co-immunoprecipitation of annexin |,
Pyk2 and SHP2.

likely by the calcium-dependent tyrosine kinase, Pyk2. Further-
more, the effects of calcium chelation on the co-association
pattern of annexin II suggest that this calcium-binding protein me-
diates the calcium-dependent effect. Although the time course of
IFNy stimulation seemed to suggest that co-association of an-
nexin II coupled with the increase of tyrosine phosphorylation
of MEKK4 (see Figure 1), using the BAPTA/AM pre-treatment
(Figure 2A, lanes a and b) demonstrates that annexin II co-asso-
ciation is not coupled with tyrosine phosphorylation of MEKK4,
as MEKK4 is tyrosine-phosphorylated to a similar extent (Fig-
ure 2A, lanes a and b), but the presence of annexin II is greatly
diminished following chelation of intracellular calcium and IFNy
stimulation (Figure 2B, lane b). Thus the IFNy -dependent associ-
ation of annexin II and Pyk2 with MEKK4 requires intracellular
calcium, and not tyrosine phosphorylation of MEKK4.

IFNy -dependent co-localization of MEKK4 with Pyk2 and annexin ||

To corroborate the co-association of MEKK4, Pyk2 and annexin
11, the cellular distribution of these proteins was determined by im-
munofluorescence microscopy. HaCaT cells were stained simul-
taneously with anti-MEKK4 and anti-Pyk?2 antibodies, and optical
sections were obtained by confocal microscopy. Figure 3(A)
shows IFNy-dependent co-localization of MEKK4 with Pyk2
in the perinuclear region, as indicated by the yellow staining when
the individual images were merged together. In contrast, very
little co-localization was observed in untreated cells. The calcium-
dependency of Pyk2 prompted us to investigate the spatial distri-
bution of Pyk2 and annexin II. Indeed, co-staining with anti-Pyk2
and anti-(annexin II) antibodies displayed an IFNy-dependent
perinuclear co-localization pattern (Figure 3B), similar to that
observed with MEKK4 and Pyk?2. In addition, Pyk2 and annexin II
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were distributed independently throughout the cell. Annexin II
also appears to accumulate at points of cell—cell contact, suggest-
ing that annexin II may also play a role in intercellular communi-
cation. These immunohistological data substantiate the biochem-
ical results of Pyk2 and annexin II co-immunoprecipitating with
MEKKA4.

IFNy activates the tyrosine kinase Pyk2 to phosphorylate MEKK4

To investigate further the IFNy -mediated activation of Pyk2 cata-
Iytic activity towards MEKK4, Pyk2 was immunoprecipitated
and subsequently utilized in an in vitro kinase assay with recom-
binant, catalytically inactive KM (K1361M) MEKK4 as a sub-
strate. Recombinant KM MEKK4 was expressed and purified
from Sf9 insect cells and, importantly, was not phosphorylated
on tyrosine in these cells (Figure 4A, lane a). IFNy treatment of
HaCaT cells stimulated Pyk?2 to tyrosine phosphorylate MEKK4
in an in vitro kinase assay (Figure 4A, lane c), while no tyrosine
phosphorylation was detected with recombinant MEKK4 alone
under kinase assay conditions (Figure 4A, lane a). Pyk?2 itself had
increased levels of tyrosine phosphorylation as compared with the
basal level (Figure 4A, third panel, lanes b and c). Furthermore, to
substantiate that the calcium-dependent tyrosine phosphorylation
of MEKK4 (see Figure 2) resulted from altered Pyk?2 activity, we
employed calcium chelators. Thus pre-treatment of the cells with
BAPTA/AM abolished IFNy-induced elevated phosphorylation
and activation of Pyk2, as demonstrated by basal levels of MEKK4
tyrosine phosphorylation (Figure 4A, compare lanes c and e),
while BAPTA/AM treatment alone resulted in a slightly elevated
level of tyrosine phosphorylation over basal (Figure 4A, compare
lanes b and d). EGTA treatment, however, did not affect basal
levels of Pyk2 activity (Figure 4A, lane f), which were, however,
only slightly induced upon IFNy stimulation (Figure 4A, lane g).
These in vitro kinase assay data of calcium-dependent Pyk?2 activ-
ity towards MEKK4 are in accordance with the results from the
in vivo tyrosine-phosphorylation pattern of MEKK4 displayed in
Figure 2, supporting further the conclusion that Pyk2 phos-
phorylates MEKK4 in HaCaT cells.

The Sf9 insect cell system provides a powerful tool not only to
obtain recombinant proteins for in vitro assays, but also to study
the effect of the activity of a protein by selecting and analysing
specific members of a multi-protein complex. Therefore this sys-
tem provides a unique opportunity to study the interaction of
specific proteins and their activity without having a background
of mammalian proteins that could complicate the interpretation of
some experiments, as would occur in mammalian cells.

