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In Vivo Interaction Proteomics Reveal a Novel p38 Mitogen-Activated
Protein Kinase/Rackl Pathway Regulating Proteostasis in Drosophila

Muscle
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Several recent studies suggest that systemic aging in metazoans is differentially affected by functional decline in specific tissues,
such as skeletal muscle. In Drosophila, longevity appears to be tightly linked to myoproteostasis, and the formation of misfolded
protein aggregates is a hallmark of senescence in aging muscle. Similarly, defective myoproteostasis is described as an important
contributor to the pathology of several age-related degenerative muscle diseases in humans, e.g., inclusion body myositis. p38
mitogen-activated protein kinase (MAPK) plays a central role in a conserved signaling pathway activated by a variety of stressful
stimuli. Aging p38 MAPK mutant flies display accelerated motor function decline, concomitant with an enhanced accumulation
of detergent-insoluble protein aggregates in thoracic muscles. Chemical genetic experiments suggest that p38-mediated regula-
tion of myoproteostasis is not limited to the control of reactive oxygen species production or the protein degradation pathways
but also involves upstream turnover pathways, e.g., translation. Using affinity purification and mass spectrometry, we identified
Rackl as a novel substrate of p38 MAPK in aging muscle and showed that the genetic interaction between p38b and Rackl con-
trols muscle aggregate formation, locomotor function, and longevity. Biochemical analyses of Rackl in aging and stressed mus-
cle suggest a model whereby p38 MAPK signaling causes a redistribution of Rackl between a ribosome-bound pool and a puta-

tive translational repressor complex.

hysiologic analyses of aging in humans (1) and recent molec-

ular genetic studies in model metazoans raise a compelling
possibility that the systemic functional decline characteristic of
aging is a consequence of local degenerative changes in specific
tissues (2). Not surprisingly, skeletal muscle, with its large meta-
bolic and endocrine potential, emerged as an important regulator
of systemic longevity. For example, modulating the activity of the
TOR pathway in the muscle tissue in Drosophila (3) and Caeno-
rhabditis elegans causes significant changes in longevity. However,
the molecular signals that trigger muscle aging in a normal phys-
iological context are more complex and not completely under-
stood.

A central role in the aging of postmitotic cells is attributed to
the system of mechanisms that control the concentration, confor-
mation, and location of cellular proteins, known as proteostasis
(4). Proteostatic dysfunction in neurons is a well-established
cause of common neurodegenerative syndromes, such as Parkin-
son’s and Alzheimer’s diseases (5). In skeletal muscle dysregulated
proteostasis manifests in a similar pathology (6). Insoluble pro-
tein aggregates accumulate in the sarcoplasm, myonuclei, and en-
domysium, in time causing myofiber degeneration. This results in
a wide spectrum of pathologies collectively known as protein ag-
gregate myopathies (PAMs). Genetic forms of PAM are linked to
mutations in a diverse group of muscle proteins with both struc-
tural (e.g., myosin, desmin, plectin, and titin) and nonstructural
(e.g., DNAJB6, BAG-3, and PABPN1) functions (7). However, the
most common PAM in the elderly, known as sporadic inclusion
body myositis (sIBM), has not been linked to any specific single-
gene alleles (8, 9). Importantly, both hereditary PAM and sporadic
IBM patients display wide heterogeneity in the onset time and
severity of pathological symptoms. This clinical observation raises
the possibility that genetic variations in myoproteostatic pathways
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among patients are sufficiently potent to modify the pathogenic
activity of aggregation-prone proteins. Little is currently known of
the PAM-modifying cellular mechanisms, and no effective thera-
peutic treatments are available for these progressive debilitating
diseases. The use of genetically tractable model systems to study
proteostasis (10), especially in the context of PAM, holds great
promise for eventual therapeutic intervention. Since adult Dro-
sophila muscles recapitulate many of the molecular, structural,
and functional elements of the skeletal muscle tissue in vertebrates
(11), the fly emerged as a useful model for study of myoproteos-
tasis.

Three fly models of PAM have been constructed. Muscle pa-
thology in these models was achieved by tissue-specific expression
of human proteins (APP [12], PABPN1 [13], and E706K mutant
myosin heavy chain Ia [14]) known to cause aggregate formation.
All of these models recapitulate key features of human disease,
namely, age-dependent aggregate formation, locomotor function
loss, and reduced life-span. Experimental manipulation of pro-
teostasis modifies these phenotypes. For example, coexpression of
an E3 ubiquitin ligase Parkin largely rescues the effects of APP, and
overexpression of the Hsp70 pathway components or viral anti-
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apoptotic protein p35 attenuates the PABPN1 phenotype. Two
other pathways with prominent roles in proteostasis in aging Dro-
sophila muscle were recently examined. The first study found that
manipulation of FOXO activity is linked to age-related deposition
of polyubiquitylated aggregates in thoracic muscle. FOXO acts
through its transcription target 4E-BP/Thor to potentiate au-
tophagy thereby enhancing the turnover of damaged proteins (3).
FOXO and Thor are downstream components of the insulin/IGF
signaling pathway that is recognized as a key regulator of func-
tional senescence and longevity in a variety of models. However,
contributions from other signaling pathways are also being exam-
ined. One example is the p38 mitogen-activated protein kinase
(MAPK) pathway. Although the role of p38 in mammalian myo-
genesis is well established (reviewed in references 15 and 16), less
is known about its function in aging muscle. A recent study dem-
onstrated that p38b, one of two p38 MAPKSs in Drosophila, mod-
ulates reactive oxygen species (ROS)-mediated damage in tho-
racic muscle (17). At least two pathways appear to be involved:
Mef2-driven expression of MnSOD (Sod2) and Nrf2-dependent
suppression of Keapl. Thus, p38b-deficient animals show ele-
vated levels of oxidatively damaged proteins in muscle and a re-
duced life-span.

We report here that p38b deficiency leads to the accelerated
deposition of polyubiquitylated protein aggregates in thoracic
muscles of aging flies, a cellular pathology likely connected to
previously reported locomotor phenotypes and reduced longevity
in these animals. By using a chemical genetic approach, we show
that the effects of p38b on myoproteostasis are not limited to
ROS-dependent mechanisms but also involve regulation of pro-
tein synthesis. Finally, we present the results of an in vivo pro-
teomic screen for muscle-specific substrates of p38b and identify
and characterize Rack1 as a novel substrate that may directly con-
trol the rate of protein translation in response to p38b signaling.

