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Background: The ability of arrestin-3 to facilitate activation of JNK1 and JNK2 has never been reported.
Results: Arrestin-3 binds JNK1a1 and JNK2a2 and promotes their phosphorylation by MKK4 and MKK?7 in vitro and in intact

cells.

Conclusion: Arrestin-3 promotes the activation of ubiquitous JNK1 and JNK2 isoforms.
Significance: Arrestin-3 scaffolds MKK4/7-JNK1/2/3 signaling modules and facilitates activation of ubiquitous JNK isoforms.

Non-visual arrestins scaffold mitogen-activated protein
kinase (MAPK) cascades. The c-Jun N-terminal kinases (JNKs)
are members of MAPK family. Arrestin-3 has been shown to
enhance the activation of JNK3, which is expressed mainly in
neurons, heart, and testes, in contrast to ubiquitous JNK1 and
JNK2. Although all JNKs are activated by MKK4 and MKK?7,
both of which bind arrestin-3, the ability of arrestin-3 to facili-
tate the activation of JNK1 and JNK2 has never been reported.
Using purified proteins we found that arrestin-3 directly binds
JNK1al and JNK2a2, interacting with the latter comparably to
JNK3a2. Phosphorylation of purified JNKlal and JNK2a2 by
MKK4 or MKK? is increased by arrestin-3. Endogenous arrestin-3
interacted with endogenous JNK1/2 in different cell types. Arres-
tin-3 also enhanced phosphorylation of endogenous JNK1/2 in
intact cells upon expression of upstream kinases ASK1, MKK4, or
MKK?7. We observed a biphasic effect of arrestin-3 concentra-
tions on phosphorylation of JNK1al and JNK2a2 both in vitro
and in vivo. Thus, arrestin-3 acts as a scaffold, facilitating
JNK1al and JNK2a2 phosphorylation by MKK4 and MKK?7 via
bringing JNKs and their activators together. The data suggest
that arrestin-3 modulates the activity of ubiquitous JNK1 and
JNK2 in non-neuronal cells, impacting the signaling pathway
that regulates their proliferation and survival.

Arrestins were first discovered for their ability to specifically
bind active phosphorylated G protein-coupled receptors
(GPCRs)* (1), acting as negative regulators of G protein activa-
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tion (2). Subsequently arrestins were shown to interact with a
variety of non-receptor partners, affecting numerous signaling
pathways (for review, see Refs. 3-5). The ability of overex-
pressed arrestin-3° to promote the activation of exogenous
c-Jun N-terminal kinase 3 (JNK3) in cells was demonstrated
more than a decade ago (6). Numerous subsequent studies
showed that this function does not depend on arrestin-3 asso-
ciation with GPCRs (7-12). In all these studies JNK3, which is
predominantly expressed in neurons, heart, and testes (13), was
either exogenously expressed in cultured cells that normally do
not contain this isoform (6 -9, 11, 12) or used in purified form
for in vitro reconstitution experiments (10, 12). Although arres-
tin-3 is expressed in virtually every cell in the body (3, 14, 15), its
ability to affect the activation of equally ubiquitous JNK1 and
JNK2 isoforms (16 —18) has never been reported.

Here, using purified proteins, we show that arrestin-3
directly binds I]NK1al and JNK2a2, in the latter case at the
levels comparable to those observed with INK3a2. At optimal
concentrations arrestin-3 increases the phosphorylation of
JNK1al and JNK2a2 by both MKK4 and MKK?7, similar to the
effect of purified arrestin-3 on JNK3a2 phosphorylation by
these upstream kinases (10, 12). Endogenous arrestin-3 co-im-
munoprecipitates with endogenous JNK1/2. Arrestin-3 also
promotes the phosphorylation of endogenous JNK1/2 in cells
expressing MKK4, MKK7, or their upstream activator ASK1.
Importantly, the dependence of JNK phosphorylation on arres-
tin-3 levels is biphasic; low arrestin-3 concentrations enhance,
whereas high concentrations inhibit the phosphorylation of all
JNK isoforms tested both in vitro and in intact cells. Thus,
arrestin-3 similarly scaffolds signaling modules involved in the
activation of JNK1, JNK2, and JNK3, suggesting that arrestin-3
plays a role in the regulation of JNK signaling in the majority of
cell types.

® We use the systematic names of arrestin proteins: arrestin-1 (historic names
S-antigen, 48-kDa protein, visual or rod arrestin), arrestin-2 (B-arrestin or
B-arrestin1), arrestin-3 (B-arrestin2 or hTHY-ARRX), and arrestin-4 (cone or
X-arrestin; for unclear reasons its gene is called “arrestin 3" in the HUGO
database).
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EXPERIMENTAL PROCEDURES

Materials—All restriction and DNA modifying enzymes (T4
DNA ligase, Vent® DNA polymerase, and calf intestine alkaline
phosphatase) were from New England Biolabs (Ipswich, MA).
Cell culture reagents and media were from Mediatech (Manas-
sas, VA) or Invitrogen. All other chemicals were from sources
recently described (10, 12).

Protein Purification—Arrestin-3, MBP-arrestin3, INKlal,
INK2a2, INK3a2, active MKK4, and active MKK7 were puri-
fied as previously described (10, 12, 19-21).

His-tag Pulldown—Binding of JNKlal and JNK2a2 to
arrestin-3 was assayed by His-tag pulldown with purified His-
JNKlal, His-JNK2a2, and JNK3a2-His immobilized on
Ni-NTA resin from Qiagen according to the manufacturer’s
instructions. Briefly, 50 ul of purified JNK proteins (5 ug) were
incubated with 25 ul of Ni-NTA resin (50% slurry) in binding
buffer (50 mm Hepes-Na, pH 7.3, 150 mm NaCl) at 4 °C with
gentle rotation for 2 h. Subsequently, 50 ul of protein solutions
containing arrestin-3 (5 ug) were added, and the suspensions
were incubated at 4 °C for 2 h. The suspension was transferred
to centrifuge filters (Ultrafree, Millipore, Bedford, MA) and
washed 3 times with washing buffer (50 mm Hepes-Na, pH 7.3,
150 mMm NaCl, 50 mMm imidazole). The proteins were eluted from
resin by the addition of 100 ul of elution buffer (250 mm imid-
azole, 50 mMm Hepes-Na, pH 7.3, and 150 mm NaCl). Eluates
were analyzed by SDS-PAGE and Western blotting.

