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Abstract

The two non-visual subtypes, arrestin-2 and arrestin-3, are ubiquitously expressed and bind
hundreds of G protein-coupled receptors. In addition, these arrestins also interact with dozens of
non-receptor signaling proteins, including c-Src, ERK and JNK, that regulate cell death and
survival. Arrestin-3 facilitates the activation of JNK family kinases, which are important players in
the regulation of apoptosis. Here we show that arrestin-3 is specifically cleaved at Asp366,
Asp405 and Asp406 by caspases during the apoptotic cell death. This results in the generation of
one main cleavage product, arrestin-3-(1-366). The formation of this fragment occurs in a
dosedependent manner with the increase of fraction of apoptotic cells upon etoposide treatment. In
contrast to a caspase-resistant mutant (D366/405/406E) the arrestin-3-(1-366) fragment reduces
the apoptosis of etoposide-treated cells. We found that caspase cleavage did not affect the binding
of the arrestin-3 to JINK3, but prevented facilitation of its activation, in contrast to the
caspaseresistant mutant, which facilitated JNK activation similar to WT arrestin-3, likely due to
decreased binding of the upstream kinases ASK1 and MKK4/7. The data suggest that
caspasegenerated arrestin-3-(1-366) prevents the signaling in the ASK1-MKK4/7-JNK1/2/3
cascade and protects cells, thereby suppressing apoptosis.
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1. Introduction

The programmed cell death, or apoptosis, is required to remove damaged cells. It also plays
an essential role in the development of multicellular organisms [1]. The removal of damaged
cells prevents the development of diseases, such as cancer, neurodegenerative disorders, or
immune diseases. Apoptosis can be activated by cellular stress or death receptors. In both
cases caspases (aspartate-specific proteases) are the key players involved [2]. Caspase 2, 3,
7, 8, 9 and 10 are apoptotic caspases. The initiator caspases (2, 8, 9 and 10) cleave the
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inactive forms of effector caspases (3, 6 and 7). These activated effector caspases cleave
numerous downstream proteins, triggering the apoptosis pathway and destroying normal
cellular functions [3].

Acrrestins are well known as ubiquitous regulators of cell signaling, both G protein-coupled
receptor (GPCR)-dependent and -independent [4, 5]. Some binding partners of arrestins,
such as protein kinases c-Src (proto-oncogene tyrosine-specific protein kinase), ERK
(Extracellular Signal-Regulated Kinase) and JNK (c-Jun N-terminal Kinase), are intimately
involved in the regulation of cell proliferation, survival, and death. Recently arrestin-21 and
arrestin-3 (a.k.a. p-arrestinl and 2, respectively) have been reported to have a pro- and anti-
apoptotic effects. Both non-visual arrestins were shown to block apoptosis [6], as well as to
promote cell death via Wnt/p-catenin pathway [7], and B-amyloid-induced death of SH-
SY5Y cells [8]. Arrestin-3 facilitated cell death via NF-xB pathway [9], or via Akt
inhibition [10, 11] At the same time, arrestin-3 was found to facilitate cardiomyocyte
survival after infarction, whereas arrestin-2 in the same situation was cytotoxic [12]. In
contrast, arrestin-2 was found to inhibit intestinal stem cell apoptosis [13] and brain cell
death after ischemia [14]. Thus, it appears that the effect of either non-visual arrestin on cell
death and survival depends on cell type, in line with the accumulating evidence that arrestins
are remarkably multi-functional signaling proteins affecting numerous pathways (reviewed
in [5, 15]). To rationalize conflicting evidence, the exact mechanisms of their action need to
be elucidated. A recent study showed that caspase-3 cleaves arrestin-2 generating a (1-380)
fragment, which translocates to the mitochondria and increases cytochrome c release in
cooperation with another product of caspase activity, tBid [16]. Cytochrome c release
facilitates further caspase activation. Thus, arrestin-2 cleavage by caspases appears to
function as part of a positive feedback loop in apoptosis [17].

Here we show that during apoptosis caspases 7 and 9 cleave arrestin-3, producing the
arrestin3-(1-366) fragment. This cleavage occurs in response to different apoptosis stimuli
in several cell types. In contrast to the cytoplasmic arrestin-3, the fragment is primarily
localized to the nucleus. This arrestin-3-(1-366) fragment binds JNK3 like wild type (WT)
arrestin-3, but it has lost the ability to facilitate JNK3 activation, likely due to reduced
binding of the upstream kinases ASK1 and MKK4/7. This fragment showed a strong
cytoprotective effect, in contrast to caspaseresistant arrestin-3-(D366/405/406E) (arrestin-3-
(3XE)), which promoted the activation of JINK3, and dose-dependently facilitated cell death.
Thus, in contrast to arrestin-2, arrestin-3 cleavage by caspases plays a role in suppression of
cell death.