MATERIALS AND METHODS

Fly genetics and drug treatments. Flies were raised on a standard corn-
meal-agar-molasses medium at 25°C. p38bA45 and upstream activation
sequence (UAS)-p38bKD flies were previously described (17). UAS-Sod2
and GMR-Gal4 flies were kindly donated by A. Hilliker and H. McNeill,
respectively. UAS-p38b IR, UAS-Rackl IR, Mef2-Gal4, Rack1 18 Rack1"E,
and Rack1®¥'?* flies were obtained from the Bloomington Drosophila
Stock Center. For drug treatments, flies were starved for 6 h and trans-
ferred onto 5% sucrose—1% low-melting temperature agarose (Gibco)
medium supplemented with 5 mM paraquat (Sigma), 600 .M puromycin
(Sigma), 20 mM chloroquine (BioShop), 50 uM MG132 (Sigma), and 10
M chelerythrine chloride (BioShop).

Climbing assay and longevity scoring. Climbing ability was mea-
sured in a simple negative geotaxis assay by counting the number of flies
that reach the top of the vial (top 20% of the length) in 5 s after tapping
and dividing by the total number of flies. Twenty flies were tested per
genotype-treatment combination, and measurements were repeated three
times. For life-span measurements, flies were kept on standard food at 20
flies per vial and transferred to fresh vials every 3 days. Surviving flies were
counted every 24 h.

Western blot and dot blot analyses of thoracic muscle extracts. To
isolate detergent-soluble and insoluble protein extracts, we modified a
method described previously (18). Fifteen thoraces for each age and ge-
notype were freshly prepared and homogenized in 300 wl of buffer A (20
mM Tris-HCI [pH 8.0], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% sodium dodecyl sulfate [SDS], 0.5% sodium deoxycholate, 0.5%
protease inhibitor cocktail [Sigma], 5 mM NaF, 10 mM sodium 3-glycer-
ophosphate, 1 mM Na,;VO,). Lysates were incubated on ice for 30 min
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with occasional vortexing and centrifuged at 16,000 X g for 15 min at 4°C.
Supernatants represented the detergent-soluble protein fraction. Pellets
were resuspended in 100 pl of buffer B (10 mM Tris-HCI [pH 7.5], 1%
SDS, 0.5% protease inhibitor cocktail [Sigma], 5 mM NaF, 10 mM so-
dium B-glycerophosphate, 1 mM Na;VO,), sonicated for 1 min (6 X 10s
pulses), and incubated at room temperature for 30 min. Extracts were
cleared by centrifugation at 500 X g for 10 min at room temperature,
yielding detergent-insoluble fractions. The total protein concentration in
extracted fractions was determined by using the Dc protein assay (Bio-
Rad), and normalized samples were run on SDS-10% PAGE gels, fol-
lowed by standard Western blotting procedure. For dot blot analyses 3-pl
samples were applied onto nitrocellulose membrane (Bio-Rad) and al-
lowed to dry overnight. Membranes were subsequently hydrated and
washed in Tris-buffered saline for 30 min at room temperature, followed
by incubation with the Odyssey blocking solution (LI-COR), respective
primary antibodies, and near-infrared fluorophore-labeled secondary an-
tibodies (goat anti-rabbit antibody 680RD and goat anti-mouse antibody
800CW; LI-COR). Imaging and quantification were performed using the
Odyssey system (LI-COR), and aggregate levels were calculated as ratios of
the ubiquitin and histone H3 fluorescent signals normalized by values in
wild-type flies.

The following antibodies were used throughout the study: antiubiq-
uitin (mouse monoclonal, P4D1; Cell Signaling), antiactin (rabbit poly-
clonal, I-19-R; Santa Cruz Biotechnology), anti-histone H3 (rabbit
monoclonal; Cell Signaling), anti-Rack1 (rabbit monoclonal, D59D5; Cell
Signaling), anti-S6 (mouse monoclonal, 54D2; Cell Signaling), anti-phos-
pho-p38 MAPK (rabbit polyclonal, Thr180 Tyr182; Cell Signaling), anti-
Drosophila p38 (goat polyclonal, dN-20; Santa Cruz Biotechnology), anti-
FLAG (mouse monoclonal, M2; Sigma), anti-phospho-ATF2 (rabbit
polyclonal, Thr71; Cell Signaling), and antipuromycin (mouse monoclo-
nal, 3RH11; KeraFast).

Immunoprecipitations and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) proteomics. The expression levels of the
p38bKD bait were examined in all pairwise combinations of three muscle-
specific drivers (MHC-Gal4, Mef2-Gal4, and 1151-Gal4) and two inde-
pendent UAS-p38bKD responder lines. Most of these combinations pro-
duced significantly higher levels of p38bKD compared to endogenous p38
(data not shown). For proteomic analysis, we chose the Mef2-Gal4 driver
that produced a <2-fold higher level of p38bKD compared to the endog-
enous level (see Fig. 4A).

Transgenic flies expressing FLAG-tagged p38bKD and control w
flies were aged at 25°C, anesthetized, and dissected. Individual thoraces
were immediately frozen on dry ice. Fifty thoraces were used in a typical
immunoprecipitation, and 100 thoraces per biological replicate were used
in proteomic analyses. Thorax samples were thawed on ice and homoge-
nized in lysis buffer described previously (19) with 10 to 15 strokes of a
Dounce homogenizer on ice. Lysates were frozen on dry ice, thawed, and
centrifuged at 14,000 X g for 15 min. Cleared lysates were incubated with
anti-FLAG M2 magnetic beads (Sigma) for 2 h at 4°C. Immunoprecipita-
tions of S2 cell lysates were performed as described earlier (19). After the
incubations, the beads were washed, and bound proteins were digested
with trypsin and identified using a Thermo LTQ XL mass spectrometer
coupled to a nano-LC system (Agilent). The results of Mascot searches
were sorted using ProHits software (20). Final data set consisted of four
biological replicates for p38KD bait and w'’’® control samples (see Data
Set S1 in the supplemental material). Proteins identified in both the bait
and the control samples were considered nonspecific and removed from
subsequent analyses, with the exception of glycogen synthase that was
>10-fold more abundant in bait samples compared to controls. We also
removed proteins that were identified in fewer than two biological repli-
cates and proteins identified by a single peptide or short peptides (i.e.,
<10 amino acids in length).