We therefore used the Sf9 insect cell system to corroborate Pyk2
kinase activity towards MEKK4 in an in vivo system. Sf9 cells
were co-infected with baculoviruses that encode MEKK4 and
Pyk2. Immunoprecipitation of MEKK4 and subsequent im-
munoblotting for phosphotyrosine revealed that co-infection
of MEKK4 and Pyk2 resulted in tyrosine phosphorylation of
MEKK4 (Figure 4B, lane b), while MEKK4 expressed alone was
not phosphorylated on tyrosine (Figure 4B, lane a). When Pyk2
was replaced with a kinase-inactive form, MEKK4 tyrosine phos-
phorylation was abolished (Figure 4B, lane c), demonstrating
that Pyk2 provided the kinase activity responsible for MEKK4
tyrosine phosphorylation. Pyk2 expressed in Sf9 cells was activ-
ated, as is evident from its high levels of tyrosine phosphorylation
and catalytic activity towards MEKK4. This activity may be due
to growth factors present in the growth medium, since no agonist
was used to stimulate the Sf9 insect cells. This would also explain
the low amount of tyrosyl-KA (K457A) Pyk2 (Figure 4B, lane c).
On the other hand, overexpressed Pyk2 may activate itself, as re-
ported recently [35]. Interestingly, re-probing the membrane with
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Figure 3 IFNy-induced co-localization of MEKK4 and Pyk2, annexin Il and Pyk2, and MEKK4 and SHP2 in the perinuclear region in HaCaT cells

HaCaT cells, untreated or treated for 25 min with 200 units/ml IFNy, were simultaneously stained with antibodies against MEKK4 and Pyk2 (A), annexin Il (polyclonal) and Pyk2 (B), MEKK4 and
SHP2 (C). The secondary antibody against MEKK4 (amino acids 18—139) and annexin |l was Alexa-Fluor®-594-coupled anti-rabbit 1gG, while Alexa-Fluor®-488-coupled anti-mouse was used
against Pyk2 and SHP2 antibodies. Deconvoluted images of selected z-sections of immunofluorescence microscopy are shown, with MEKK4 and annexin Il in red (first column) and Pyk2 and SHP2
in green (second column) and co-localization signals in yellow (third column). (B) Hoechst 33342 staining (blue) visualized the nucleus (fourth column). An arrow points to the accumulation of

annexin Il at points of cell—cell contact. Note that images in (A) are taken in a lower z-section showing more of the distribution in the cell body (closer to the cell-attachment area on the coverslip)
than in (B), where most of the cell body was out of focus.
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Figure 4 IFNy activates the tyrosine kinase Pyk2 to phosphorylate MEKK4

(A) Pyk2 was immunoprecipitated from HaCaT cells that were pre-treated with BAPTA/AM or
EGTA, followed by IFNy treatment for 2 min as indicated, and subjected to in vitro kinase
assay conditions with recombinant (rec.) KM MEKK4, produced in Sf9 cells, as a substrate.
Subsequently, tyrosine phosphorylation of KM MEKK4 and Pyk2 were determined by immuno-
blotting (IB) against phosphotyrosine (« P-Y; top panel). For a loading control, the membrane
was stripped and reprobed with anti-MEKK4 antibodies (o« MEKK4; second panel). Tyrosine
phosphorylation of Pyk2 (a P-Y; third panel) and total amount of Pyk2 (a Pyk2; bottom
panel) are shown. IFNy -induced tyrosine phosphorylation of MEKK4 by Pyk2 was abolished by
BAPTA/AM pre-treatment. (B) Sf9 cells were infected or co-infected as indicated. MEKK4 was
immunoprecipitated (IP), and tyrosine phosphorylation was determined for MEKK4 and Pyk2
with anti-phosphotyrosine antibody (e P-Y; top panel). The membrane was reprobed for MEKK4
and Pyk2 with antibodies against MEKK4 (o MEKK4; middle panel) and Pyk2 (« Pyk2; bottom
panel) respectively. Pyk2, but not KA Pyk2, tyrosylphosphorylates MEKK4.

anti-Pyk2 antibody to assess the total amounts of Pyk2 co-im-
munoprecipitating with MEKK4 showed that highly increased
amounts of kinase-inactive Pyk2 was retained with MEKK4, sug-
gesting that the inactive kinase, Pyk2, was trapped with MEKK4
(Figure 4B, compare lanes b and c). These data, utilizing the
Sf9 expression system, provide further evidence that Pyk2 phos-
phorylates MEKK4 on tyrosine in vivo.

Tyrosine phosphorylation of MEKK4 results in elevated kinase
activity towards MKK6

To investigate whether IFNy -dependent tyrosine phosphorylation
of MEKKH4 affected its catalytic activity, we tested MEKK4 kinase
activity. MKK6 has previously been shown to be a substrate for
MEKKH4 in an in vitro kinase assay [14—16]. MEKK4 immuno-
precipitated from IFNy-stimulated cells was subjected to an
in vitro kinase assay with recombinant kinase-inactive MKK6 as
substrate in the presence of [y-**P]ATP. Indeed, treatment of
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Figure 5 IFNy regulates MEKK4 activity towards MKKG6, the activating
kinase for p38 MAPK