Materials and methods

2.1. Reagents and antibodies

Mouse monoclonal pan-arrestin F4C1 antibody (epitope residues 43-47, DGVVLVD) from
Dr. LA Donoso (Wills Eye Institute, Philadelphia, PA, USA) [18]; antibodies against

1w use systematic names of arrestin proteins, where the number after the dash indicates the order of cloning: arrestin-1 (historic
names S-antigen, 48 kDa protein, visual or rod arrestin), arrestin-2 (B-arrestin or B-arrestinl), arrestin-3 (B-arrestin2 or hTHY-ARRX),
and arrestin-4 (cone or X-arrestin).
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caspase-3 and COX IV were from Cell Signaling Technology (Beverly, MA, USA);
caspase-8 mouse monoclonal antibody (1G12) was from Enzo Life Sciences (Plymouth
Meeting, PA, USA); antibody for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
rabbit caspase-8 antibody were from Millipore (Billerica, MA, USA); antibody against GFP
and cytochrome C were from BD Bioscience (Palo Alto, CA, USA); tissue culture media
and reagents were from Invitrogen (Carlsbad, CA, USA); recombinant caspase-1 to —10
were from Millipore or BioMol (Plymouth Meeting, PA, USA); caspase inhibitor Z-VAD
was from BioMol; restriction enzymes were from New England Biolabs (Ipswich, MA,
USA), kits for DNA preps were from Zymo Research (Irvine, CA).

2.2. Cell culture

2.3.

COST7 cells (a gift of Dr. S. S. Zinkel, Vanderbilt University, Nashville, TN, USA); arrestin-2
knockout (KO) mouse embryonic fibroblasts (MEFs) (a gift of Dr. R.J. Lefkowitz, Duke
University, NC, USA [19]); and Rat-1 cells were cultured in DMEM (supplemented with
10% FBS and 1% penicillin/streptomycin) with 5% CO, and 37°C. Cells were transfected
using lipofectamine 2000 (3:1, lipid:DNA ratio). The amount of DNA used was equalized
with empty vector (p)cDNA3). For apoptosis induction the indicated amount of TNFa with
cycloheximide (CHX) or etoposide was used, as described [16], for specified times at 37°C
and 5% CO». As a control no etoposide or TNFa was added. The nuclear fractionation was
performed using the CelLytic NuClear Extraction Kit from Sigma-Aldrich (St. Louis, MO,
USA).

Protein preparation and Western blotting

Cells were disrupted in lysis buffer (Ambion, Brand Island, NY, USA) and incubated for 5
min at 95°C. Proteins were isolated using methanol precipitation (1:9, cell lysate:methanol).
Precipitate was pelleted via centrifugation (10,000 x g, 10 min at room temperature). Pellet
was washed with 1 ml of 90% methanol, dried and resuspended in SDS-sample buffer. The
proteins were separated by SDS-PAGE, where equal amounts of proteins were used, then
transferred onto Immaobilon-P membrane (Millipore, Bedford, MA, USA). The membrane
was blocked with 5% non-fat dry milk in TBS supplemented with 0.1% of Tween-20.
Following the incubation with the corresponding primary (overnight at 4°C) and peroxidase-
conjugated secondary (1 h, room temperature) antibodies protein bands were visualized with
SuperSignal enhanced chemilumescence reagent (Pierce, Rockford, IL, USA). X-ray film
(Fujifilm, Stamford, CT, USA) was used for detection.

2.4. Cleavage of arrestin-3 by caspases in vitro

75 ng of recombinant arrestin-3 purified, as described [20], and 1 unit of indicated caspase
(Millipore) were incubated 3 h at 37°C in 50 pl caspase cleavage buffer (50 mM HEPES, pH
7.4, 100 mM NaCl, 0.1% CHAPS, 1mM EDTA, 10 mM DTT). The high salt buffer had
additionally 1 M ammonium citrate for caspases-2, —8, -9 and -10, as described [16]. The
reaction was stopped with SDS-PAGE sample buffer and incubation for 5 min at 95°C. The
products were analyzed by Western blot with the monoclonal anti-arrestin antibody FAC1
[18].
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2.5. Nuclear fractionation

To determine the localization of the arrestin-3 cleavage fragment a nuclear fractionation
assay was performed. Therefore, the Rat1-1 cells were transfected with certain constructs.
After 24h of protein expression cells were treated with 100 uM etoposide for 18h. For the
nuclear fractionation the CelLytic™ NuCLEAR™ Extraction Kit from Sigma-Aldrich (St.
Louis, MO, USA) was used.

2.6. Expression and purification of WT and mutant arrestin-3

WT arrestin-3, arrestin-3-(1-366) and caspase-resistant triple mutant D366E, D405E,
D406E (arrestin-3-(3xE)) were expressed and purified as described [20].

2.7. Arrestin interaction with the kinases of JNK signaling cascade.

In vitro arrestin-downstream effector binding was assayed by pull-down, as described [21,
22].

2.8. Arrestin-3-mediated JNK3 activation assay in cells.

Phosphatase inhibitors (50 mM NaF and 10 mM NazVO,) were added to the medium of
COS7 cells 15 min before lysis at 37°C. Then the cells were washed with ice-cold PBS and
lysed using SDS-sample buffer supplemented with 10 mM NaF, 100 um NazVOy, 2 mM
EDTA, 2 mM EGTA, and 1 mM PMSF. The suspension was incubated at 95°C for 5 min.,
and centrifuged at 10,000 x g for 10 min. Supernatant was used for SDS-PAGE and Western
blot. Mouse monoclonal antibodies against FLAG (Sigma), HA (Sigma), GFP (Clontech),
and phospho-JNK (Cell Signaling Technology Inc.) were used at 1:1,000 or 1:2,000 dilution.