Recombinant Rackl and kinase assays. Full-length human RACK1
c¢DNA (MGC) was expressed as an N-terminal MBP fusion (pMAL sys-
tem; New England BioLabs) in BL21(DE3) Escherichia coli grown at 37°C
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and induced with 0.5 mM IPTG (isopropyl-B-p-thiogalactopyranoside)
for 2 h. Bacteria were lysed by sonication on ice, and soluble MBP-RACK1
was purified using amylose resin (New England BioLabs) according to the
manufacturer’s protocol and buffer exchanged into 25 mM Tris (pH
7.5)-25 mM NaCl. FLAG-tagged p38 kinase constructs were transfected
into S2 cells, and cells were stimulated with 10 mM H,0O, for 45 min.
Active p38 kinases were purified using anti-FLAG magnetic beads (Sigma)
as described previously (19). Kinase reactions were assembled by mixing
purified MBP-RACK1 with bead-bound kinases in 25 mM Tris (pH 7.5),
5 mM B-glycerophosphate, 2 mM dithiothreitol (DTT), 0.1 mM Na;VO,,
10 mM MgCl,, and 200 wM ATP. After a 30-min incubation at 30°C, the
magnetic beads were removed, and phosphorylated substrate was repuri-
fied using an amylose affinity matrix. Phosphorylation was detected by
Western blotting with anti-phospho-Ser and anti-phospho-Thr antibod-
ies (Millipore).

In vitro translation assays. Protocols for extract preparation and
translation reactions were adapted from earlier studies (21, 22). Briefly,
thoraces were lysed in 10 mM HEPES (pH 7.4), 5 mM DTT, and 1X
complete protease inhibitor cocktail (Roche) and cleared by centrifuga-
tion at 14,000 X gat 4°C for 15 min. Micrococcal nuclease (New England
BioLabs) at 0.15 U/l and 1 mM CaCl, were added, and the extract was
incubated for 4 min at 20°C, followed by the addition of 2 mM EGTA.
Translation reaction mixtures included 40% extract, 50 mM CH;COOK,
0.5 mM (CH;COO),Mg, 60 uM amino acid mix (Promega), 0.1 mM
spermidine, 20 U of RNase inhibitor (Fisher) per reaction, 0.1 pg of cre-
atine kinase (Sigma)/pl, 20 mM creatine phosphate (BioShop), and 0.03
pmol of firefly luciferase mRNA (Promega) per reaction. Luciferase light
units were normalized by the protein concentration in thoracic extracts.

Ribosomal fractionation. Thoraces dissected from aged or puromy-
cin-fed flies were homogenized in 20 mM Tris (pH 7.4), 140 mM KCl, 5
mM MgCl,, 0.5 mM DTT, 1% Triton X-100, 0.1 mg of cycloheximide
(Sigma)/ml, 1 mg of heparin/ml, and 50 U of RNase inhibitor (Fisher)/ml
and cleared by centrifugation at 14,000 X g for 10 min at 4°C (23). Super-
natants were then fractionated by using a 10 to 50% discontinuous su-
crose gradient centrifugation at 35,000 rpm for 2 h at 4°C. Twelve frac-
tions were collected after centrifugation and used for Western blot
analyses and semiquantitative reverse transcription-PCR (RT-PCR).

RESULTS
Dysregulation of protein homeostasis in thoracic muscles of
p38b mutant flies. Since previous work described age-related mo-
tor deficits in p38b-null flies (17), we tested whether an abnormal
accumulation of misfolded protein in thoracic muscles may be
associated with the observed functional decline. Ample evidence
suggests that the aggregation state of intracellular misfolded pro-
teins determines their cytotoxic effect. Therefore, we adapted a
two-step protein extraction procedure in which a soluble fraction
is isolated in a mild Triton X-100-containing buffer and the re-
maining aggregate fraction is solubilized in the presence of 1%
SDS. Samples derived from the thoraces of age-matched wild-type
and p38b mutant flies were examined by Western blotting with an
antiubiquitin antibody (Fig. 1A). To more accurately quantify the
levels of ubiquitin conjugates in thorax extracts, we used dot blot-
ting and near-infrared fluorescence intensity measurement (Fig.
1B to D). Higher levels of protein ubiquitylation are seen in solu-
ble and aggregate fractions from p38b mutant flies compared to
wild-type controls irrespective of age (Fig. 1A). Importantly, the
accumulation of ubiquitin conjugates in the aggregate fractions
from mutant flies becomes more pronounced in 30-day-old flies
(Fig. 1C), a finding consistent with the age-related decline in mo-
tor function.

ROS-independent control of myoproteostasis by p38b. Con-
trol of the oxidative damage caused by ROS in the adult fly muscle
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FIG 1 p38MAPK regulates protein aggregate accumulation in aging thoracic
muscle. (A) Enhanced accumulation of ubiquitylated protein aggregates in
thoracic muscles of p38b-deficient flies. Triton X-100-insoluble (top) and Tri-
ton X-100-soluble (bottom) protein extracts were prepared from the thoraces
of wild-type (w!®) and isogenic p38b-null (p38b**°) flies at 5, 15, and 30 days
after eclosion. The levels of ubiquitylated conjugates were assayed using an
antiubiquitin antibody. Actin and histone H3 were used as loading controls for
soluble and insoluble extracts, respectively. (B) The levels of ubiquitylated
aggregates were quantified by dot blot analyses using near-infrared fluorescent
detection (see Materials and Methods). Dot blot assays were performed in
triplicates. Red fluorescent signal (ubiquitin) was divided by green signal (his-
tone H3) and normalized by the w'''® control at day 5. A representative dot
blot with aggregate samples is shown. (C and D) Quantification of ubiquitin
conjugates in aggregate and detergent-soluble fractions. Columns represent
means * the standard errors (SD; n = 3; NS, not significant; *, P < 0.05
[unpaired two-tailed Student  test]).