(A) MEKK4 was immunoprecipitated (IP) from HaCaT cells untreated and treated for 25 min
with IFNy, and subjected to in vitro kinase assay conditions in the presence of [y -**PJATP with
recombinant KA MKKG as substrate (lanes ¢ and d). Note, in lanes ¢ and d, the band below
the indicated MKKG6 signal is probably a breakdown product of KA MKKG. As controls, MKK6
and kinase-inactive KA MKK6 were also incubated under kinase assay conditions (lanes a and
b). The amount of MKK6 used in each assay was visualized by Coomassie-Blue-staining the
same gel before autoradiography. (B) p38 MAPK activation is dependent on MKK6 and MEKK4
activity. HEK-293 cells were transfected with MKK6 and KA MKK6 or with MEKK4 and KM
MEKK4, and were stimulated with IFNy as indicated. Cell lysates were probed for p38 activation
with a monoclonal phospho-specific anti-p38 antibody (e P-p38; upper panel). The membrane
was reprobed with a monoclonal p38 antibody (o p38; lower panel) to show total p38 protein
amounts. (C) p38 is activated by IFNy . p38 was immunoprecipitated from HaCaT cells, untreated
or treated for 15 min with IFNy and subjected to in vitro kinase assay conditions in the presence
of [y-%2P]ATP with a recombinant GST-ATF2 fragment. Incubation with 0.3 M sorbitol for
20 min was used as control, while GST-ATF2 alone and normal rabbit (n.r) 1gG served as
negative controls. Shown is an autoradiograph, while the amounts of GST-ATF2 was visualized
by Coomassie-Blue-staining the same gel.

HaCaT cells with IFNy activated MEKK4, as measured by in-
creased phosphorylation of MKK6 (Figure 5A, upper panel,
lanes ¢ and d). MEKK4 autophosphorylation was elevated as
well, indicating that MEKK4 was activated by IFNy (Figure 5A,
lane d). Figure 5A (lane a) shows autophosphorylated wild-type
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MKKG6, while KA (K82A) MKKG6 had no residual kinase activity
(Figure 5A, lane b). To visualize protein amounts, the same SDS/
polyacrylamide gel was stained with Coomassie Blue before sub-
jecting it to autoradiography (Figure SA, lower panel).

MKKS6 has been shown to be an activating kinase for the
p38 MAPK, and to demonstrate an MKK6-dependent activation
of p38 in an IFNy-dependent manner, HEK-293 cells were
transfected with MKK6 or dominant-negative kinase-inactive KA
MKKGS6. Indeed, immunoblotting with a p38 phospho-specific
antibody showed that KA MKK6 overexpression abolished IFNy -
dependent p38 activation, while MKK6 expression resulted in
elevated p38 phosphorylation upon IFNy stimulation (Figure 5B,
lanes c and d, compared with lanes a and b). To verify that this p38
activation is MEKK4-dependent, MEKK4 and dominant-nega-
tive KM MEKK4 were also overexpressed, and the cell lysates
were tested for p38 phosphorylation. Again, overexpression of
KM MEKK4 abolished p38 activation, while MEKK4 expression
stimulated IFNy-dependent elevated p38 phosphorylation (Fig-
ure 5B, lanes g and h, compared with lanes e and f).

To corroborate IFNy -induced activation of the p38 signalling
cascade in HaCaT cells, we tested the effect of IFNy treatment on
the catalytic activity of p38. p38 was immunoprecipitated and in-
cubated with recombinant GST (glutathione S-transferase)-ATF2
(activating transcription factor 2) as substrate in the presence of
[y-**P]ATP under in vitro kinase assay conditions as described
previously [13]. As expected, IFNy stimulated p38 to phosphoryl-
ate GST-ATF2 (Figure 5C, lane b), while immunoprecipitation
with normal rabbit IgG did not result in any substrate phos-
phorylation (Figure 5C, lane f). Our results demonstrate that
IFNy-stimulated p38 activation is dependent on active MKK6
and MEKK4. Taken together, we have elucidated an IFNy -stimu-
lated MAPK pathway that involves Pyk2-dependent tyrosine
phosphorylation of MEKK4 in a calcium-dependent manner.
Tyrosine phosphorylation of MEKK4 correlates with MKK6
phosphorylation, which in turn activates p38, leading to phos-
phorylation of ATF2.

SHP2 co-immunoprecipitates and co-localizes with MEKK4

So far, we have shown that tyrosine phosphorylation is an initial
mediator of signal transduction in the IFNy-stimulated p38
MAPK pathway. MAPK pathways need to be regulated tightly,
while deregulated signalling components are found in many dis-
eases, such as cancer [36]. Consequently, we were interested in
the possible presence of a tyrosine phosphatase and its potential
role in down-regulating this signal transduction pathway. Indeed,
we identified SHP2 as co-immunoprecipitating with MEKK4 by
immunoblotting the same membrane used to produce the data
that is presented in Figure 2. We showed an agonist-dependent
co-immunoprecipitation of SHP2 (Figure 2B, lanes e and f), which
was also affected by the availability of intracellular calcium, as
demonstrated by utilizing calcium chelators (Figure 2B, lanes a—
d). Interestingly, SHP2 co-immunoprecipitated with MEKK4 in
a pattern that correlates with the presence of Pyk2 (Figure 2B).
In addition, we corroborated the co-association of SHP2 with
MEKK4 by immunofluorescence microscopy in HaCaT cells.
We observed an IFNy -stimulated co-localization of MEKK4 and
SHP2 mainly in the perinuclear area (Figure 3C). In contrast, we
found little co-localization of SHP2 with MEKK4 in untreated
cells.