In Vitro JNK1al/INK2a2 Phosphorylation—The effect of
arrestins on the phosphorylation of INK1a1/JNK2a2 by MKK?7
or MKK4 was analyzed by an in vitro kinase activity assay.
Briefly, the assays were conducted in 10 ul containing the fol-
lowing final concentrations: 50 nm active MKK7 or MKK4, 1
M JNK1al or INK2a2, and 0—24 um arrestin-3. The mixtures
were incubated individually at 30 °C for 10 s. The reactions
were stopped by the addition of 15 ul of Laemmli SDS sample
buffer (Sigma), and 2 ul of total reaction sample was subjected
to SDS-PAGE (8%) and transferred polyvinylidene difluoride
(PVDF) membranes (Millipore). Phosphorylated ]NKlal or
JNK2a2 was visualized by rabbit anti-phospho-JNK antibody
(Cell Signaling), and the level of JNK phosphorylation was
quantified.

Cell Culture and Transient Transfection—COS-7 African
green monkey, arrestin-2 knock-out mouse embryonic fibro-
blasts (MEFs), and Neuro2a cells were maintained in DMEM
supplemented with 10% heat-inactivated FBS (Invitrogen),
penicillin, and streptomycin at 37 °C in a humidified incubator
with 5% CO,. The cells were plated at 80 —90% confluence and
transfected using FUGENE HD (Promega) according to the
manufacturer’s instructions. Cells were used 48 h post-trans-
fection and serum-starved overnight before experiments.

Western Blotting and Measurement of JNK Phosphorylation
in Intact Cells—CQOS-7 cells were incubated with phosphatase
inhibitors (50 mm NaF and 10 mMm sodium orthovanadate
(NazVO,)) in serum-free medium for 15 min at 37 °C, washed
with cold PBS, and lysed with SDS lysis buffer containing 1%
SDS, 10 mm Tris-HCI, pH 7.4, 10 mMm NaF, 100 um Na;VO,, 2
mMEDTA, 2 mm benzamidine, and 1 mm PMSF. JNK phosphor-
ylation was assayed by Western blotting using an antibody spe-
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cific for phosphorylated JNKs to detect phospho (active) JNKs
(10, 12). Whole cell lysates were boiled for 5 min and centri-
fuged at 10,000 X g for 10 min, and the supernatants were used
for Western blotting. Protein was measured using the Bio-Rad
Coomassie Blue assay. The proteins were resolved on 8% SDS-
PAGE and transferred to PVDF membrane (Millipore). Blots
were incubated with the primary antibodies (Cell Signaling
Technology, Inc.) anti-phospho-JNK, anti-JNK, anti-HA (6E2)
(1:1000 to 1:5000), anti-FLAG M2 (Sigma) (1:1000), and
GAPDH (Millipore) (1:500) followed by appropriate HRP-con-
jugated secondary antibodies. Arrestins were visualized with
F4C1 mouse monoclonal antibody (1:10,000) (22). Protein
bands were detected by enhanced chemiluminescence (Pierce)
followed by exposure to x-ray film. To quantify phospho-JNKs,
we used serial dilutions of anisomycin (1 pg/ml)-stimulated
HEK-A cell lysates to ensure that all samples were in linear
range. The values for these proteins are expressed in arbitrary
units.

Immunoprecipitation—For immunoprecipitation, COS-7
cells (on 60-mm plates) were co-transfected with arrestin-3 and
FLAG-JNK1/2 and lysed in 0.75 ml of lysis buffer (50 mm Tris, 2
mwm EDTA, 250 mm NaCl, 10% glycerol, 0.5% Nonidet P-40, 20
mM NaF, 1 mm Na;VO,, 10 mm N-ethylmaleimide, 2 mwm ben-
zamidine, and 1 mMm PMSF) for 30— 60 min at 4 °C. After cen-
trifugation, supernatants were precleared with 35 ul of protein
G-agarose (50% slurry, Millipore). Then 600 ul of supernatant
was incubated with rabbit anti-FLAG antibodies overnight fol-
lowed by the addition of 25 ul of protein G-agarose beads for
2 h. The beads were washed 3 times with 1 ml of lysis buffer, and
the proteins were eluted with 50 ul of SDS sample buffer, boiled
for 5 min, and analyzed by Western blotting as described above.

Arrestin-2 KO MEFs that only express arrestin-3 and
Neuro-2A cells expressing both non-visual arrestins were used
for immunoprecipitation to check for interaction between
endogenous arrestin-3 and JNK1/2. Cells (on two 100-mm
plates) were washed with cold PBS and lysed in 1.5 ml of lysis
buffer for 60 min at 4 °C. After centrifugation at 10,000 X g for
10 min, supernatants were precleared with 35 ul of protein
G-agarose. Then, protein concentration was measured using
Bio-Rad Coomassie Blue assay. For immunoprecipitation, cell
lysates (1 mg of total protein) were incubated with either 1 ug of
arrestin-3 antibody (Santa Cruz Biotechnology, catalog #sc-
13140) or 1 pug of mouse IgG (as negative control) or 3 ul of
F431 (pan-arrestin rabbit polyclonal antibody (23)) or 10 ug of
rabbit IgG as negative control overnight followed by the addi-
tion of 25 ul of protein G-agarose beads for 2 h. The beads were
washed 3 times with 1 ml of lysis buffer, and the proteins were
eluted with 50 ul of SDS sample buffer, boiled for 5 min, and
analyzed by Western blotting with rabbit anti-arrestin-3 #182
antibody (24, 25), rabbit anti-JNK antibody (Cell Signaling
Technology, catalog # 92520), or mouse anti-JNK antibody
(Santa Cruz Biotechnology catalog #sc-7345).