has emerged as a key mechanism linking p38b activity to life-span
(17). In the proposed pathway, p38b potentiates the Mef2-driven
expression of the mitochondrial superoxide dismutase (Sod2),
thereby limiting the effects of ROS (Fig. 2F). Consistent with this
model, transgenic overexpression of Sod2 in muscle tissue rescues
the effect of p38b deficiency on longevity (17). Therefore, we
sought to explore the link between the enhanced protein aggrega-
tion we observed in p38b mutant muscle and ROS induction.
First, we compared the levels of ubiquitylated aggregates in the
thoraces of 1-week-old flies reared on normal food. As expected,
aggregates were elevated in flies with a muscle-specific (Mef2-Gal4
driver, Fig. 2A) knockdown of p38b compared to the wild-type
control (Fig. 2E). However, the introduction of ectopic Sod2 (Fig.
2B) into the p38b-knockdown animals caused only a minor re-
duction in aggregate formation (Fig. 1E). Next, we tested whether
aggregate formation can be enhanced by a potent systemic ROS
induction and the ability of p38b and Sod2 to mediate this process.
By using a GSTD1-green fluorescent protein (GFP) transgene as a
sensor of oxidative stress, we determined that a 16-h exposure of
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two-tailed Student ¢ test]). (F) Schematic representation of main proteostatic pathways. Chemical modulators of proteostasis are color-coded to match

the bar graphs in panel and Fig. 3B.

flies to 5 mM paraquat is sufficient to induce ROS systemically
(Fig. 2C). These conditions were then used to examine the effect of
ROS induction on aggregate deposition. One-week-old flies were
fed 5 mM paraquat for 16 h, followed by protein extraction and
dot blot analysis of ubiquitylated aggregates. A small increase
(<25%) in aggregate levels was observed in wild-type and p38b-
knockdown flies, compared to respective levels in flies fed
unsupplemented food. A similar increase was also seen in p38b-
knockdown flies overexpressing Sod2 (Fig. 2E). These observa-
tions suggest that p38b deficiency does not significantly enhance
aggregate deposition in response to transient ROS induction and
that the ROS-neutralizing activity of Sod2 is insufficient to sup-
press aggregate formation caused by p38b deficiency.

Finally, we examined the role of p38b and Sod2 in a ROS-
independent model of aggregate induction. Puromycin is an ami-
noacyl tRNA analog that binds to the ribosome and blocks poly-
peptide chain elongation, causing the premature release of
truncated proteins. When the synthesis of these truncations over-
whelms protein clearance pathways, they may contribute to aggre-
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gate formation. We monitored the incorporation of puromycin
moieties into polypeptide chains by Western blotting (Fig. 2D)
and then fed 1-week-old flies with 600 WM puromycin-supple-
mented food for 16 h prior to aggregate extraction. Indeed, an
~80% increase in aggregate level was recorded in wild-type and
p38b mutant flies compared to controls fed unsupplemented food
(Fig. 2E). Importantly, the levels of aggregates in p38-deficient
animals were unaffected by the ectopic expression of Sod2. Col-
lectively, these data suggest that ROS-mediated damage is insuffi-
cient to account for the effect of p38b deficiency on protein aggre-
gate deposition.

p38b may be involved in controlling protein synthesis in tho-
racic muscle. Since Sod2 does not fully rescue the effects of p38b
deficiency on aggregate formation in muscle, we conclude that
there is an additional ROS-independent mechanism(s) of p38b-
mediated control of myoproteostasis. Translation is a central node
of protein turnover known to receive inputs from a variety of
signaling pathways, most prominently TOR. To test the possibility
that p38b signaling also contributes to translational control in

mcb.asm.org 477


http://mcb.asm.org

Belozerov et al.

A . B_s
£ .8 <, ——

_ g- o~ g. @ £

S 3 8% 53] —=

= o O o

N g £ =2 g2

= © O kpa .

Bo

7]
e 0
g w1118 p38bd45 w1118 p38b445
E‘ - Puromycin + Puromycin
o
o
c O No drug
Zg = MG132
k=3 m Chloroquine
g MG132+

Chloroquine
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tion of ubiquitylated proteins in thoracic muscle compared to untreated con-
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P < 0.01 [unpaired two-tailed Student ¢ test]).

muscle, we first sought to determine whether p38b controls aggre-
gate formation upstream of the degradation pathways (Fig. 2F).
We utilized an in vivo chemical genetic approach. One-week-old
wild-type and p38b mutant flies were fed potent inhibitors of pro-

teasome (MG132) and autophagy (chloroquine) in the absence
(Fig. 3A) or in the presence of puromycin. After drug treatment,
the levels of detergent-insoluble ubiquitin conjugates in fly thora-
ces were determined by dot blot analysis (Fig. 3B). Both inhibitors
caused moderate increase in insoluble aggregates in wild-type
muscle, and demonstrated additivity. We reasoned that if p38b
acted solely at the level of protein degradation, treatment with
MG132 and chloroquine would be expected to counteract the ef-
fect of p38b deficiency. In contrast to this prediction, we observed
significantly higher levels of muscle aggregates in inhibitor-fed
p38-mutant flies compared to wild-type controls. These differ-
ences were even more pronounced when inhibitor treatments
were performed in the presence of puromycin (Fig. 3B). Collec-
tively, these results suggest that p38b signaling affects myoproteo-
stasis upstream of the degradation pathways, which is consistent
with a possible role for p38b in protein synthesis.