MEKK4 does not recognize SHP2 as a substrate

Phosphorylation of two C-terminal tyrosine residues (Tyr*** and
Tyr %) has been reported to activate the SHP2 phosphatase by re-
leasing it from its autoinhibitory conformation [30]. /n vitro phos-

phorylation of SHP2 on serine and threonine residues by MAPK
and PKC (protein kinase C) respectively have been reported [32];
however, the functional consequence of serine phosphorylation
on SHP2 activity is controversial. One study reports that serine
phosphorylation has no effect on SHP2 activity [37]. In another
report, serine phosphorylation of SHP2 by PKA (protein kinase A)
seems to contribute to SHP2 activation [38]. The presence of
SHP2 in the MEKK4 multimeric complex prompted us to investi-
gate whether MEKK4 would phosphorylate SHP2. In order to dis-
criminate non-specific activity, kinase-inactive proteins were
chosen additionally as controls. To facilitate the use of an in vivo
agonist, HEK-293 cells were transiently transfected with the ap-
propriate plasmids encoding the proteins with an epitope tag as
indicated in Figure 6. Those proteins were isolated from IFNy -
treated or untreated cells utilizing the corresponding anti-epitope-
coupled beads. FLAG-tagged MEKK4 subjected to a kinase assay
with recombinant phosphatase-inactive CS (C459S) SHP2 protein
did not recognize SHP2 as a substrate (Figure 6A, lanes c and d),
as there was only a background signal that was comparable with
that of assays with kinase-inactive MEKK4 and the empty vector
control (Figure 6A, lanes e and f, and a and b respectively). How-
ever, MEKK4 displayed IFNy-dependent autophosphorylation,
demonstrating that MEKK4 was an active kinase in this assay
(Figure 6A, lanes c and d). Recombinant SHP2 and MEKK4 were
visualized by Coomassie Blue staining of the same gel (Figure 6A,
right-hand panel). As a positive control, we used HA-tagged Src
which strongly phosphorylated SHP2 [27,39], while KM Src and
an empty vector control showed no activity (Figure 6C). In par-
allel, we used Myc-tagged Pyk2, which also phosphorylated
SHP2, and, again, no activity was obtained with the kinase-inac-
tive Pyk2 (Figure 6B). These experiments demonstrate that the
serine/threonine kinase, MEKK4, does not phosphorylate recom-
binant SHP2 in vitro.

SHP2 recognizes MEKK4 as a substrate for dephosphorylation

To determine whether tyrosine-phosphorylated MEKK4 is a sub-
strate for SHP2, we utilized the Sf9 cell expression system to ob-
tain tyrosine-phosphorylated MEKK4. Recombinant MEKK4,
purified after co-infection with Pyk2 (see Figure 4B, lane b) was
subjected to an in vitro phosphatase assay with recombinant SHP2
that had also been separately expressed and purified from Sf9
cells. Incubation with SHP2 resulted in a modest loss of phospho-
tyrosine on MEKK4 as compared with the untreated sample (Fig-
ure 7A, lanes a and b). In addition, an in vitro phosphatase assay
allowed us to employ phosphatase-inactive CS SHP2 as a control.
Using inactive SHP2 or inhibiting active SHP2 with the phos-
phatase inhibitor Na;VO,, resulted in levels of phosphotyrosine
comparable with the untreated sample (Figure 7A, compare lane a
with lanes c and d), demonstrating that the loss of phosphotyrosine
seen in lane b of Figure 7(A) is due to SHP2 enzymatic activity
and not to non-specific phosphatase activity, indicating that SHP2
dephosphorylates MEKK4.

Since the SHP2 activity in vitro was modest, we wanted to cor-
roborate SHP2 activity in an in vivo cell system, hence SHP2 or
CS SHP2 were co-infected with MEKK4 and Pyk2 in Sf9 cells.
The presence of active SHP2 abolished tyrosine phosphorylation
of MEKK4 (Figure 7B, top panel, lane c), and resulted in reduced
tyrosine phosphorylation of Pyk2 as compared with the amount
of phosphotyrosine observed when MEKK4 and Pyk2 were co-
expressed (Figure 7B, lane b). However, when inactive CS SHP2
was substituted for wild-type SHP2, the amount of tyrosine phos-
phorylation of MEKK4 and Pyk2 was unaffected (Figure 7B,
compare lanes b and d), demonstrating that the loss of phospho-
tyrosine on MEKK4 and Pyk2 was an SHP2-specific effect. This
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(R) HEK-293 cells were transfected with plasmids coding for FLAG-MEKK4, or FLAG-KM MEKK4 and vector as controls. Proteins were FLAG—bead affinity-purified from cells untreated or treated
for 25 min with IFNy and subjected to in vitro kinase assays in the presence of [-*?PJATP with recombinant SHP2 that was produced in Sf9 cells. Proteins were separated by SDS/PAGE,
Coomassie-Blue-stained (right-hand panel) and autoradiographed (left-hand panel). MEKK4 autophosphorylation was IFNy -dependent, and MEKK4 did not phosphorylate SHP2. (B) Myc—Pyk2
and Myc—KM Pyk2 were used as positive controls, produced in HEK-293 cells untreated or treated for 2 min with IFNy and subjected to in vitro kinase assay conditions. Pyk2 phosphorylates SHP2
strongly. (C) HA-Src and corresponding HA-KM Src were utilized as additional positive controls for in vitro kinase activity on SHP2.

experiment showed that the presence of SHP2 prevented MEKK4
phosphorylation. But, since Pyk2 is the activating kinase for
MEKKH4, and since Pyk?2 is also dephosphorylated by SHP2 and
presumably deactivated, we were unable to conclude whether
SHP2 indeed dephosphorylated MEKK4 or whether Pyk2 never
had a chance to phosphorylate MEKK4 in the first place, because
it was dephosphorylated by SHP2.