2.9. In-cell apoptosis assay

COST7 cells were transfected with arrestin-3-(3xE) or arrestin-3-(1-366) fragment. After 24
h cells were treated without or with 80 uM etoposide for 24 h. The cell nuclei were stained
with Hoechst 33258. Images were collected using Nikon TE2000-E automated microscope
controlled by Nikon NIS-Elements software. Cells with condensed chromatin or fragmented
nuclei were considered apoptotic. Approximately 400 cells were scored per data point using
Image J software.

2.10. In vitro receptor binding assay was performed, as described [23].

Rhodopsin for this assay was purified in native disc membranes from cow retinas,
phosphorylated, and regenerated with 11-cis-retinal (a gift of NIH NEI and Dr. R.K. Crouch,
Medical University of South Carolina) after phosphorylation, as described [24]. Indicated
arrestins were subcloned into pGEMZ2 vector for in vitro transcription [25]. Arrestins were
prepared in radiolabeld form using purified mMRNAS by in vitro translation, as described
[26]. To measure receptor binding, 1 nM indicated arrestin (50 fmol) was incubated with 0.3
ug of light activated phosphorylated (P-Rh*) or unphosphorylated (Rh*), or dark inactive
phosphorylated (P-Rh) or unphosphorylated (Rh) rhodopsin (11 pmol, yielding final
concentration of 0.22 pM) in 50 concentration of 0.22 uM) in 50 I of 50 mM Tris-HCL, pH
7.4, 100 mM potassium acetate, 1 mM EDTA, 1 mM DTT for 5 min at 37°C under room
light (Rh* and P-Rh*) or in the dark in light-proof box (P-Rh and Rh). Samples were cooled
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on ice, then bound and free arrestin was separated in the dark at 4°C by gel-filtration on 2-ml
Sepharose 2B-CL column. Arrestin eluting with rhodopsin-containing membranes was
quantified by liquid scintillation counting. Non-specific “binding”, determined in samples
where rhodopsin was omitted, was subtracted.

Immunocytochemistry and microscopy.

COST7 cells plated on 4-chambered glass slides (Fisher) were fixed 48 hours post-
transfection in 100% methanol at —20°C for 5 min. The cells were rehydrated with PBS and
blocked with 3% bovine serum albumin in PBS for 1 h at room temperature. GFP-JNK3 was
visualized by its own fluorescence, whereas arrestin-3 species were visualized with rabbit
pan-arrestin polyclonal antibodies [20] (24 h at 4°C) followed by five washes with PBS and
by Alexa 593 anti-rabbit secondary antibody (1 h at room temperature). After five additional
washes with PBS, the slides were mounted with DAPI-containing Vectashield (Vector
laboratories) and imaged on Olympus FV-1000 confocal microscope with 40x oil objective.
At least 30 cells (expressing both arrestin-3 construct and GFP-JNK3) per condition were
scored for GFP-JNK3 and arrestin distribution (C>N means higher concentration in the
cytoplasm than in the nucleus). The experiment was performed three times.

2.12. Statistical analysis.

ANOVA statistics was used to analyze the biochemical data with Protein (Arr3, Arr3-3xE,
Arr3(1-366)) as main factor followed by Bonferroni post hoc test with correction for
multiple comparisons. The cell death data were analyzed by two-way ANCOVA with
Protein as a factor and DNA concentration as a co-variate. The ANOVA analysis was
supplemented by comparisons using Student’s t-test where appropriate. StatView software
(SAS Institute) was used for the statistical analysis. The value of p<0.05 was considered
significant.

3. Results

3.1. Arrestin-3 cleavage by caspases in vitro and in cells

Arrestin-2 and arrestin-3 are ubiquitously expressed in mammals [4, 5, 27]. To exclude
interference from arrestin-2, arrestin-2 knockout (Arr2KO) MEFs were used [19]. To induce
apoptosis, the cells were treated with the tumor necrosis factor a (TNFa.) (in the presence of
cycloheximide (CHX) to inhibit protein synthesis) or topoisomerase inhibitor etoposide for
different times. TNFa activates tumor necrosis factor receptor 1 (TNFRZ1) and therefore
induces apoptosis via extrinsic pathway [28]. Etoposide treatment causes DNA damage,
which induces apoptosis via intrinsic pathway [16]. We observed progressive decrease of
full-length arrestin-3 over time with both apoptosis inducers, with TNFa. being more
efficient (Fig. 1A). The stimulated TNFR1 activates caspase 8 directly, which is likely why it
acts faster than etoposide, which induces the activation of multiple caspases indirectly. An
increase of activated caspases 3 and 8 is clearly visible in TNFa,, and at later time points, in
etoposide treated cells (Fig. 1A).