Quantification and Statistical Analysis—The bands on the
x-ray film were quantified using Quantity One software (Bio-
Rad). Two-way analysis of covariance (StatView software, SAS
Institute) was used for statistical analysis of upstream kinase-
arrestin-3 co-expression, with upstream kinase (ASK1, MKK7,
MKK4) concentration treated as a co-variate and the presence
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or absence of arrestin-3 as a factor. Significant interaction of the
co-variate and the arrestin-3 factor is indicative of the change in
the slope (homogeneity of slopes test). One-way ANOVA was
used to analyze the effect of arrestin-3 expression of JNK acti-
vation, as the effect was clearly non-linear. ANOVA analysis
was followed by Bonferroni/Dunn post hoc comparison of
means, with corrections for multiple comparisons. In all cases,
p < 0.05 was considered significant.

RESULTS

Arrestin-3 Binds JNKI1al/INK2a2 in Vitro and in Intact
Cells—The binding of arrestin-3 to JNK3 was inferred from
co-immunoprecipitation of these two co-expressed proteins
from intact cells (6, 8, 9, 11) as well as from the ability of arres-
tin-3 to remove JNK3 from the nucleus (26, 27). Only recently
was this interaction unambiguously demonstrated using two
purified proteins in vitro in the absence of any potential helpers
and/or intermediaries (10, 12). However, among the three iso-
forms of JNK (JNK1, JNK2, and JNK3), JNK1 and JNK2 are as
ubiquitous as arrestin-3, whereas JNK3 is expressed in a limited
number of cell types (3, 13). Therefore, we tested whether arres-
tin-3 interacts with JNK1 and JNK2. To obtain a definitive
answer, we used purified proteins in vitro. JNK1 and JNK2 each
has four different splice variants (17). In these experiments we
used a representative splice variant of each, INK1a1 (one of the
shorter 46-kDa forms of JNK1) and JNK2«2 (one of the longer
54-kDa forms of JNK2). To assess the direct interaction in vitro,
we immobilized His-tagged JNK isoforms on Ni-NTA resin
using binding buffer as a negative control. Specific eluates from
Ni-NTA resin (with buffer containing 250 mm imidazole) were
analyzed by SDS-PAGE followed by Coomassie Blue staining to
determine the amount of each JNK isoform bound to the Ni-
NTA column (Fig. 14). To determine the amount of arrestin-3
retained by each JNK isoform, eluates were subjected to West-
ern blotting with F4C1 anti-arrestin antibody (22, 28). We
found that both [NK1al and JNK2a2 directly bind arrestin-3
(Fig. 1B). Quantitatively, the amounts of arrestin-3 retained by
JNK2a2 were similar to that of JNK3a2, which was previously
shown to bind arrestin-3 directly (10, 12), whereas arrestin-3
binding to JNK1al was somewhat lower (Fig. 1B). Binding was
specific, as arrestin-3 was not retained by Ni-NTA resin (Fig.
1B). Coomassie Blue staining of JNK proteins eluted from the
resin revealed that equivalent amounts of each JNK isoform
were present in each binding assay (Fig. 14). Thus, arrestin-3
directly and specifically binds JNK1al and JNK2a2, similarly to
INK3a2.

To test whether arrestin-3 interacts with JNK1a1 or INK2a2
in the cellular environment, we co-transfected COS-7 cells
with pcDNA3-based vectors encoding arrestin-3 and FLAG-
JNKlal or FLAG-JNK2a2. JNK isoforms were immunopre-
cipitated from cell lysates with FLAG-specific antibody, and
co-immunoprecipitated arrestin-3 was detected by Western
blot with monoclonal pan-arrestin antibody F4C1 (22). Com-
parable amounts of arrestin-3 co-immunoprecipitated with
FLAG-JNKlal and FLAG-JNK2«2, similar to that co-immu-
noprecipitated with somewhat lower amount of FLAG-JNK3«2
(Fig. 1C). Thus, arrestin-3 interacts with JNK1a1, JNK2a2, and
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FIGURE 1. Arrestin-3 binds JNK1a1 and JNK2«2 isoforms in vitro and in
cells. A, Coomassie Blue-stained gel of the eluted bait proteins (JNK1a1,
JNK2a2, and JNK3@2). B, the amount of arrestin-3 retained was analyzed by
Western blot (/B). Representative gels are shown. Bar graph, quantification of
the Western blot data. The intensity of the arrestin-3 bands specifically bound
to indicated JNK isoforms in three independent experiments was quantified
and statistically analyzed. The means = S.E. are shown. All JNK isoforms
showed significant specific binding (p < 0.001 as compared with control
without JNK, repeated measure ANOVA); JNK isoforms showed significantly
different efficacy in arrestin-3 binding (one-way ANOVA F(2,6) = 9.975p =
0.0124); *, —p < 0.05 compared to JNK1 according to Bonferroni/Dunn post
hoc test with correction for multiple comparisons. C, results of a representa-
tive immunoprecipitation (/P) experiment in COS-7 cells expressing arrestin-3
without (—) or with FLAG-JNK1 a1, FLAG-JNK2a:2, or FLAG-JNK3 a2 using anti-
FLAG antibody. Arrows point to arrestin-3 bands.