The following experiment was designed to address this issue.
An S19 suspension culture was co-infected with baculoviruses that
encoded MEKK4, Pyk2 and SHP2. After 36 h, allowing time for
protein expression, an aliquot of the cells (2 x 10°) was re-
moved, and MEKK4 was immunoprecipitated and, as expected,
showed negligible amounts of tyrosine phosphorylation (Fig-
ure 7C, lane a), which was similar to the result seen in Figure 7(B),
lane c. Subsequently, the culture was supplemented for 1 h with
the tyrosine phosphatase inhibitor, Na;VO,. Then, an aliquot of
Sf9 cells was harvested and MEKK4 tyrosine phosphorylation
was assessed. Inhibiting SHP2 with Na; VO, resulted in restored
levels of phosphotyrosine of MEKK4 (Figure 7C, lane b), com-
parable with that seen in experiments where only MEKK4 and
Pyk2 were expressed (see Figure 7B, lane b) without affecting
SHP2 co-association with MEKK4 (Figure 7C, bottom panel).
Subsequently, the Na; VO, was washed out to restore SHP2 activ-
ity, and, after 7 min, an additional aliquot of cells was taken, and
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the proteins were analysed for phosphotyrosine. MEKK4 showed
loss of phosphotyrosine (Figure 7C, compare lanes b and c), sug-
gesting that SHP2 dephosphorylated MEKK4. This clarified
whether SHP2 dephosphorylated MEKK4 directly or only Pyk?2,
its activating kinase, and therefore prevented MEKK4 tyrosine
phosphorylation as a consequence of Pyk2 inactivation. Analysis
of an aliquot taken after 90 min showed that loss of phospho-
tyrosine on MEKK4 remained constant (Figure 7C, lane d). Taken
together, these data provide strong evidence that SHP2 dephos-
phorylates MEKK4 directly, as well as its activating kinase Pyk2.

SHP2 dephosphorylates MEKK4 and Pyk2 from HaCaT cells

Next, we investigated the role of SHP2 in keratinocytes in the
multi-protein complex of MEKK4, Pyk2 and annexin II. MEKK4
and SHP2 were each immunoprecipitated separately from lysates
prepared from HaCaT cells stimulated with IFNy. Then the
MEKK4 and SHP2 immunoprecipitates were combined and
subjected to in vitro phosphatase assay conditions. The presence
of SHP?2 resulted in loss of phosphotyrosine from MEKK4 (Fig-
ure 8A, lane b), compared with immunoprecipitated MEKK4 that
was not incubated with SHP2 (Figure 8A, lane a). When the as-
say was performed in the presence of Na; VO,, SHP2 phosphatase
activity towards MEKK4 was greatly diminished, as visualized
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Figure 7 Co-expression of SHP2 in Sf9 cells results in loss of phospho-
tyrosine on MEKK4

(R) In vitro phosphatase assay with SHP2 on tyrosine-phosphorylated MEKK4. MEKK4 and Pyk2
were co-expressed in Sf9 cells and tyrosine-phosphorylated MEKK4 was immunoprecipitated
(IP) with antibodies against MEKK4 (e MEKK4). Equal amounts of immunoprecipitated MEKK4
were incubated with purified SHP2, phosphatase-inactive CS SHP2, and SHP2 in the presence
of 2mM Na3V0,4 under phosphatase assay conditions (lanes b—d), and, subsequently, MEKK4
tyrosine phosphorylation was determined by immunoblotting (IB) with anti-phosphotyrosine
antibody (« P-Y). Active SHP2 leads to loss of phosphotyrosine of MEKK4. (B) Co-expression
of SHP2, but not CS SHP2, results in greatly decreased amounts of tyrosylphosphate on
MEKK4 and Pyk2. Sf9 cells were co-infected with MEKK4 and Pyk2 without and with SHP2.
Substitution with inactive CS SHP2 served as a control. MEKK4 was immunoprecipitated,
and tyrosine phosphorylation was determined by immunoblotting with anti-phosphotyrosine
antibody (o P-Y; top panel). Amounts of proteins were visualized by re-probing the membrane
with antibodies against MEKK4 (« MEKK4; second panel), Pyk2 (o Pyk2; third panel) and
SHP2 (o SHP2; bottom panel). (C) SHP2 dephosphorylates MEKK4 directly. Sf9 suspension
cell culture co-expressing MEKK4, Pyk2 and SHP2 were supplemented with 2 mM NazV0,
for 1h, and subsequently washed out. MEKK4 was immunoprecipitated from aliquots taken
before (pre), after treatment (0) and after Nas VO, washout (7 and 90 min) and were analysed for
phosphotyrosine (e P-Y; top panel). Amounts of proteins, MEKK4 and co-immunoprecipitating
SHP2 were determined by re-probing the immunoblot with antibodies against MEKK4 (o« MEKK4;
middle panel) and monoclonal SHP2 (« SHP2; bottom panel). SHP2 dephosphorylates
MEKK4 directly as well as its activating kinase Pyk2.
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Figure 8 SHP2 recognizes MEKK4 from HaCaT cells as substrate