Identification of caspase cleavage sites in arrestin-3 (Fig. 1B) was performed using
arrestin-3 construct with fused C-terminal GFP in Rat-1 cells. These cells were chosen
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because they undergo “pure” caspase-driven apoptosis, without interference from necrosis
and action of other proteases. After etoposide treatment two cleavage fragments were visible
(around 30 and 40 kDa). This indicates the existence of at least two caspase cleavage sites
(D/V-XX-D) within arrestin-3, which must be accessible in folded arrestin-3 [29]. To further
characterize arrestin-3 cleavage products, arrestin-3-GFP constructs were visualized using
FAC1 and GFP antibody (Fig. 1B). Two species of the C-terminal cleavage products and one
N-terminal product were detectable. In all cases the amount of the cleavage product was
progressively increased with etoposide treatment time.

We found that the amount of arrestin-3 cleavage products decreased with increasing
concentration of pan-caspase inhibitor Z-VVAD (Fig. 1C), indicating that arrestin-3 was
cleaved by caspases, rather than other proteases in the cell. To determine which caspases
cleave arrestin-3, we performed an /n vitro assay using purified arrestin-3 and individual
caspases (Fig. 1D). Because initiator caspases tend to be more active in high salt, which
promotes their dimerization [30], the /n vitro cleavage was tested in two different conditions,
at low and high salt. Purified arrestin-3 was cleaved by caspase 9 at high salt and less
efficiently by caspase 7 at low salt (Fig. 1D). The in vitro cleavage yielded fragments of
approximately the same size as in-cell experiments (Fig. 1). Thus, caspases 7 and 9
apparently cleave arrestin-3 in apoptotic cells.

Identification of the aspartic acid residues targeted by caspases in arrestin-3

To identify the exact cleavage sites, we generated different mutants with conservative Asp to
Glu substitutions in putative caspase cleavage sites, shown in Fig. 2. Rat-1 cells, which
undergo apoptosis without the involvement of other mechanisms of cell death, and therefore
serve as a useful model [16], were treated with or without etoposide and the cleavage
products were visualized using both anti-arrestin FAC1 and anti-GFP antibodies. Several
single mutants showed a significant reduction in the amount of cleavage products, such as
D405E and D406E. In case of D366E we observed a complete loss of the cleavage products
A3F1 and A3F2 (Fig. 2A). The triple mutant D366/405/406E (3XE) was completely resistant
to caspase cleavage in etoposidetreated cells (Fig. 2B). These data identify aspartate residues
366, 405, and 406 as caspase cleavage sites. All three sites are in the elements that are not
visible in the crystal structure of arrestin-3 in its basal [29] or active [31] conformation,
which indicates that these elements are likely very flexible and therefore accessible to
proteases. Homologous elements of the visual arrestin-1 in complex with rhodopsin [32, 33]
are also not visible in the crystal structure, suggesting that the accessibility of these sites to
caspases would not be affected by receptor binding.

Sequence alignment of the C-termini of cloned vertebrate arrestin-3 species revealed
conserved Asp366 and Asp405: Asp366 and Asp405 in human, mouse and rat arrestin-3 and
homologous Asp366 and Asp406 in X. /aevis (Fig. 2C). The third cleavage site
(corresponding to Asp406 in bovine sequence) is conserved in mammals, but not in X.
laevis. Thus, arrestin-3 may be cleaved at homologous aspartates during apoptosis in other
vertebrate species.
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3.3. Receptor binding of full-length and caspase-cleaved arrestins

We compared wild type arrestin-3, its caspase-resistant mutant (3xE), and caspase-generated
fragment arrestin-3-(1-366), as well as arrestin-2, its caspase-resistant form (DbIE) and
caspasegenerated fragment arrestin-2-(1-380) for their ability to bind all four functional
forms of rhodopsin (phosphorylated inactive, phosphorylated light-activated,
unphosphorylated inactive, and unphosphorylated light-activated). To this end, we generated
arrestins in radiolabeled form by cell-free translation [26], incubated them with the same
amount of all forms of rhodopsin, separated bound arrestins from free by gel-filtration, and
quantified binding (Fig. 3). The data show that caspase-resistant forms of both arrestin-2 and
arrestin-3 fully retain their ability to bind rhodopsin (Fig. 3). Interestingly, while caspase-
generated arrestin-2-(1-380) demonstrates an increase in receptor binding characteristic for
enhanced arrestin mutants with short C-terminal deletions [34, 35], caspase-generated
arrestin-3-(1-366) shows reduced receptor binding, reminiscent of visual arrestin-1-(1-365)
with a similar larger C-terminal deletion [23, 36]. Arrestin-3-(1-366) still shows the
preference for phosphorylated rhodopsin with minimal discrimination between active and
inactive form characteristic for both non-visual arrestins (Fig. 3) [26].

3.4. Translocation of arrestin-3 cleavage product into the nucleus

To determine the biological function of the arrestin-3 cleavage product, we tested its
subcellular localization. The nuclear export signal (NES) in arrestin-3, which determines its
cytosolic localization, was identified in the C-terminus [37, 38], which is cleaved off by
caspases (Figs. 1,2). To determine the localization of arrestin-3 and its fragment, COS7 cells
were transfected with GFP-JNK3 and the corresponding arrestin-3 construct. Two different
methods were used to verify the localization of the cleavage product, the subcellular
fractionation of arrestin-2 knockout MEFs (that do not have arrestin-2, which is also
recognized by the F4C1 antibody) and fluorescence microscopy in COS7 cells. Full-length
arrestin-3, as well as arrestin-2 with engineered arrestin-3-like NES, pull GFP-JNK3 out of
the nucleus, where it spontaneously localizes [37]. COS7 cells were chosen for these
experiments because due to relatively low expression of non-visual arrestins in this cell line
the mutants we intended to test would not have too much competition with endogenous WT
protein.