JNK3a2 in intact cells, which suggests that arrestin-3 may play
arole in the regulation of JNK1 and JNK2 activity.
Endogenous Arrestin-3 Binds Endogenous JNKI1 and JNK2 in
Intact Cells—The experiments above demonstrating interac-
tions of arrestin-3 with JNK1/2 in cells have been performed
with overexpressed JNK proteins. The interaction of endog-
enous arrestin-3 with any JNK isoform has never been
reported. Therefore, we have examined the endogenous
arrestin-3-JNK1/2 interaction by immunoprecipitation. We
took advantage of availability of arrestin-2 knock-out MEFs
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FIGURE 2. Endogenous arrestin-3 interacts with endogenous JNK1/2 in
non-neuronal and neuronal cells. A, immunoprecipitation of endogenous
arrestin-3 from arrestin-2 knock-out MEFs using rabbit polyclonal arrestin
antibody (ab) F431 (upper panels) or mouse monoclonal arrestin-3 antibody
(lower panels). Respective rabbit or mouse IgGs were used as controls. Co-
immunoprecipitated JNK isoforms were visualized using mouse or rabbit JNK
antibodies. Black arrows point to arrestin-3 bands, black arrowheads point to
JNK bands, and white arrows point to IgG bands. /B, immunoblot. B,immuno-
precipitation experiments performed in Neuro2a cells. All conditions and
labels are the same as in panel A. Rabbit arrestin antibody immunoprecipi-
tated arrestin-3 much more efficiently than mouse arrestin-3 antibody, as
seen in theimages in the left in A and in B. Note that the amount of arrestin-3
standard loaded on each gel was the same (Arr3 Std), but the exposure times
differed. Thus, the amount of co-precipitated JNK1/2 was also higher when
rabbit arrestin antibody was used.

(29) expressing only arrestyin-3 (Fig. 24), and we also per-
formed experiments in Neuro2a cells of neuronal origin that
express both non-visual subtypes but have slightly higher level
of arrestin-3 than MEFs (Fig. 2B). We used two different arres-
tin antibodies to immunoprecipitate arerestin-3 from both cell
types. As shown in Fig. 2, we were able to immunoprecipitate
arrestin-3 from arrestin-2 knock-out MEFs (Fig. 24) and
Neuro2a cells (Fig. 2B), and found that endogenous JNK1/2
co-immunoprecipitates from both cells with both antibodies
(Fig. 2, A and B). Thus, endogenous arrestin-3 interacts with
endogenous JNK1/2 in living cells. Interestingly, only the band
corresponding to a longer (p54) isoforms of JNK1/2 was
detected co-immunoprecipitating with arrestin-3. This may
reflect higher affinity of these isoforms for arrestin-3 and is
consistent with the in vitro data demonstrating higher binding
of longer JNK2a2 than of shorter INK1a1 isoform to arrestin-3
(Fig. 1, A and B).
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Arrestin-3 Facilitates ASK1-, MKK7-, and MKK4-mediated
Phosphorylation of INK1/2 in Intact Cells—Arrestin-3 was pre-
viously shown to bind JNK3 and upstream kinases ASKI,
MKK4, and MKK?7 and scaffold ASK1-MKK4/7-JNK3 signaling
cascades to promote JNK3 activation (6 -9, 11, 12). Our finding
that arrestin-3 binds JNK1 and JNK2 (Figs. 1 and 2) suggested
that it might be involved in the regulation of these ubiquitous
JNK isoforms. Therefore, we tested whether arrestin-3 facilitates
the phosphorylation of J]NKlal and JNK2a2 in cells expressing
ASK1, MKK4, or MKK?7. To this end increasing amounts of HA-
ASK1 were co-transfected into COS-7 cells with constant levels of
either empty pcDNA3 or pcDNA3-arrestin-3. COS-7 cells
endogenously express eight different isoforms of JNK1 and
JNK2 (17). The level of the phosphorylation of endogenous
JNK1/2 isoforms was determined by Western blotting of cell
lysates with an antibody that specifically recognizes JNK dou-
ble-phosphorylated at Thr and Tyr in the activation loop. Cells
transfected with empty pcDNA3 vector were used as a control
for the basal JNK activity. We quantified and statistically ana-
lyzed the level of phosphorylation of endogenous JNK isoforms.
The phosphorylation levels of p46 upper (p46H), lower (p46L),
and p54 JNK isoforms progressively increased with the amount
of transfected HA-ASK1 (p < 0.0001) (Fig. 3A). The elevated
concentration of arrestin-3 significantly altered phosphoryla-
tion of the upper band in p46 and p54 JNK groups (Fig. 3A4).
Co-expression of arrestin-3 with HA-ASK1 significantly
increased the slope of the JNK1/2 activation curves for both
p46H and p54 (p < 0.0001 for ASK1 x arrestin3 interaction)
(Fig. 3B). At higher levels of ASK1 expression, the magnitude of
arrestin-3-induced increase of p46H JNK1/2 activation reached
~2-fold, as compared with HA-ASK1 alone, whereas the mag-
nitude of p54 activation was smaller (Fig. 3, A and B). Thus,
arrestin-3 facilitates ASK1-dependent phosphorylation of sev-
eral isoforms of endogenous JNK1/2.