In vivo proteomic screen for muscle-specific p38b sub-
strates. There are only a few characterized substrates of the Dro-
sophila p38 kinases, and no substrates directly involved in trans-
lational regulation have been previously reported (19). To
examine muscle-specific substrate repertoire of p38b in vivo, we
utilized a substrate trap approach (24, 25). A FLAG-tagged kinase-
dead mutant of p38b (p38bKD) was expressed in thoracic muscles
(Fig. 4A), affinity purified, and analyzed by mass spectrometry to
identify copurifying proteins. Some of the proteins in the isolated
complexes are expected to represent bona fide substrates trapped
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FIG 4 Interaction proteomics identify Rackl as a binding partner of p38bKD in adult thoracic muscle. (A) The Mef2>p38bKD transgenic flies express
FLAG-p38bKD (bait) at a level comparable to endogenous p38b (Western blot, top). p38bKD and associated proteins are recovered from thorax extracts using
a one-step affinity purification (silver stained gel, bottom) and subjected to LC-MS/MS analysis. HC, IgG heavy chain; LC, IgG light chain. (B) List of p38bKD
interacting proteins identified by proteomics (see Materials and Methods for details). The results from four independent biological replicate (experiments 1 to
4) analyses are shown. The percent protein sequence coverage is shown for each interacting protein, with respective color coding shown below the table. (C) The
interaction of Rackl and p38b was confirmed by coimmunoprecipitation of endogenous Rackl in S2 cells transiently transfected with FLAG-tagged wild-type
p38 kinases, and three p38b mutants, p38bAA (T183A/Y185A), p38bEE (T183E/Y185E), and p38bKD (K53R). No interaction is observed between Rackl and
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Mef2>p38bKD flies, and the levels of endogenous Rackl in precipitates were determined by Western blotting.
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in unproductive interactions with the catalytically inactive kinase.
We performed four replicate purifications of p38bKD complexes
from 15-day-old flies in parallel with the four control purifications
(see Materials and Methods). Only the interacting proteins spe-
cific to p38bKD samples and found in two or more replicates were
considered. Since a large number of factors contribute to the stoi-
chiometry of the inactive kinase-substrate binding, no ranking of
potential substrates based on protein coverage was performed. A
total of 19 putative substrates (Fig. 4B) were identified, including
previously characterized substrates MK2 and glycogen synthase.
One of the isolated proteins, receptor of activated C kinase 1
(Rackl) is a component of the 40S ribosomal subunit known to
regulate translation initiation (26). We hypothesized that Rack1
may serve as a link between p38b signaling and translational reg-
ulation and thus chose this interactor for further analysis despite
its relatively low protein coverage.

p38b binds to and phosphorylates Rackl in vitro. To verify
the interaction of p38b and Rackl, we expressed FLAG-tagged
versions of wild-type p38b, p38bKD, as well as related kinases
p38a and p38c in Drosophila S2 cells, and tested whether endoge-
nous Rackl can be detected in kinase immunoprecipitates. As
shown in Fig. 4C, Rack1 specifically binds to p38bKD but not the
wild-type p38b or two activation loop mutants, a finding consis-
tent with the model of substrate trapping. No binding is observed
between Rackl and p38a or p38c. Similarly, p38bKD binds to the
endogenous Rackl in vivo, and the interaction appears stronger in
older flies (Fig. 4D). In S2 cells p38b forms stable complexes with
MK?2 and other partners (19), raising the possibility that Rackl
associates with p38b through other complex components. There-
fore, we performed in vitro binding assays using bacterially ex-
pressed p38b and Rack1 and confirmed direct physical interaction
between the two proteins (Fig. 5A). Next, we sought to determine
whether Rackl can serve as a substrate for activated p38b. S2 cells
were transfected with wild-type p38b, p38bKD, and p38a, and
respective kinases were immunoprecipitated from unstimulated
cells or cells exposed to oxidative stress (H,O,). Bacterially ex-
pressed MBP-Rack1 fusion was incubated with p38 kinases bound
to beads, and at the end of reaction Rackl was repurified using
amylose-agarose and tested for the presence of phosphorylation
by Western blotting with anti-phospho-Ser and anti-phospho-
Thr antibodies. To confirm the kinase activity of p38 in these
assays, we set up a parallel set of reactions with a known p38
substrate ATF2 (Fig. 5B). Stress-activated p38b but not p38a was
able to phosphorylate both Ser and Thr residues in Rackl. These
phosphorylation events are attributed to the kinase activity of
p38Db, since no phospho-signal was detected in p38bKD reactions,
and the level of phosphorylation was significantly reduced in the
presence of SB203580, a specific p38 inhibitor.

The interaction with Rackl does not modulate p38b activity.
Several binding partners of p38 kinases have been shown to affect
the kinase activity by serving as scaffolds for the upstream kinases,
chaperones for nucleocytoplasmic shuttling, and other mecha-
nisms (27). Therefore, we tested whether the interaction with
Rackl may modulate some aspect of p38b activity in vivo. One-
week-old flies with muscle-specific knockdown of Rackl
(Mef2>Rackl IR) and driver-only controls were exposed to a
37°C heat shock to activate p38, and thorax lysates were analyzed
by Western blotting (Fig. 5C). Despite a noticeable depletion of
Rackl in the Mef2>Rack1 IR animals, no significant changes were
observed in the levels of total p38 or stress-induced phospho-p38.
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FIG 5 Rackl acts as a direct substrate of p38b without affecting its kinase
activity. (A) Bacterially expressed MBP-Rackl and FLAG-p38b exhibit bind-
ing in a pulldown assay, confirming their direct interaction. Proteins were
visualized by Coomassie blue staining. Bands corresponding to p38b and
Rackl are marked. Band densitometry showed that ca. 5% of input Rackl
bound to p38b, a finding consistent with a transient kinase-substrate interac-
tion. (B) S2 cells were transfected with the indicated FLAG-tagged p38MAPK
constructs and stimulated by 10 mM H,O, for 30 min. Kinases were then
purified from S2 lysates by FLAG-immunoprecipitation and used in in vitro
kinase assays with MBP-Rackl. MBP and ATF2 were used as controls. Inh, 10
M SB203580. Following the kinase reactions, MBR-Rack1 was repurified by
using amylose beads, and its phosphorylation was determined by Western
blotting. The location of bands corresponding to MBP-Rackl (Rackl) and
MBP (Control) are indicated. The composition of the in vitro kinase reactions
corresponding to gel lanes is shown in the box. (C) The p38b level and activity
were examined in the muscle of unstressed (25°C) or heat-shocked (37°C, 30
min) Rackl knockdown (Mef2>Rackl IR) and control (Mef2>GFP) flies.
Levels of total and phospho-p38b (T183, Y185) were determined by Western
blotting and show no change in response to Rack1 depletion. Activated endog-
enous P-p38 was immunoprecipitated from thorax extracts and assayed in
vitro using a recombinant substrate ATF2. The kinase activity of P-p38 appears
unchanged in Mef2>Rack]1 IR flies compared to controls.