By subcellular fractionation caspase-resistant arrestin-3-(3xE), although present in the
nucleus, was detected mostly in the cytosol of the cell (Fig. 4A), like WT arrestin-3 [37]. In
contrast, arrestin-3-(1-366) fragment was barely detected in the cytosol but was mostly
localized in the nucleus (Fig. 4A). Importantly, etoposide treatment (Eto +) did not affect the
subcellular distribution of arrestin-3 mutants, indicating that it reflects their inherent
properties, rather than the effect of etoposide (Fig. 4A). Using fluorescence microscopy
GFP-JNK3 was visualized via intrinsic fluorescence, whereas arrestin-3 was detected using
rabbit anti-arrestin antibodies followed by an alexa-593 anti-rabbit secondary antibody (Fig.
4B). Fluorescence microscopy showed that arrestin-3 re-localizes JNK3 from the nucleus to
the cytosol, as we described previously [37], so that GFP-JNK3 and arrestin-3 co-localize in
the cytoplasm of the COS7 cells. A similar behavior of the cleavage-resistant arrestin-3-
(3XE) mutant was observed. In contrast, the arrestin-3-(1-366) fragment was co-localized
with GFP-JNK3 mostly in the nucleus (Fig. 4B). Dramatic difference in subcellular

Cell Signal. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kook et al. Page 8

localization of GFP-JNKS3, that binds arrestins ([37], Fig. 4) was statistically significant and
reflected the distribution of arrestin-3 mutants (Fig. 4C).

3.5. Facilitation of JNK3 activation by arrestin-3 and its cleavage product.

Among the four vertebrate arrestins, only arrestin-3 facilitates the activation of INK family
kinases [39-44]. The ability of arrestin-3 and its mutants to facilitate JNK3 activation was
determined by the level of phosphorylated JNK3 in cells co-transfected with JINK3 and
ASK1 in the presence and absence of arrestins (Fig. 5A). Both WT arrestin-3 and arrestin-3-
(3XE) mutant produced comparable JNK3 activation, whereas arrestin-3-(1-366) fragment
did not increase JNK3 phosphorylation above the level observed in the absence of
exogenous arrestins (Fig. 5A).

In search of the mechanism underlying this deficiency of arrestin-3-(1-366) cleavage
product, we compared the ability of full-length arrestin-3 and arrestin-3-(1-366) fragment to
interact with JNK3 and its upstream activators ASK1 (Apoptosis Signal-regulating Kinase
1), MKK4 and MKK7 (Mitogen-activated protein kinase kinase 4 and 7). In case of JNK3, a
similar binding of all arrestin-3 proteins was observed (Fig. 5B,C). The interaction with
ASK1 of WT arrestin-3 and caspase-resistant arrestin-3-(3xE) was also comparable. In
contrast, arrestin-3-(1-366) fragment showed reduced ASK1 binding, which was about one
third of that of WT arrestin-3 and 3Xe mutant (Fig. 5D, E). MKK4 and MKK7 bound WT
arrestin-3 and its caspase-resistant mutant similarly, whereas arrestin-3-(1-366) fragment
demonstrated severely impaired interaction with both MKKs, at the level of 10-15% of the
WT (Fig. 5 F-I). Thus, the lack of activation capability of arrestin-3-(1-366) fragment is
likely due to its reduced binding to upstream kinases ASK1, and especially MKK4 and
MKK?7 (Fig. 5C-H). Since caspase-generated arrestin-3-(1-366) fragment binds JNK3, but
does not promote its activation, it has the potential to act in a dominant-negative manner,
recruiting JNK3 away from productive scaffolds present in the cell, similar to the described
arrestin-3-KNC mutant [44]. Since all INK isoforms share the same upstream activators, to
determine whether caspase-generated arrestin-3-(1-366) fragment can suppress the activity
of ubiquitous JNK1/2 isoforms, we tested its interactions with other INKs: 1al,2 a 2, and 3
a 1 and found that the fragment comparably binds these isoforms (Fig. 6), consistent with
our finding that arrestin-3 facilitates the activation of ubiquitous JINK1 and JNK2 [41].

3.6. Effect of arrestin-3 caspase cleavage on cell survival.

We previously found that arrestin-2 cleavage by caspases generates 1-380 fragment that
facilitates apoptotic cell death [16]. INK family kinases, which arrestin-3-(1-366) binds
(Figs. 5,6), were implicated in apoptosis [45]. Therefore, next we tested the effect of
arrestin-3-(1-366) on cell death and survival. In these experiments we used COS7 cells that
were transfected with different arrestin-3 constructs, then treated with or without etoposide.
The appearance of the nuclei was analyzed using blue fluorescence after staining with
Hoechst 33258. Nuclei with condensed chromatin or fragmented nuclei were categorized as
apoptotic. To obtain reliable data, in each of the three independent experiments
approximately 400 cells were scored per data point. We found that caspase cleavage-
resistant arrestin-3-(3xE) facilitated cell death, in contrast to the arrestin-3-(1-366)
fragment, which reduced the fraction of apoptotic nuclei upon etoposide treatment (Fig. 7).
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Thus, caspase-generated arrestin-3-(1-366), that does not promote JNK activation (Fig. 5),
demonstrated a cytoprotective effect.