All JNKs are phosphorylated by two upstream MAP kinase
kinases (MAPKK), MKK4 and MKK?7 (30, 31), which are acti-
vated by several MAPKKKSs, including ASK1 (18, 32). Recently,
using purified proteins we demonstrated that arrestin-3
directly binds MKK4 and MKK?7 and promotes JNK3a2 phos-
phorylation by both MKK4 and MKK?7 in vitro as well as in
intact cells (10, 12). Therefore, we next tested the ability of
arrestin-3 to promote JNK1/2 phosphorylation by MKK7. To
this end we co-expressed increasing amounts of MKK7 without
or with arrestin-3 in COS-7 cells and monitored the phosphor-
ylation of endogenous JNK isoforms. Increasing amounts of
MKK?7 resulted in a dose-dependent increase of JNK1/2 phos-
phorylation in the absence of arrestin-3 (Fig. 4, A and B). Sim-
ilar to its effect on ASK1-dependent J]NK1/2 phosphorylation,
arrestin-3 markedly increased the rate of phosphorylation of
JNK1/2 p54 and slower migrating p46H JNK isoforms, with the
arrestin-3-dependent difference reaching ~1.7-fold for p46H
(quantified in Fig. 4B). The phosphorylation of p46H was ele-
vated by arrestin-3 across a wide range of MKK7 concentra-
tions, as evidenced by a significant effect of arrestin-3 factor
(p = 0.0057). Co-expression of arrestin-3 also increased the
slope of the MKK?7 effect on p46H JNK1/2 phosphorylation, as
reflected in significant arrestin-3 X MKK?7 interaction (p =
0.0335). The level of p54 phosphorylation was lower than that
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FIGURE 3. Arrestin-3 promotes JNK1/2 activation induced by the expres-
sion of ASK1. A, representative Western blot (/B) showing phosphorylation of
endogenous JNK1/2 isoforms with or without arrestin-3 in COS-7 cells
expressing varying amounts of ASK1. The upper p-JNK blot is the same as the
lower blot exposed for a longer time to visualize p54 isoforms. B, quantifica-
tion of phosphorylation of JNK p46H and p54 isoforms with or without arres-
tin-3. Analysis of covariance with Arr3 as factor and ASK1 concentration as
co-variate showed a significant effect of ASK1 concentration on the level of
p46H and p54 phosphorylation (p < 0.0001). Significant Arr3 X ASK1 interac-
tion (p < 0.0001) indicated a difference in slopes due to co-expression of
arrestin-3.*, —p < 0.05; **, —p < 0.01 to —Arr3; Student'’s t test for individual
points.

of p46H, and the effect of arrestin-3 was evident in the increase
of the slope (p < 0.0001).

Previous reports showed that scaffold proteins in the JNK
pathway have distinct capabilities to interact with upstream
MAPKKs, MKK4, and MKK?7.JIP-1 (JNK interacting protein-1)
and JIP-2 specifically bind MKK7 but cannot bind MKK4
(33, 34), whereas JIP-3 can associate with either of these two
MAPKKSs (34-36). To investigate whether arrestin-3 facilitates
MKK4-mediated JNK1/2 activation, increasing amounts of
MKK4 were co-transfected into COS-7 cells with empty vector
or a constant amount of arrestin-3 followed by Western blot-
ting of lysates with phospho-JNK antibody (Fig. 5). In contrast
to MKK?7 (Fig. 4), exogenous expression of MKK4 per se did not
result in an increase of JNK1/2 phosphorylation even at the
highest level (Fig. 5). Without arrestin-3, progressive enhance-
ment of phosphorylation by increasing amounts of MKK4 was
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FIGURE 4. Arrestin-3 enhances MKK7-dependent phosphorylation of
endogenous JNK1/2 in intact cells. A, a representative Western blot (/B)
showing phosphorylation of endogenous JNK1/2 isoforms with or without
arrestin-3 in COS-7 cells expressing varying amounts of MKK7. B, quantifica-
tion of phosphorylation of JNK p46H and p54 isoforms with or without arres-
tin-3. Analysis of covariance with Arr3 as factor and MKK7 concentration as
co-variate showed a significant effect of MKK7 concentration on the level of
p46H and p54 phosphorylation (p < 0.0001). The presence of Arr3 signifi-
cantly affected the level of p46H, but not p54, phosphorylation across MKK7
concentrations (F(1,38) = 8.592; p = 0.0057). Significant Arr3 X MKK7 inter-
action (p = 0.0335 for p46H and p < 0.0001 for p54) indicated a difference in
slopes due to co-expression of arrestin-3. *, —p < 0.05 to —Arr3; Student’s t
test for individual points.

not visible on Western blot even for p46H isoform, which
responded the strongest to overexpression of ASK1 and MKK7
(Figs. 3 and 4). However, the addition of arrestin-3 strongly
increased the slope of the curve for p46H, as evidenced by
highly significant MKK4-arrestin-3 interaction (Fig. 5, A and
B). Moreover, MKK4-dependent increase in p54 phosphoryla-
tion was only detectable in cells co-expressing arrestin-3 (Fig.
5A). Collectively, the data in Figs. 3—5 show that arrestin-3 scaf-
folds ASK1-MKK4/7-JNK1/2 signaling modules, similar to the
reported scaffolding of ASK1-MKK4/7-INK3a2 modules (6, 8,
9,11).

Biphasic Effect of Arrestin-3 on JNK1ol or INK2a2 Activation
by MKK4 and MKK7 in Vitro—To directly test whether arres-
tin-3 acts as a scaffold facilitating the phosphorylation of
JNK1al or JNK2a2 by MKK4 or MKK?7, using purified proteins
we assembled four signaling modules, MKK4-JNK1al, MKK7-
INK1al, MKK4-JNK2a2, and MKK7-JNK2a2, in the presence
and absence of purified arrestin-3 (Fig. 6). Constant concentra-
tions of MKK4 or MKK?7 (50 nm) as well as their substrates
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FIGURE 5. Arrestin-3 enhances MKK4-dependent phosphorylation of
endogenous JNK1/2 in intact cells. A, representative Western blot (/B)
showing phosphorylation of endogenous JNK1/2 isoforms with or without
arrestin-3in COS-7 cells expressing varying amounts of MKK4. Note that there
is no progression in the level of p46H phosphorylation with increased MKK4
concentration without arrestin-3 co-expression. P54 isoforms were poorly
activated by the expression of MKK4, in contrast to ASK1 and MKK?7 (Figs. 3
and 4), although some increase in the presence of arrestin-3 is visible. B, quan-
tification of phosphorylation of JNK p46H isoforms with or without arrestin-3.
Analysis of covariance with Arr3 as factor and MKK4 concentration as co-
variate showed significant Arr3 X MKK4 interaction (p < 0.0001), indicating a
difference in slopes due to co-expression of arrestin-3. *, —p < 0.05; **, —p <
0.01; *, —p < 0.001 —arrestin-3; Student'’s t test for individual points.