(A) MEKK4 and SHP2 were immunoprecipitated (IP) separately from HaCaT cells treated for
25 min with IFNy . To assay SHP2 phosphatase activity, MEKK4 and SHP2 immunoprecipitates
were combined and incubated under phosphatase (PP'ase) assay conditions (lanes b and c).
SHP2 activity was blocked by adding 2 mM Naz VO, to the reaction mixture (lane ¢). SHP2 activity
was monitored by phosphotyrosine (« P-Y) immunoblot (IB) analysis. The presence of SHP2
resulted in decreased tyrosylphosphate on MEKK4. For a loading control, the membrane was
reprobed against MEKK4 (o« MEKK4) and SHP2 (o« SHP2). Similarly, (B) immunoprecipitation
of Pyk2, and combined immunoprecipitation of Pyk2 and SHP2, with immunoblotting with
anti-phosphotyrosine (e P-Y), anti-Pyk2 ( Pyk2) or anti-SHP2 (« SHP2) antibodies;
(C) immunoprecipitation of Src, and combined immunoprecipitation of Src and SHP2 from
HaCaT cells treated for 2 min with IFNy and subjected to phosphatase assay conditions as
described in (A) and were then immunoblotted for phosphotyrosine (e P-Y) or Src (« Src).
Active SHP2 dephosphorylates Pyk2 and c-Src as compared with NazV0,-inhibited SHP2.

by greater amounts of tyrosine phosphorylation of MEKK4 (Fig-
ure 8A, lane c¢), demonstrating that the loss of phosphotyrosine ob-
served in lane b of Figure 8(A) was due to SHP2 enzymatic activ-
ity and not due to non-specific phosphatase activity. Furthermore,
the second panel, showing total amounts of MEKK4, confirmed
that the reduced phosphotyrosine signal in Figure 8(A), lane b,
was not from lesser amounts of MEKK4. This experiment demon-
strates that SHP2 from HaCaT cells recognizes MEKK4 as a
substrate.

SHP2 activity on Pyk2 has been implicated in different cell
types with overexpression and in vitro experiments [28,33,35].
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Therefore, to provide a comparable experimental control, we sub-
jected Pyk2 and SHP2, simultaneously immunoprecipitated from
HaCaT cell extracts, to phosphatase assay conditions. Similarly,
a loss of tyrosine phosphorylation of Pyk2 was observed when
incubated with SHP2 (Figure 8B, lane c) as compared with Pyk2
alone (Figure 8B, lane b). Again, to confirm that this result was due
to phosphatase activity, including Na; VO, in the assay resulted in
more phosphotyrosine (Figure 8B, lane d). The total amount of
Pyk2 and SHP2 were visualized by reprobing the same membrane
for total Pyk2 and SHP2 (Figure 8B, lower panels). These data
show that SHP2 can dephosphorylate Pyk2 and the Pyk2 substrate,
MEKK4, from HaCaT cells.

Src is differentially tyrosine phosphorylated, and phosphoryl-
ation by the C-terminal Src kinase, CSK, at Tyr*® results in an
autoinhibitory conformation. Tyrosine phosphorylation in the ac-
tivation loop at Tyr*'®, however, activates its kinase activity [40].
Since c-Src is known to interact with activated Pyk2 and then
to stimulate Pyk2 further by additional tyrosine phosphorylation
[23], we tested the effect of SHP2 on c-Src. Again, when both
c-Src and SHP2 were immunoprecipitated and subjected to phos-
phatase assay conditions, a dramatic loss of phosphotyrosine was
observed in a phosphotyrosine immunoblot (Figure 8C, compare
lanes a and b). Taken together, dephosphorylation of Pyk2 and
c-Src affirm the validity of the dephosphorylation of MEKK4
using the same assay conditions, and demonstrate that SHP2 de-
phosphorylates MEKK4, as well as Pyk2 and c-Src.

DISCUSSION

In the present paper, we have reported that the inflammatory medi-
ator IFNy applied to immortalized HaCaT human keratinocytes
induces tyrosine phosphorylation of MEKK4 mediated by Pyk2
in a time- and calcium-dependent manner. Furthermore, the tyro-
sine phosphatase SHP2, which is present in the MEKK4 multi-
protein complex, dephosphorylates MEKK4, as well as its activ-
ating kinase, Pyk2, deactivating this IFNy signalling pathway.
We show that IFNy -induced tyrosine phosphorylation of MEKK4
correlates with its catalytic activity, as it increases its ability to
phosphorylate MKK6. Following IFNy treatment, p38 MAPK
becomes activated, which is dependent on active MEKK4, and
can then phosphorylate transcription factors, such as ATF2.
Derbyshire et al. [34] demonstrated that MEKK4 tyrosine phos-
phorylation in aortic smooth muscle cells, induced by angio-
tensin II, results in COX2 (cyclo-oxygenase 2) activation, while
IFNy-stimulated transcriptional activation of COX2 has also
been reported in keratinocytes [41]. Those studies and the data
of the present study may suggest that IFNy-induced activation of
MEKK4 in keratinocytes also results in COX2 activation
and associated responses that involve prostaglandin synthesis
(Scheme 1).