4. Discussion

The two non-visual arrestins (arrestin-2 and arrestin-3) are key players in homologous
desensitization and internalization of GPCRs and the activation of downstream effectors [5,
15, 46, 47]. These arrestins have very high sequence identity (~78%) [48, 49], but their
subcellular localization is different [50]. Arrestin-2 is found in the cytosol and in the
nucleus, whereas arrestin-3 is only present in the cytosol [37]. The difference appears to be
associated with the presence of a classical leucine-rich NES near the C-terminus of
arrestin-3, as the engineering of similar NES in the C-terminus of arrestin-2 changes its
subcellular localization to purely cytoplasmic [37, 38]. Here we demonstrate the cleavage of
arrestin-3 by caspases during apoptosis (Figs. 1,2). Arrestin-3 is specifically cleaved at
Asp366, Asp405 and Asp406 /n vitro and in different cell types. While the caspase-resistant
arrestin-3 mutant 3xE retains receptor binding of parental WT arrestin-3, caspase-generated
arrestin-3-(1-366) demonstrates lower binding (Fig.3). However, it shows the same
preference for phosphorylated forms of rhodopsin without significant discrimination
between active and inactive forms, characteristic for WT arrestin-3 and its 3xE mutant (Fig.
3). We found that the main cleavage product, arrestin-3-(1366) fragment, localized to the
nucleus (Fig. 4). Interestingly, although arrestin-3-(1-366) fragment retains binding to
different INK isoforms (Figs. 5,6), it has lost the ability to promote JNK activation, likely
due to impaired interactions with the upstream kinases MKK4, MKK?7, and ASK1 (Fig. 5).
This resembles the effect of R307A mutation in arrestin-2, which does not affect its
interaction with ERK1/2, but reduces the binding of upstream activator cRaf1, thereby
blocking arrestin-dependent ERK1/2 activation [51], as well as the effect of mutations that
preclude MEKZ binding to arrestin-2, which also preclude ERK1/2 activation [52].
However, it should be noted that in general the binding of any arrestin, including arrestin-3
mutants, to JNKs and their upstream activators does not correlate with the ability to facilitate
JNK activation, as our previous studies showed [43, 44]. Several labs found that another
non-visual subtype, arrestin-2, does not facilitate JNK activation [39, 40, 43], even though it
binds INK3 [37], as well as upstream kinases [43]. An extreme example of this phenomenon
is arrestin-3-KNC mutant, which binds ASK1 and MKKA4/7 essentially like WT arrestin-3,
binds JNK3 even better than WT arrestin-3, yet fails to promote JNK3 activation in cells
[44]. Nonetheless, reduced binding of caspase-generated arrestin-3-(1-366) to ASK1 and
MKKA4/7 provides a facile explanation for its functional deficiency. Furthermore, persistent
localization of arrestin-3-(1-366) fragment in the nucleus might also impede its ability to
recruit the cytosolic components of the JINK pathway and promote JNK activation. It is
tempting to speculate that normal binding of JNK family kinases combined with inability to
facilitate their activation would make caspase-generated 1-366 fragment of arrestin-3 act in
a dominant negative manner suppressing the JNK activation and acting as a cytoprotective
agent, in contrast to caspase-resistant full-length arrestin-3-(3xE), which facilitates cell
death (Fig. 7). However, due to its inappropriate nuclear localization, the fragment might act
not as a dominant negative agent but simply as inactive arrestin with regard to the JINK
activation. This would also result in cytoprotection simply due to reduced contribution of the
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JNK activity to the apoptotic process. Thus, these two arrestin-3-derived constructs, 3xE and
1-366, can be used as molecular tools to suppress or promote cell survival, respectively.

Mammals express hundreds of different GPCR subtypes [53-55], but only two non-visual
arrestins [4, 27, 47]. Reported functional differences between arrestin-2 and arrestin-3 are
relatively minor: higher affinity of arrestin-3 for some receptors [19, 50] and clathrin [56]
were reported. Both non-visual arrestins are expressed in all vertebrates [4, 27], suggesting
that they likely have distinct functions, but their specific roles are far from clear. Arrestin-2
and arrestin-3 were shown to differentially regulate locomotor responses and sensitization to
amphetamine in mice /n vivo [57]. So far, the most dramatic mechanistic difference
documented was the ability of arrestin-3, but not arrestin-2, to facilitate JNK activation in
cells [21, 22, 31, 39-43]. Here we report yet another striking difference: both arrestin-2 [16,
17] and arrestin-3 (Figs. 1,2) are cleaved by caspases in apoptotic cells, but the functions of
the resulting fragments are opposite. Arrestin-2-(1-380) facilitates cell death by assisting
caspase-cleaved tBid in the release of cytochrome ¢ from mitochondria [16], which appears
to be the point of no return in vertebrate apoptosis [58]. In contrast, arrestin-3-(1-366) is
cytoprotective, suppressing apoptosis (Fig. 7). As could be expected, caspase-resistant
mutant of arrestin-2 prevents cell death [16], whereas caspase-resistant arrestin-3 mutant
facilitates it (Fig. 7). Interestingly, arrestin-2 greatly outnumbers arrestin-3 in most cell
types, and its expression dramatically increases in the process of neuronal maturation [59,
60]. The biological significance of the prevalence of pro-survival arrestin-2, which can be
converted into pro-apoptotic fragment by caspases, over pro-apoptotic arrestin-3, which
caspases convert into a cytoprotective fragment, remains to be elucidated. Nonetheless, pro-
and anti-apoptotic arrestin-derived molecular tools can be used to facilitate cell death and
survival, respectively. This might have therapeutic potential in cancer, characterized by
excessive cell proliferation, or in neurodegenerative disorders, where excessive cell death
takes place.