JNKlal or INK2a2 (1 um) were incubated with varying con-
centration of arrestin-3 (0.2—24 um), and the extent of INK1al
or JNK2a2 phosphorylation was determined by Western blot
with phospho-JNK antibody (Fig. 6). We found that low con-
centrations of arrestin-3 enhanced the phosphorylation of both
JNK1al and JNK2a2 by MKK4, whereas high concentrations of
arrestin-3 markedly attenuated the ability of MKK4 to phos-
phorylate JNK1lal or INK2a2 (Fig. 6, A-C). The experiments
testing the phosphorylation of JNK1al and JNK2a2 by MKK?7
yielded similar results; arrestin-3 biphasically affected the
phosphorylation of JNKlal and JNK2a2 by MKK7 (Fig. 6,
D-F). Thus, qualitatively arrestin-3 plays the same role in the
phosphorylation of INK1a1 and JNK2a«2 by MKK4 and MKK7.
In contrast to our observations with JNK3«2, where arrestin-3
concentrations optimal for its phosphorylation by MKK4 and
MKK?7 were very different (0.6 and 5-8 um, respectively (10,
12)), optimal arrestin-3 concentrations for scaffolding MKK4-
INK1al, MKK4-INK2a2, MKK7-JNK1al, and MKK7-JNK2a2
modules were all in the range of 5-10 uM (Fig. 6). We previously
found that in case of arrestin-3 scaffolding of MKK7-JNK3a2
module, when all possible complexes are taken into account by
a thermodynamically valid model, the optimal scaffold concen-
tration can exceed that of either kinase (12). The presence of
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arrestin-3 had a stronger effect on the phosphorylation of
JNK1al by both MKK4 and MKK?7, increasing it by 1.7-1.8-
fold at optimal concentrations, than on the phosphorylation of
JNK2a2, which was enhanced by ~20-45% (Fig. 6). An arres-
tin-dependent increase in JNK1/2 phosphorylation in intact
cells (Figs. 3—5) tends to be similar to that observed in vitro with
JNK1al (Fig. 6) or even greater. Because we cannot determine
whether endogenous phospho-JNK bands in cells represented
splice variants of JNK1 or JNK2, it is possible that JNK1 iso-
forms were mostly affected. However, we more often observed
an arrestin-3-dependent increase in the phosphorylation of
shorter (p46) isoforms of JNK1/2 (Figs. 3—5) that were repre-
sented in the in vitro assay by JNKlal, suggesting that longer
(p54) splice variants, like INK2a2, may be affected less in cells.
Because in vitro we only tested two purified forms of JNK1/2 of
eight existing, it is also conceivable that some of the more sen-
sitive isoforms that are revealed by in-cell assays (Figs. 3-5)
were not tested in the experiments with purified proteins (Fig.
6). Importantly, the phosphorylation of JNK1al or INK2a2 by
MKK4 as well as MKK7 showed a biphasic dependence on
arrestin-3 concentration (Fig. 6), suggesting that arrestin-3 acts
as a scaffold bringing MKK4 or MKK?7 to their substrates
JNK1al or I]NK2a2 via direct binding of both kinases in each
cascade (Fig. 6). This is similar to the earlier finding that arres-
tin-3 acts as a scaffold tethering the two kinases in MKK4/7-
JNK3a2 signaling modules (10, 12).

Arrestin-3 Modulates ASKI1- and MKK7-stimulated JNK1/2
Phosphorylation in Cells in a Concentration-dependent Manner—
Our results suggested that arrestin-3 functions as a scaffold for
the MKK4/7-JNK1/2 modules in vitro. Scaffolds that bring the
two proteins close to each other have two defining hallmarks:
they directly bind both components, and they enhance signal-
ing at low concentrations but attenuate it when the amounts of
scaffold molecules are too high, demonstrating a bell-shaped
concentration dependence (37-39). The inhibitory effect of
high concentrations is attributable to the sequestration of indi-
vidual components, which results in the formation of non-pro-
ductive incomplete complexes (38, 39). This prediction of
mathematical modeling has been recently experimentally vali-
dated by the analysis of arrestin-3-mediated scaffolding of
MKK4-JNK3a2 and MKK7-JNK3a2 signaling modules recon-
structed from pure proteins (10, 12). Because this is clearly the
case with JNK1/2 phosphorylation in vitro (Fig. 6), we tested the
effect of arrestin-3 expression levels on ASK1-dependent phos-
phorylation of endogenous JNK1/2 in COS7 cells (Fig. 7, A and
B). Wefound that ASK1 overexpression increases the phosphor-
ylation of JNK1/2 in the absence of arrestin-3. As could be
expected, arrestin-3 expression at low to medium levels gradu-
ally increased the phosphorylation of several faster migrating
(p46) endogenous JNK isoforms, whereas higher levels of arres-
tin-3 markedly reduced it (Fig. 7A). The quantification of phos-
phorylated p46 JNK confirmed the biphasic effect of arrestin-3
concentration on ASK1-dependent JNK1/2 phosphorylation in
the cellular context, demonstrating statistical significance of an
increase in JNK phosphorylation at low arrestin-3 levels and a
decrease at high arrestin-3 levels (overall effect of arrestin-3
concentration by ANOVA, p < 0.0001) (Fig. 7B). Next, we used
the same approach to test the concentration dependence of
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FIGURE 6. Arrestin-3 facilitates phosphorylation of purified JNK1a1 and JNK2a2 by MKK4 and MKK?7. Representative blots show JNK1a1 (A and D) or
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independent experiments are shown. IB,immunoblot. ANOVA analysis with arrestin-3 as the main factor demonstrated significance of arrestin-3 concentration
in the presence of MKK4 for both JNK1a1 and JNK2a2 (p < 0.001) and in the presence of MKK7 for both JNK isoforms (p < 0.001).*, —p < 0.001; **, —p < 0.01;
*, —p < 0.05 to maximal values (at 5 or 10 um arrestin-3, respectively) according to Bonferroni/Dunn post-hoc test with correction for multiple comparisons.