Immunofluorescence microscopy of HaCaT cells revealed co-
localization of MEKK4, Pyk2 and annexin II in the perinuclear
region which was IFNy -dependent, confirming the biochemical as-
sociation of these proteins. MEKK4 localized to perinuclear vesi-
cular structures has been reported in breast carcinoma cells and
HEK-293 cells [13]; moreover, perinuclear localization has also
been shown for Pyk2 in the presence of fibronectin in fibroblasts
[42]. Subcellular localization in a spatiotemporal manner is
correlated with a functional association of participating proteins.
Interestingly, IFNy stimulation resulted in the association of an-
nexin II with the MEKK4 multimeric complex (Figures 1 and 2),
which also contained the small subunit, p11 (results not shown).
The perinuclear region contains the nuclear membrane and endo-
plasmic reticulum. Calcium-dependent membrane-binding of the
annexin II-p11 heterotetramer has been shown to require a lower
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Scheme 1  Proposed schema for IFNy-induced MEKK4 pathway

IFNy activation of the IFNGR in keratinocytes results in activation of STAT1 via JAK2 phosphoryl-
ation and leads to antiviral defence response (left-hand side). IFNy activation also leads to a flux
of free calcium. Annexin Il binding calcium contributes to Pyk2’s calcium-dependent activation.
MEKK4 is tyrosine-phosphorylated by Pyk2 and activates MKK6, which activates p38 MAPK
and results in activation of transcription factors for prostaglandin responses (right-hand side).

micromolar calcium concentration, such as that present at cellular
localizations, facilitating its membrane association under physio-
logical conditions [43]. Taken together, the intracellular calcium-
dependent association of the MEKK4 complex and the cal-
cium-dependent membrane-binding properties of the annexin II
complex may provide membrane anchoring of the MEKK4 multi-
meric complex through annexin II that is initiated by an IFNy-
dependent localized increase of free calcium.

The perinuclear localization of the proteins may suggest that
activation of the MEKK4 multiprotein complex leads to the activ-
ation of a transcription factor which then translocates into the nu-
cleus. We have shown that the activated MEKK4 signalling com-
plex can lead to p38 MAPK activation and phosphorylation of
ATF2. Although STAT1 is directly activated at the IFNGR upon
IFNy stimulation, STAT1-independent, and IFNy-dependent,
gene activation has also been reported [44]. Thus placing MEKK4
in the IFNy pathway may account for STAT1-independent gene
transcription and may provide a molecular mechanism by which
IFNy activates both anti-viral defences (STAT1-dependent) and
MEKK4-dependent inflammatory responses in the same cell
(Scheme 1).

Genetic and mutational studies have shown the regulatory in-
volvement of SHP2 in many pathways, but its specific targets are
still mostly under investigation [30]. We have presented strong
evidence that SHP2 regulates the MEKK4 signalling pathway, as
is demonstrated by its co-association with the MEKK4 complex,
its co-localization with MEKK4 in the perinuclear region and its
phosphatase activity towards MEKK4 and Pyk2. Our data show-
ing direct dephosphorylation of MEKK4 and Pyk2 by SHP2 repre-
sent a negative-regulatory function of SHP2 in the IFNy pathway,
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terminating this signalling pathway. In contrast, cytokine-depen-
dent activation has been claimed to require SHP2 as a positive,
signal-enhancing, factor [45]. To this end, Zhang et al. [46] have
shown that SHP2 regulates Src family kinases by controlling their
inhibitory tyrosine phosphorylation by dephosphorylating the up-
stream docking protein for the inhibitory c-Src kinase CSK, pre-
venting recruitment of CSK, and therefore ensuring Src activation.
The Pyk2-MEKK4 multi-protein complex also contains Src (re-
sults not shown), which is most likely to be recruited to activated
Pyk2 with its SH2 domain binding to pTyr*” of Pyk2 subsequently
contributing to further phosphorylation of Pyk2 [23]. This initial
effect of SHP2, securing activated Src, results via activated Pyk2
in IFNy -dependent activation of MEKK4 and is a positive, signal-
enhancing, event. However, subsequently, SHP2 has a negative,
deactivating, effect on this pathway by dephosphorylating Pyk2
and MEKK4, thus ending the signal transduction pathway. In
summary, SHP2 serves a dual role. First, SHP2 activity leads to
activation of Src [46] and increased Pyk?2 activity, and, secondly,
SHP2 dephosphorylates and inactivates MEKK4 and Pyk2. The
complex role of SHP2 may explain why disruption of the SHP2
gene is lethal in mice [47]. We showed in Figure 8(C) SHP2 acti-
vity on immunoprecipitated Src in an in vitro phosphatase assay.
Zhang et al. [46] provide evidence that SHP2-dependent activation
of Src is achieved not by directly dephosphorylating the inhibi-
tory tyrosylphosphate Tyr 3 of human c-Src. Moreover, the phos-
phatase RPTP« (receptor protein tyrosine phosphatase «) is
suggested to be active on Tyr** of Src [48,49]. Thus we probably
observed SHP2 dephosphorylating Tyr*'® in the activation loop.