Next, doubly phosphorylated p38 was immunoprecipitated from
thorax lysates and used in in vitro kinase assays with recombinant
ATF2 (Fig. 5C). Approximately equal levels of phospho-ATF2
were detected in these reactions, indicating that the level of Rack1
in thoracic muscles does not influence catalytic activity of p38b.
Genetic interaction between p38b and Rack1 enhances accu-
mulation of protein aggregates in muscle and controls life-span
and locomotor function. Based on our biochemical results, we
reasoned that p38b and Rackl may share a genetic pathway. We
first tested this possibility in the eye. Homozygous p38b mutant
flies (p38b**°) exhibit a slight rough-eye phenotype compared to
wild-type w''"® eyes (Fig. 6A, top row). In contrast, no ommatidial
defects are observed in p38b heterozygotes (p38b™***), and min-
imal ommatidial pattern disruption is seen in the flies with an
eye-specific knockdown of Rackl (GMR>Rackl IR). However,
Rackl depletion combined with one copy of the p38b-null allele
(p38b**’* GMR>Rackl IR) produces rough eyes that are re-
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(p38bA45). (B) Thoracic aggregate deposition is largely unaffected in a Rackl hypomorphic background (Rack1**/Rack1°*'?%) compared to wild-type control.
However, aggregate formation is strongly potentiated by combining these Rack1 alleles with a p38b knockdown (Mef2>p38b IR). Aggregate levels were measured
by dot blot in thoracic extracts from 3-day-old flies (see Materials and Methods). (C) Three-day-old flies were fed paraquat or puromycin, and subjected to a
simple negative geotaxis assay. Genetic interaction of Rack1“*/Rack1®¥'?® and Mef2>p38b IR greatly reduces locomotor function under proteotoxic stress. In
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median survival. A markedly decreased life-span is observed in Rack1®*/Rack1""'?%; Mef2>p38b IR flies.

duced in size (Fig. 6A), indicating dominant interaction of the two
alleles and suggesting that p38b and Rack1 likely function in the
same pathway.

We next tested whether the observed genetic interaction affects
the deposition of insoluble aggregates in thoracic muscle. For
these tests, we used flies carrying a homozygous Rack1-null allele
(Rack1"?®) that express no detectable Rackl protein and a tran-
sheterozygous combination of strong hypomorphic alleles
(Rack1PF/Rack1""'?®) that express greatly reduced levels of Rackl
(28). Interestingly, thoracic muscles of the Rackl-null animals
contain high levels of insoluble aggregates, whereas the levels
found in the hypomorphs are not significantly higher than those
in wild-type flies (Fig. 6B). However, when p38b is depleted by
RNA interference (RNAi; Mef2>p38b IR) in the Rackl™/
Rack1¥"'*%background the levels of muscle aggregates are dramat-
ically elevated and exceed those observed in the Mef2>p38b IR
thoraces in the presence of wild-type levels of Rackl (Fig. 6B).

We reasoned that the insoluble aggregates accumulating in the
muscles of the Rackl and p38b mutants may impact locomotor
function and longevity in these animals. To test these possibilities
we performed negative geotaxis assays using 3-day-old animals of
indicated genotypes (Fig. 6C) reared on normal food. At this age,
only the homozygous Rackl’® flies showed significantly reduced
climbing ability. Therefore, we subjected these animals to addi-
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tional proteotoxic and oxidative stresses by providing them with
puromycin and paraquat supplemented food for 24 h. Under
these conditions puromycin-fed flies demonstrated the most pro-
nounced changes. The climbing ability of the Rack1-null flies de-
teriorated further and, importantly, the Rackl®*/Rack1®"'?%
Mef2>p38b IR flies suffered a >2-fold decline in locomotor func-
tion compared to the drug-free control. In contrast, paraquat
feeding produced only minor changes in climbing ability that
were restricted to animals with the reduced levels of p38b, inde-
pendently of the Rackl background. These data indicate that the
p38b-Rackl interaction modulates locomotor function in re-
sponse to proteotoxic but not oxidative stress.

Finally, we sought to correlate the above molecular and func-
tional observations with the longevity of flies with respective al-
lelic combinations (Fig. 6D). Indeed, the Rack1"® homozygotes
and the Rack1*/Rack1'%%; Mef2>p38b IR flies demonstrated the
shortest life-span, a finding consistent with the levels of aggregate
accumulation in thoracic muscles, and sensitivity to proteotoxic
stress.

p38b/Rackl pathway affects translation rate in muscle.
Given the sensitivity of p38b and Rackl double-mutant flies to
proteotoxic stress and the involvement of Rackl in translational
regulation, we hypothesized that Rackl may serve as a link be-
tween p38b signaling and protein synthesis control. To test this,
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FIG 7 p38b-Rackl pathway controls translation rates in aging muscle. (A) In vitro translation assays were performed with thoracic extracts from 1- and
15-day-old flies using a synthetic firefly luciferase mRNA reporter (see Materials and Methods). Columns represent means = the SD (n = 3; NS, not significant;
*, P <0.05;**, P <0.01 [unpaired two-tailed Student # test]). (B) Translation rates were measured in vivo by feeding flies of the indicated genotypes (same as in
panel A) 600 WM puromycin for 24 h. After treatment, thoracic extracts were analyzed by Western blotting with an antipuromycin antibody. Total protein was
visualized by Ponceau-S staining. Y, young, 1-day-old flies; O, old, 15-day-old flies. (C) Changes in the association of Rackl and ribosomal subunits with mRNA
in aging wild-type and p38b-deficient flies were examined by oligo(dT) pulldown and anti-Rackl immunoprecipitation. rpS6 and 28S rRNA were used as
representative components of 40S and 60S ribosomal subunits. RNA levels were determined by semiquantitative RT-PCR. (D) The p38b-Rack1 and Rack1-PKC
pathways appear to operate in parallel to affect translation rate in Drosophila muscle. Wild-type (w'''®) and Rackl (Rack1’®)- and p38b (p38b**)-null mutants
were fed chelerythrin chloride-supplemented food (PKC inh), followed by the measurement of translational activity in thoracic extracts in vitro (see Materials
and Methods). p38b deficiency fails to counteract the repressive effect of PCK inhibition on translation. Columns represent means * the SD (n = 3; NS, not
significant; *, P < 0.05; **, P < 0.01 [unpaired two-tailed Student ¢ test]). (E) p38b signaling is required for proteotoxic stress-induced dissociation of Rack1 from
polysomes. Wild-type and p38b-null animals were treated with puromycin, and thoracic extracts were fractionated by using sucrose gradient centrifugation.
Clear redistribution of Rackl between the RNP (top of gradient) and polysome (bottom of gradient) fractions is observed in puromycin-fed wild-type flies. In
p38b-null flies Rackl remains largely associated with the polysomal fraction under proteotoxic stress. (F) Model depicting the mechanisms of Rack1-mediated