arrestin-3 effect on JNK1/2 phosphorylation by MKK?7. To this
end, FLAG-MKK?7 was co-expressed in COS7 cells with
increasing amounts of arrestin-3, and the resulting JNK1/2
phosphorylation was measured by Western blot (Fig. 7, C and
D). MKK?7 expression per se increased the phosphorylation
level of endogenous JNK1/2, particularly of the slower-migrat-
ing p46 isoforms. Arrestin-3 co-expression further increased
MKK?7-mediated JNK1/2 phosphorylation within certain
range, whereas at the highest level of arrestin-3 the inhibitory
effect was observed (Fig. 7C). As in case of ASK1-induced JNK
phosphorylation, both an increase at low and a decrease at high
levels of arrestin-3 were statistically significant (overall arres-
tin-3 effect significant at p < 0.0001) (Fig. 7D). These results are
consistent with in vitro biphasic effect of arrestin-3 (Fig. 6),
indicating that in intact cells arrestin-3 also acts as a scaffold
tethering the kinases. Thus, the level of arrestin-3 expression,
like that of most MAPK scaffolds, can positively and negatively
regulate JNK1/2 activity in cells. The productive signaling unit
can only be assembled when the relative concentrations of
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kinases and arrestin-3 are optimal, as was predicted by mathe-
matical modeling (38, 39) and recently demonstrated experi-
mentally for MKK4/7-JNK3 signaling modules (10, 12).

DISCUSSION

The kinases of the JNK family play a major role in multiple
stress responses, including those to UV irradiation, heat shock,
oxidative stress, protein synthesis inhibition, and exposure to
inflammatory cytokines (40, 41). JNK signaling is also involved
in the normal physiological processes of cell proliferation, apo-
ptosis, differentiation, and migration (16). JNKs, like other
MAP kinases, are activated by MAPKKs, which in their turn are
activated by MAPKKKs (40, 41). In most cases, the three
kinases constituting a signaling module associate with scaffold
proteins, which increase the efficiency of signaling by bringing
two or more components of the cascade together (41, 42). Sev-
eral scaffold proteins were described for the JNK signaling
pathway. Among the four mammalian arrestin subtypes (3),
arrestin-3 is the only one capable of scaffolding the signaling
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FIGURE 7. Arrestin-3 enhances ASK1- and MKK7-dependent phosphorylation of endogenous JNK1/2 in intact cells. A and C, representative Western
blots (IB) showing phosphorylation of endogenous JNK1/2 isoforms in cells expressing ASK1 (A) or MKK7 (C) in the presence of increasing concentrations of
arrestin-3. Band D, quantification of the levels of p46H JNK isoform phosphorylation. One-way ANOVA analysis with arrestin-3 concentration as factor yielded
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module that leads to the activation of JNK3a2 (6 -9). The first
report suggested that in response to GPCR activation arrestin-3
binds JNK3«2 and ASK1, whereas the recruitment of MKK4,
which is necessary to make a complete signaling module, was
believed to be indirect (6). Subsequent work showed that arres-
tin-3 promotes JNK3a2 phosphorylation independently of
GPCRs (7-9, 11), in agreement with the finding that conforma-
tionally biased arrestin mutants, both the pre-activated 3A
form with enhanced propensity to bind GPCRs (43—47) and the
one “frozen” in basal-like conformation with impaired ability to
bind receptors (11, 48, 49), interact with JNK3a2 similarly to
WT arrestin-3 (26, 49). Arrestin-3 was also shown to co-immu-
noprecipitate with MKK4 essentially as efficiently as with ASK1
and INK3a2 (8,9, 11). The construction of mutants deficient in
either GPCR binding or the ability to promote JNK activation
showed that these functions do not correlate (11). Most impor-
tantly, the creation of a mutant arrestin-3 that binds all three
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kinases in ASK1-MKK4-JNK3«a2 module but does not facilitate
JNK3a2 activation showed that binding per se does not neces-
sarily result in productive scaffolding (11). Work with purified
proteins showed that arrestin-3 interactions with JNK3a2,
MKK4 (10), and MKK?7 (12) are direct and do not require any
intermediaries, which could not have been definitively demon-
strated by co-immunoprecipitation from cells. These studies
also showed that the dependence of JNK3a2 phosphorylation
by MKK4 (10) or MKK7 (12) on arrestin-3 concentration is
biphasic: arrestin-3 facilitates these reactions at lower concen-
trations but inhibits them at higher concentrations. This was
consistent with the predicted behavior of scaffolds that act by
bringing the components together (38, 39).

JNK3 is encoded by one of the three genes in this family, the
other two encoding JNK1 and JNK2. In mammals JNK3 has two
splice variants and shows limited expression in very few cell
types, mostly in neurons, heart, and testes (13), whereas JNK1
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and JNK2, each having four splice variants, are ubiquitously
expressed (16, 17). The comparison of JNK1~/“JNK2 /" and
WT MEFs showed that large amounts of 46-kDa JNK1 and 54-kDa
JNK2 isoforms and small amounts of 54-kDa JNK1 and 46-kDa
JNK?2 isoforms are expressed in these cells (50).