5. Conclusions

Arrestin-3 cleavage by caspases generates (1-366) fragment that, in contrast to full-length
arrestin-3, no longer facilitates JINK activation. The expression of caspase-resistant
arrestin-3(D366/405/406E) facilitates apoptosis, whereas the expression of arrestin-3-(1—
366) fragment reduces it. Thus, arrestin-3 cleavage by caspases suppresses apoptosis, in
sharp contrast to the cleavage of highly homologous arrestin-2, which appears to play a role
in a positive feedback.
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Highlights Kook et al.
. Arrestin-3 is cleaved by caspases in apoptotic cells
. The main product of caspase cleavage of arrestin-3, (1-366) fragment,
localizes to the nucleus
. Arrestin-3-(1-366) has lost the ability to facilitate INK activation
. Aurrestin-3-(1-366) suppresses cell death, whereas caspase-resistant arrestin-3

mutant enhances it
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Fig. 1. Arrestin-3 is cleaved by caspases during apoptosis initiated via TNFa. or Etoposide.
(A) Arr2 KO MEFs were treated with 10 ng/ml TNFa along with 10 pg/ml CHX or 100 uM

etoposide for indicated time. Cells were lysed and the cleavage (seen here as the loss of full-
length arrestin-3) was detected by Western blotting with F4C1 mouse monoclonal anti-
arrestin antibody. In parallel, Western blotting for caspases 3 and 8 was performed to
indicate the progression of apoptosis. Small black arrowheads show protein standards in
kDa. The positions of uncleaved (inactive) and cleaved (active) caspase-8 are indicated by
open arrowheads. GAPDH was used as a loading control. Representative data from four
experiments are shown. (B) Rat-1 cells were transfected with arrestin-3-GFP and treated
with 40 pM etoposide for 12 hours. Black arrow, full length arrestin-3-GFP; arrestin-3
cleavage fragments are indicated by open arrowheads. Arrestin-3 cleavage parallels
caspase-3 activation. (C) Arrestin-3-GFP transfected Rat-1 cells were treated for 2 hours
with etoposide in the absence (-) of presence of caspase inhibitor Z-VVAD at 50 pM or 100
UM. Arrestin-3 cleavage fragments are indicated by open arrowheads. Representative blots
(out of three repeats) are shown. (D) /n-vitro cleavage of arrestin-3. 75 ng of purified
arrestin-3 was incubated with different caspases for 3 h at 37°C. The reaction was performed
in 50 pl of caspase cleavage buffer (low salt buffer) and in the same buffer with the addition
of 1.0 M ammonium citrate (high salt buffer). Caspases were purchased from Millipore, one
unit per reaction was used. Cleavage products were analyzed using Western blotting with the
pan-arrestin F4C primary antibody. Arrestin-3 without the addition of caspases was used as a
control. Black arrowheads point to full-length arrestin-3; open arrowheads — to the cleavage
product. The experiment was performed three times with identical results.
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Fig. 2. Identification of cleavage sites within arrestin-3.
(A) Rat-1 cells were transfected with indicated arrestin-3-GFP mutants. Apoptosis was

induced by 18 h treatment with 40 uM etoposide. The cell lysate was analyzed using
arrestin-3 or GFP antibodies. GFP antibody detected three different cleavage products,
A3F1, A3F2 and A3F3 (open arrowheads). Arrestin3 antibody detected only the A3F1
product. Mutant D336E showed a loss of cleavage products A3F1 and A3F2. (B) Double
and triple mutants were treated similarly. Cleavage of double mutant D405/406E yielded
A3F1 band. Arrestin-3-D366/405/406E (3xE) showed a significant loss of caspase cleavage.
Representative blots from three experiments that yielded virtually identical results are shown
in A and B. (C) Sequence alignment of arrestin-3 C-terminal regions. Conserved D366 is
highlighted in blue. D406/D406 (highlighted in pink) are conserved in mammals but only
one of these two residues is conserved in Xenopus.
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Fig. 3. Arrestin binding to rhodopsin.
Indicated radiolabeled arrestins generated in the in vitro translation (50 fmol; 1 nM final