translational control. A putative ribosome-unbound Rackl complex that represses translation in response to p38 signaling is shown on the left.

we assessed de novo protein synthesis rates in muscles of 1-day-old
and 15-day-old flies using an in vitro translation assay (Fig. 7A).
Thoracic extracts were prepared from adults carrying the p38b and
Rackl alleles, followed by measurement of the translational activ-
ity in these extracts using a synthetic firefly luciferase mRNA.
Consistent with previous findings (29) in wild-type controls, the
translation rates were greatly attenuated in older flies. In contrast,
extracts from young homozygous p38b mutants, and to a compa-
rable extent the Mef2>p38b IR flies, showed an ~60% higher
translation rate, and no significant reduction of translational ac-
tivity was detected in aged animals. Extracts from young RackI-
null muscle displayed a 42% lower translation rate compared to
wild-type controls, a finding consistent with a positive regulatory
role for Rackl in protein synthesis. A small further rate reduction
was observed in extracts from 15-day-old Rackl mutants. Impor-
tantly, the knockdown of p38b in a Rack1-null background had no
effect on the reporter translation rate in extracts from either young
or aged flies. These results suggest that the stimulating effect of
p38b deficiency on protein translation in thoracic muscle is de-
pendent on Rackl and place Rackl downstream of p38b signaling.

Similar results were obtained when we measured protein syn-
thesis rates in thoracic muscle of live flies using SUnSET (30, 31).
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The incorporation of puromycin into polypeptide chains was vi-
sualized by Western blotting of thoracic extracts (Fig. 7B). Wild-
type flies show a clear reduction in translation rate upon aging,
whereas no appreciable reduction is observed in 15-day-old p38b-
deficient flies (p38bA45 and Mef2>p38b IR). The effect of p38b
deficiency is dependent on Rackl as protein synthesis rate was
found to be low in Rack1"* flies regardless of the p38b level.
p38b signaling may direct Rackl to a ribosome-unbound
translational repressor complex. Rackl strongly interacts with
the 40S ribosomal subunit and is also present in a 40S-unbound
pool. As a component of 40S, Rackl is generally believed to stim-
ulate translation initiation by recruiting protein kinase C (PKC) to
eukaryotic translation initiation factor 6 (eIF6) and eIF4E, but its
translational function outside of the 40S complex is poorly under-
stood (26). Therefore, we sought to elucidate the molecular basis
of p38b-mediated effect of Rackl on protein synthesis in muscle.
First, we examined the association of Rackl and individual ribo-
somal subunits (measured by detecting rpS6 and 28S rRNA) with
total mRNA in 1-day-old and 15-day-old wild-type and p38b-null
animals. These flies were also carrying a constitutively expressed
GFP transgene, providing a model mRNA devoid of regulatory
untranslated regions. Oligo(dT) pulldown experiments using tho-
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racic extracts from these animals showed a reduced association of
40S and 60S with mRNA in aged wild-type flies compared to
younger controls. Consistent with the in vitro translation results,
in p38b mutants mRNA remained associated with the ribosomal
subunits at either age. Importantly, the association of Rackl with
polyadenylated transcripts appears largely unchanged irrespective
of age or p38b genotype (Fig. 7C). The dissociation of 40S and 60S
subunits but not Rackl from mRNA in wild-type aged muscle
may indicate that p38b signaling induces dissociation of Rackl
from 40S. However, immunoprecipitation of Rackl from thorax
lysates shows that the Rack1-40S complex remains intact in both
young and aged muscle and appears independent of p38b. Simi-
larly, GFP mRNA coprecipitates with Rackl at comparable levels
in all samples. In contrast, a clear dissociation of the 60S subunit
occurs in aged wild-type muscle, which is consistent with the oli-
go(dT) pulldown results (Fig. 7C).

Since Rack1 positively regulates translation initiation through
PKC, we next tested whether p38b signaling is also involved in this
pathway. One-day-old Rackl- and p38b-null flies were treated
with a potent inhibitor of PKC, chelerythrine chloride, and the
translational activity in muscle extracts was measured in an in
vitro reaction. Inhibition of PKC potently attenuates translational
activity in the wild-type muscle and has no significant effect in
Rackl mutants, confirming the requirement of Rackl for the
translational effects of PKC (Fig. 7D). As seen before (Fig. 7A and
B), p38b-null muscle displays elevated translational activity.
However, PKC inhibition reduces translation rate proportionally
to the change in wild-type muscle, indicating that p38b is dispens-
able for the Rack1/PKC signaling.

These observations are consistent with the possibility that p38b
signaling antagonizes Rackl-dependent potentiation of transla-
tional initiation independently of PKC signaling or 80S assembly
and promotes the association of Rackl with mRNA independently
of binding to 40S. Furthermore, since p38b deficiency augments
basal translation rates, the Rackl-mRNA complex may be trans-
lationally repressive (Fig. 7C). To test this model, we subjected
wild-type and p38b-null flies to proteotoxic stress and fraction-
ated thoracic extracts on sucrose gradients to separate fractions
containing actively translating polysomes from nonribosomal
RNP fractions (Fig. 7E). As expected, reduced levels of Rackl and
rpS6 are present in polysomes from stressed wild-type flies. Con-
comitantly, a significantly higher level of Rack1 is observed in the
RNP fraction, in the absence of a corresponding increase in the
level of 40S. In p38b mutant animals proteotoxic stress fails to
cause a similar redistribution of the ribosomes and Rackl. This
result suggests that stress-induced p38b signaling transports
Rackl into a ribosome-unbound pool.