Here we tested the ability of arrestin-3 to bind and activate
ubiquitous JNK1 and JNK2. Using purified proteins we demon-
strated direct binding of arrestin-3 to JNK1a1l and JNK2a2 (Fig.
1). The results showed that arrestin-3 directly binds INK2a2
essentially as well as JNK3a2, which we used as a positive con-
trol, and also binds JNK1«1, albeit less efficiently (Fig. 1). Arres-
tin-3 associates with these JNKs in cells, as revealed by co-im-
munoprecipitation of FLAG-JNK1al and FLAG-JNK2a2 with
arrestin-3 (Fig. 1). Moreover, endogenous arrestin-3 interacts
with endogenous JNK1 and JNK2 isoforms in cells (Fig. 2). We
showed that arrestin-3 enhances the phosphorylation of endog-
enous JNK1 and JNK2 in response to ASK1, MKK4, and MKK7
in intact cells (Figs. 3-5). Furthermore, we reconstructed sig-
naling modules containing MKK4 or MKK7 and JNKleal or
JNK2a2, and tested the effect of arrestin-3 on JNK phosphor-
ylation by either upstream kinase under these controlled con-
ditions (Fig. 6). Collectively, these data suggest that arrestin-3
acts as a molecular scaffold that regulates JNK signaling in a
broad range of cells and tissues, not only in neurons and a few
additional cell types expressing JNK3. Because JNK1/2 iso-
forms are critically involved in numerous physiological and
pathological processes (16, 40, 41, 50) and arrestin-3 is
expressed as ubiquitously as JNK1/2 (3), this finding has broad
biological implications. For example, JNK3 isoform, due to its
preferential expression in the nervous system, has been shown
to be involved in neuronal death (13, 51-53). In contrast,
JNK1/2 plays a wide role in cell death caused by a variety of toxic
stimuli in different cell types. Thus, JNK1 and JNK2 isoforms
play a critical role in apoptosis-induced UV irradiation or by
genotoxic drugs and cytochrome c release from mitochondria
during this process (50, 55). Furthermore, J]NK1/2 has been
shown to be involved in the regulation of apoptosis induced via
a TNFa- and p53-dependent pathway (56—63). The role of
arrestin-3-dependent JNK1/2 activation in these pathways has
never been examined, because arrestin-3 was believed to pro-
mote the activation of exclusively JNK3 isoform. However, the
role of arrestin-3 in the control of activity of JNK1/2 isoforms
described here suggests that arrestin-3 can be involved in the
regulation of cell death and survival across a broad range of cell
types.

Scaffold proteins are known to play two functional roles.
First, scaffolds serve as platforms to bring enzyme and substrate
together, as was shown for Ste5, MP1 (MAPK partner 1), JIP-1
(INK interacting protein-1), JSAP-1 (JNK/SAPK-activating
proteinl), and KSR (kinase suppressor of Ras) (64— 68). Second,
some scaffolding proteins also have catalytic roles, activating
different components of the signaling pathway in addition to
bringing them to each other (42). This mechanism was most
convincingly demonstrated for yeast scaffold Ste5 (64, 65).
Mathematical modeling showed that when the scaffold tethers
the components, bringing them to each other, the scaffold con-
centration affects the signaling biphasically, increasing it at
lower, then reducing it at higher concentrations, when the
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excess of scaffold over the kinases increases the probability of
formation of incomplete complexes, containing only one kinase
(38, 39). Previously we found that arrestin-3 promotes the acti-
vation of JNK3a2 by MKK4 or MKK7, demonstrating biphasic
concentration dependence, so that INK3a2 phosphorylation by
either MKK reaches maximum at optimal concentration of
arrestin-3 (10, 12). Using purified proteins in the same para-
digm we found that the phosphorylation of INK1a1 or JNK2a2
by either MKK4 or MKK?7 also shows biphasic dependence on
arrestin-3 concentrations (Fig. 6). An alternative explanation of
the findings would be that high concentration of arrestin-3 pro-
motes its oligomerization (69, 70) and that oligomers are unable
to serve as scaffold leading to reduced efficacy of arrestin-3-de-
pendent JNK activation. However, two lines of evidence argue
against this explanation. First, based on dimerization constant
of arrestin-3 in the absence of IP6, which was determined to be
~100 uM (54),° the fraction of arrestin-3 oligomers at the con-
centrations used in our in vitro experiments (20 um or lower) is
expected to be very low. Thus, the data indicate that arrestin-3
functions as a scaffold for MKK4/7-JNK1/2 signaling modules,
similar to the case of JNK3a2 phosphorylation by MKK4 (10)
and MKK7 (12).

The biphasic dependence of signaling on scaffold concentra-
tion was predicted by mathematical modeling more than a dec-
ade ago (38) and confirmed by assembling the signaling com-
plex using purified proteins in vitro (10, 12). However, the
enhancement of kinase activity by scaffold proteins and the
inhibitory effect of excessive levels of scaffold at the same
time have never been reported in the JNK signaling pathway in
the cellular context. Our data showed that arrestin-3 expres-
sion in intact cells increased the phosphorylation of JNK1/2 by
ASK1 or MKK?7 within the limited range, whereas higher levels
of arrestin-3 suppressed the JNK1/2 phosphorylation (Fig.
7). The dose-response analysis of arrestin-3 in the activation
of endogenous JNK1/2 by ASK1 or MKK?7 revealed that dif-
ferent expression levels of arrestin-3 can negatively or posi-
tively regulate ASK1/MKK?7-induced JNK1/2 activation in
cellular environment.

In conclusion, here we present the first evidence that arres-
tin-3 regulates the activation by ASK1, MKK4, and MKK?7 of all
three types of JNKs (JNK1, JNK2, and JNK3) expressed in a wide
variety of cell types. This regulation can be positive or negative,
depending on the level of arrestin-3 expression. Further exper-
imentation is necessary to reveal the physiological role of arres-
tin-3-dependent activation of different JNK isoforms in cell
biology, particularly cell death and survival, as well as for devis-
ing ways of targeting this process for therapeutic purposes.
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