IFNy has been shown to elicit a Ca** flux in certain cell types
[5-11], suggesting that this increase of free calcium is involved in
IFNy signalling. CaMK (Ca**/calmodulin-dependent kinase) II
has been implicated in the mediation of the calcium effect in one
study [10]; however, the mechanism by which Ca’" acts as a
second messenger in IFNy signalling is mostly unclear. Further-
more, Pyk2, which has been reported to be activated by IFNy
[22], is a calcium-dependent tyrosine kinase, but Pyk?2 itself has
no calcium binding motifs, so the mechanism of its calcium regu-
lation is largely unknown [21]. In the present study, we have shown
the calcium-binding protein, annexin I, co-immunoprecipitates
with MEKK4 (Figures 1 and 2) and co-localizes with Pyk2 (Fig-
ure 3B). This co-association is stimulated by IFNy and is depen-
dent on calcium. Annexin II probably provides the calcium
regulation of Pyk2 which was monitored by calcium-dependent
tyrosine phosphorylation of MEKK4 (Figure 4).

We have provided evidence that IFNy-stimulated tyrosine
phosphorylation of MEKK4 is dependent on intracellular calcium
(BAPTA/AM-affected; Figures 2 and 4). Conversely, employing
angiotensin II to stimulate smooth muscle cells, Derbyshire et al.
[34] found MEKK4 tyrosine phosphorylation is strongly de-
creased by chelating extracellular calcium with EGTA. Interest-
ingly, activating the purinergic receptor (P2Y) in keratinocytes
with ATP also requires extracellular calcium to activate tyrosyl-
phosphorylation of MEKK4 (U. M. Halfter and R. R. Vaillancourt,
unpublished work). These data suggest that the G-protein-coupled
receptors, AT, (angiotensin II receptor 1A) and P2Y, both
stimulate the increase of free calcium from extracellular sources,
while the IFNGR pathway requires intracellular calcium. Further-
more, basal levels of MEKK4 tyrosine phosphorylation in
keratinocytes may be stimulated by extracellular calcium, as
EGTA application reduces that level (Figure 2A).

Although BAPTA/AM inhibits further stimulation of tyrosyl-
phosphorylation on MEKK4 by IFNy, the basal level is higher
than that in untreated cells (Figure 2A, compare lanes a and b with
e). This could indicate that a particular tyrosine, which is different
from that stimulated by IFNy in an intracellular-calcium-depen-

dent manner, is usually inhibited by intracellular calcium, but in
the absence of intracellular calcium becomes phosphorylated.

Our data showing treatment of keratinocytes with IFNy and/or
calcium chelators, or inhibitors, resulted in a similar pattern of
Pyk2 and SHP2 co-immunoprecipitation with MEKK4 (Figure 2,
and results not shown). Direct binding of SHP2 to Pyk2 has been
shown by far-Western blot analysis [28]. A few substrates for
SHP2 have been investigated. Pyk2 dephosphorylation by SHP2
has been documented in in vitro assays and also in overexpression
experiments [28,33,35]. We now demonstrate that MEKK4 is a
substrate for SHP2. Although this result is observed easily in Sf9
insect cells, where we can manipulate expression of the various
mammalian proteins, we have also observed this result with
MEKK4 from HaCaT keratinocytes. Our results demonstrate that
the use of the Sf9 insect cell expression system is a powerful tool
to dissect complex interactions and reactions that occur in mam-
malian cells.

IFNy signalling results in direct tyrosine phosphorylation of
STAT1 by the receptor-associated tyrosine kinase JAK. However,
a MAPK pathway also seems to play a major role in IFNy signal-
ling. We have demonstrated the activation of the MEKK4 sig-
nalling complex by IFNy . Pyk2 is activated by G-protein-coupled
receptor or receptor tyrosine kinase pathways in different cell
types [23,34]. In fibroblasts, Takaoka et al. [22] have shown that
Pyk2 tyrosine kinase activity is increased upon IFNy stimulation.
IFNGR-associated STAT1 becomes tyrosine-phosphorylated, di-
merizes and translocates to the nucleus. Taken together, IFNy
has the potential to activate parallel pathways simultaneously:
(1) JAK activating STAT1 and (ii)) MEKK4 leading to ATF2 activ-
ation (Scheme 1).

The skin is the outermost organ in contact with the environment,
being exposed to biotic and abiotic agents, thus it has protective
functions. In this context, IFNy stimulation also leads to activation
of antiviral defences at the molecular level. IFNy expressed in
keratinocytes is particularly important for response to antiviral
diseases in the skin [50]. Activation of STAT 1 is critical for IFNy -
stimulated antiviral immune defence [51,52]. Thus, as summar-
ized in Scheme 1, IFNy activating its cognate receptor could result
in STAT1-dependent antiviral defence. However, IFNy activating
Pyk2 in a calcium-dependent manner results in p38-dependent
activation of COX2, consequently leading to prostaglandin-me-
diated responses. We believe that these signalling pathways can
account for the pleiotropic effects of IFNy.
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