DISCUSSION

Protein homeostasis plays a central role in normal muscle func-
tion, aging, and disease. The high level of metabolic activity in
muscle tissue creates an environment favoring the accumulation
of protein damage. Not surprisingly, the cellular mechanisms con-
trolling protein turnover in this tissue are complex and finely
tuned. Pathogenic dysregulation of myoproteostasis causes
PAMs, e.g., sIBM, that lead to a progressive decline in muscle
function and likely contribute to organismal aging. Since molec-
ular lesions driving sIBM remain elusive, modeling PAMs in ge-
netically tractable organisms may yield much needed insights.
Based on a previous study that documented locomotor deficits
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in p38b mutant Drosophila (17), we examined the accumulation
of polyubiquitylated protein aggregates in mutant thoracic mus-
cles and found greatly elevated aggregate levels. Although this re-
sult is consistent with a known role of p38 in reducing ROS, and
protein oxidative damage, via the Mef2/Sod2 pathway (17), our
data suggest additional mechanisms by which p38b antagonizes
aggregation. First, constitutive expression of Sod2 displays mini-
mal effect on aggregate levels in either wild-type or p38b deficient
muscle. Second, short-term induction of ROS by feeding flies
paraquat fails to significantly elevate aggregate levels. In contrast
to oxidative damage, puromycin-induced proteotoxic stress po-
tently enhanced aggregate deposition in a p38b-dependent and
Sod2-independent manner.

Proteasomal degradation and autophagy mediate clearance of
misfolded and damaged proteins, and represent likely down-
stream effectors of p38b signaling. Indeed, in mammals the
Gadd45B/Mekk4/p38 pathway inhibits Atg5 by direct phosphor-
ylation (32), and p38a appears to disrupt cycling-competent
Atg9-p38IP complex by competing for p38IP binding (33). Also,
the MLK3/p38 pathway induced by the accumulation of mutant
GFAP in astrocytes enhances autophagy by negatively regulating
phospho-mTOR (34). To determine whether these degradation
pathways are the main nodes of the p38b-regulated proteostasis,
we used a chemical genetic approach. Strikingly, pharmacologic
inhibition of proteasome, autophagy, or both failed to rescue ag-
gregation-promoting effect of p38b deficiency, arguing for the
existence of p38b-regulated processes upstream of the degrada-
tion pathways.

Previously, it has been shown that p38 activates its substrate
kinases Mnk1/Mnk2 that bind to eIF4G and phosphorylate the
Ser201 residue of eIF4E (35), thereby potentiating translation ini-
tiation. Among the 19 putative p38b substrates isolated in our in
vivo proteomic screen two, rpS15 and Rackl, are ribosomal com-
ponents potentially providing a direct link between p38 signaling
and translational activity. Rack1 is a highly conserved multifunc-
tional WD-repeat adaptor protein that binds 40S through 18S
rRNA, rpS3, rpS16, and rpS17 (26). Our biochemical analyses
confirmed that p38b specifically phosphorylates Rackl on Ser and
Thr residues, although specific phosphorylation sites remain to be
determined. Importantly, p38b-Rackl signaling appears unidi-
rectional, since no Rackl-dependent change in p38b activity is
observed. Genetic evidence further supports our hypothesis that
p38b and Rackl operate in a common pathway influencing aggre-
gate formation in muscle. Thus, a Rackl hypomorphic mutation
that by itself is insufficient to cause high level of aggregates, syn-
ergizes with the RNAi-mediated depletion of p38b to cause signif-
icantly augmented aggregate deposition, locomotor defects, and
shortened life-span.

What is the molecular mechanism of the p38b/Rackl-medi-
ated control of myoproteostasis? Previous studies highlighted
both stimulatory and inhibitory roles of Rackl in mRNA transla-
tion depending on cellular context. As a positive regulator of
translation initiation, Rackl recruits activated PKCBII to the ri-
bosome to phosphorylate elF6 (36) and eIF4E (37). However,
Rackl associates with the ribosome even in cell types that lack
PKCRBII expression, suggesting additional roles for the ribosome-
bound Rackl. Other studies note elevated translational activity in
Rack1-deficient cells (38, 39). Extracts from thoracic muscle of
Rackl-null mutants display a reduced activity in in vitro transla-
tion assays compared to wild-type controls, whereas p38b mutant
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extracts show elevated activity. However, the effect of p38b deple-
tion is fully reversed in the Rackl-null background, implicating
p38b as a negative upstream regulator of a Rackl-dependent
translation pathway. Pharmacologic inhibition of PKC represses
translational activity in p38b-null thoracic extracts, suggesting
that p38b/Rack] signaling is independent of the PKC pathway and
raising the possibility that p38b acts on Rackl outside of the
Rack1-PKC-80S complex (Fig. 7F). Biochemical fractionation ex-
periments lend support to this model. First, in wild-type aged
muscle, reduced translational activity coincides with an attenu-
ated association of mRNA with the 40S and 60S subunits but not
Rackl (Fig. 7C). Second, proteotoxic stress causes an increase of
Rackl level in a nonpolysomal fraction without the corresponding
increase in 40S (Fig. 7E). Both of these effects exhibit p38b depen-
dence.

The molecular identity of stress-induced and potentially ribo-
some-unbound Rackl complex and its effect on the translation of
associated mRNA in Drosophila are unknown. A recent study in
yeast (40) characterized a Rackl-containing translationally re-
pressive SESA complex that may be conserved in higher eu-
karyotes. The SESA complex comprises the KH-domain RNA-
binding protein Scp160/vigilin, an eIF4E-binding protein Eapl,
Smy2/GIGYF2, and Ascl/Rackl and becomes activated by the
spindle pole body duplication defects to repress the translation of
a subset of cellular mRNAs, e.g., POM34 mRNA. Our interaction
proteomics experiments identified a homologous Rack1/vigilin/
GIGYF2 repressive complex in human cells that displays respon-
siveness to stressful stimuli (V. Belozerov, unpublished data), of-
fering a candidate mechanistic link between p38 signaling and
translational repression.
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