concentration) were incubated with the same amounts of indicated functional forms of
rhodopsin (0.3 pug) for 5 min at 37°C. Bound arrestins were separated from free by gel-
filtration on the Sepharose 2B-CL and quantified by scintillation counting. The amount of
bound arrestins was converted to femtomoles based on their specific activity. The results of
three experiments are shown as means + SD. **, p<0.01, as compared to WT arrestin-3.
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Fig. 4. Translocation of arrestin-3 cleavage product into nucleus.
(A) A2KO MEFs were transfected with arrestin-3—3xE or arrestin-3-(1-366). Apoptosis was

induced using 40 UM etoposide (+). Subcellular fractionation was performed, as described in
Materials and Methods. Arrestin-3-(1-366) localized to the nucleus. A mitochondrial protein
COX IV was used as a marker of non-nuclear fraction, histone H1B was used as a nuclear
marker. GAPDH was used as a loading control. Note that subcellular localization depends
on the arrestin-3 species expressed and is not affected by etoposide treatment.
Representative blot out of three fractionations performed is shown. (B) Fluorescence
microscopy of GFP-JNK3 (green) and arrestin-3 (the latter was visualized with rabbit
panarrestin polyclonal antibody followed by Alexa 593 anti-rabbit secondary antibody, red).
Blue on merged images — DAPI-stained nuclei. Representative images of the transfected
COST7 cells are shown. Preferential localization of the caspase cleaved arrestin-3-(1-366)
fragment in the nucleus is visible. Note that WT arrestin-3 as well as arrestin-3—-3xE re-
localize INK3 from the nucleus to the cytosol, whereas arrestin-3-(1-366) does not. (C)
Quantification of the fluorescence microscopy analysis. Fraction of cells where the
concentration of GFP-JNKS3 (left panel) or expressed arrestin-3 construct (right panel) in the
cytoplasm was greater than in the nucleus (C>N) is shown. At least 30 cells expressing both
arrestin-3 constructs and GFP-JNKS3 per condition were scored for subcellular distribution of
GFP-JNK3 and arrestin-3. Mean + S.D. (n=3) are shown. Left panel: **** p<0.0001; *,
p<0.05, as compared to the distribution of GFP-JNK in cells expressing JNK3 alone; right
panel: subcellular distribution of different arrestin-3 constructs in these three experiments is
shown for comparison.
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Fig. 5. Arrestin-3-mediated activation of INK3.
(A) COST cells were co-transfected with HA-JNK3 and indicated arrestin-3 constructs.

Immunoprecipitation was performed with anti-HA antibody. Cell lysates and

immunoprecipitated proteins were immunoblotted using F4C1 antibody to determine the
level of arrestin-3 and anti-HA antibody to reveal the efficiency of INK3
immunoprecipitation. (B) Quantification of the arrestin co-IP with INK3 (n=5). The
differences were not statistically significant. (C) COS7 cells were co-transfected with HA-
ASK1 and indicated arrestin-3 constructs. Cell lysates and immunoprecipitated proteins
were immunoblotted using F4C1 antibody to determine arrestin-3. (D) Quantification of the
arrestin co-IP with ASK1 (n=3). Statistical significance of the differences is shown, as
follows: *, p<0.001 to WT arrestin-3; #, p<0.001 to arrestin-3-3xE. Similar co-
immunoprecipitation assays were performed with HA-MKK4 (E) or Flag-MKK7 (G) with
corresponding anti-HA or anti-Flag antibodies. Quantification of the data for MKK4 (F) and
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MKKZ7 (H) (n=3 in both cases) is shown. *, p<0.001, as compared to WT arrestin-3; #,
p<0.001, as compared to arrestin-3—-3xE. (1) COS7 cells were transfected with HA-JNK3,
HA-ASK1 and WT arrestin-3 (Arr3), caspase-resitant arrestin-3-(3xE), or arrestin-3-(1-
366). Cell lysates were immunoblotted for phosphorylated JNK3 (p-JNK3). Intensities in the
p-JNK blots from three independent experiments were quantified and statistically analyzed.
Means + S. D. are shown. ***, p<0.001, as compared to the level of p-JNK3 in cells co-
expressing ASK1 and JNK3 without arrestin. Western blot with anti-HA and FAC1
antibodies was used to determine protein expression.
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Fig. 6. Arrestin-3-(1-366) fragment interaction with INK1/2 isoforms.
COS7 cells were co-transfected with indicated Flag-tagged JNK isoforms and arrestin-3-(1—

366) (Arr). Note that all three INK isoforms tested bind arrestin-3-(1-366) comparably.
Experiment was repeated three times with the same results.
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Fig. 7. Effect of arrestin-3 and cleavage fragments on apoptosis. A.
COST7 cells were transfected with indicated arrestin-3 constructs. After etoposide treatment

(40 uM, 12 h) cells expressing increasing amounts of caspase-resistant arrestin-3-(3xE)
showed progressive increase in apoptosis. In contrast, cells with increasing expression of the
cleavage product arrestin-3-(1-366) showed progressive decrease in apoptosis.
Approximately 400 cells were scored per data point. Mean + SEM of the percentage of
apoptotic nuclei in three independent experiments is shown. **, p<0.01, ***, p<0.001, ****,
p<0.0001 as compared to cells transfected with control empty pcDNA3 vector (0). B. DAPI-
stained nuclei of etoposide-treated COS7 cells. White arrowheads indicate normal nuclei;
white arrows indicated apoptotic nuclei with condensed chromatin.
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