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Abstract
Arginylation was previously found to promote stabilization of heat shock protein 70.3 (Hsp70.3) mRNA and cell survival in
mouse embryonic fibroblasts (MEFs) on exposure to heat stress (HS). In search of a factor responsible for these phenomena,
the current study identified human antigen R (HuR) as a direct target of arginylation. HS induced arginylation of HuR
affected its stability and RNA binding activity. Arginylated HuR failed to bind Hsp70.3 3′ UTR, allowing the recruitment of
cleavage stimulating factor 64 (CstF64) in the proximal poly-A-site (PAS), generating transcripts with short 3′UTR.
However, HuR from Ate1 knock out (KO) MEFs bound to proximal PAS region with higher affinity, thus excluded CstF64
recruitment. This inhibited the alternative polyadenylation (APA) of Hsp70.3 mRNA and generated the unstable transcripts
with long 3′UTR. The inhibition of RNA binding activity of HuR was traced to arginylation-coupled phosphorylation of
HuR, by check point kinase 2 (Chk2). Arginylation of HuR occurred at the residue D15 and the arginylation was needed for
the phosphorylation. Accumulation of HuR also decreased cell viability upon HS. In conclusion, arginylation dependent
modifications of HuR maintained its cellular homeostasis, and promoted APA of Hsp70.3 pre-mRNA, during early HS
response.

Introduction

Post-translational modification (PTM) is unequivocally one
of the most important factors contributing to the complexity
and functionality of the proteome. One of the less explored
PTM is protein arginylation, arginyl-tRNA-protein trans-
ferase (ATE1) dependent addition of arginine (Arg). Earlier
studies suggested, arginylation solely occurs at the N-
terminus which require prior proteolysis or removal of
methionine [1–5]. However, arginylation of acidic side-

chains of Glu or Asp at the N-terminus or at internal sites
are recently reported [6–9]. In many cases added arginine
attracts ubiquitin ligases leading to ubiquitination-mediated
degradation [1, 2, 10]. However, not all proteins undergo
arginylation dependent degradation and the relationship
between arginylation and degradation may be very complex
[5, 11]. Arginylation is shown to affect the function
and interaction of proteins suggesting diverse effects of
arginylation on proteome [12, 13]. At the cellular level,
arginylation is known to regulate various processes,
ranging from cell survival and proliferation, to cell differ-
entiation [14–16].

Till date many proteins are reported to be modified by
ATE1 [5, 17–21]. One group of proteins which stand out
are the proteins involved in cellular stress response, in both
mammals and plants [3, 6, 19, 22, 23]. Stress-related pro-
teins, like calreticulin (CRT) and 78-kDa glucose-regulated
protein (GRP78), are reported to be arginylated during ER
stress [18, 19, 22]. Chaperones like HSC70, HSP90α,
HSP90β, chaperonin, and ribophorin are reported to be
arginylated [5, 24]. Upon oxidative stress, regulator of G
protein signaling 4 (RGS4), RGS5, and RGS16, undergo
arginylation dependent degradation [17, 20, 25]. Besides,
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ATE1 activity decreased progressively with cellular aging,
which has an important link with stress [26].

Previously our laboratory revealed, loss of arginylation
make mouse embryonic fibroblasts (MEFs) more suscep-
tible to heat stress (HS) [27, 28]. Loss of arginylation
caused mitochondrial damage during HS, leading to apop-
totic cell death. The defect was traced to the failure of
Hsp70 and Hsp40 transcript stabilization and their faster
degradation in Ate1 KO cells. Several past reports indicate,
a crucial event in mammalian HS response is stabilization of
inducible Hsp70 transcripts post heat shock. This may
augment HSP protein expression and boost heat shock
response (HSR) [29–31]. Intriguingly, inhibition of protein
synthesis stabilized the transcript in unstressed cells [32].
Thus it was implied, a HS regulated labile protein was
responsible for faster degradation of Hsp70 transcripts.
However, till date the mechanism of stress induced Hsp70
transcript stabilization, as well as identity of such regulatory
protein is not known.

The current study investigated the mechanism and the
target of arginylation that promotes cell survival and Hsp70
transcript stability during HS.

Materials and methods

Experimental cell lines, culture condition, and heat-
shock treatment

Wild type (WT) mouse embryonic fibroblast cells (MEFs)
and Ate1 knock-out (KO) MEF, which is a homozygous
knock out generated as mentioned in the ref. [33] was a kind
gift from Dr. Anna Kashina, University of Pennsylvania.
Ate1.1 recovered KO MEF cells (RKO1) was generated in
the laboratory of Dr. Sougata Saha by retrovirus mediated
stable transfection as described in the ref. [27]. HEK
293T cells were from ATCC (CRL-3216). All the cell lines
were maintained in complete medium [90% Dulbecco’s
Modified Eagle Media (DMEM) (Himedia, Chennai, India;
AL007A) supplemented with 10% fetal bovine serum
(FBS) (Himedia, RM10409) and 1× Penicillin/Streptomycin
(P/S) (Thermo Fisher Scientific, MA, USA; 152400620)]; at
37 °C in humidified incubator with 5% CO2. MEF cells with
passage numbers ranging from P13 to P18 were used for all
the experiments. HEK 293T cells were used with the pas-
sage range of P31 to P34. Health of the cells were always
monitored using microscope at high magnification (×40 and
×100) and always healthy cells were used for each experi-
ment. As per experimental requirements, appropriate and
equal number of cells/culture plate were seeded and plates
were randomly allocated for control and test groups. For
induction of stress, cells were incubated at 44 °C in a static
incubator for different time periods, followed by a recovery

(from the stress) period of 2–6 h (as described in the
“Result” section) in a humidified 5% CO2 incubator at
37 °C. Control cells were kept in a humidified 5% CO2

incubator at 37 °C for entire duration of the experiments.

Antibodies

The following primary and secondary antibodies were used:
Mouse Anti-N-terminal arginylation (N-term-Arg) mono-
clonal IgG1 antibody (SMC-264D, Stress Marq Biosciences
INC.), mouse anti-HuR monoclonal IgG1 antibody (3A2)
(MA1-167, Thermo Fisher Scientific), rabbit anti-γ-Actin
polyclonal antibody (BB-AB0025, Biobharati), mouse
antiCstF64 monoclonal IgM (Kappa light chain) antibody
(sc-398862, Santacruz Biotechnology Inc.), mouse anti-6×
His tag monoclonal IgG2b antibody (MA1-21315, Thermo
Fisher Scientific), rat anti-ATE1 monoclonal antibody
(6F11) (Kind gift from Prof. Anna Kashina, Upenn, Phila-
delphia, USA), rabbit anti-PARP monoclonal antibody
(46D11, CST), goat antimouse kappa light chain specific
polyclonal secondary antibody (HRP) (AP200P, Merck
Millipore), goat antimouse IgG1 cross-adsorbed polyclonal
secondary antibody (HRP) (A-10551, Thermo Fisher Sci-
entific), goat antirabbit IgG (H+ L) polyclonal secondary
antibody (HRP) (G-21234, Thermo Fisher Scientific), and
goat anti rat IgG (H+ L) polyclonal secondary antibody
(HRP) (A9037, Sigma-Aldrich).

Alternative poly-adenylation (APA) assay

For APA analysis, two sets of primers were designed: one
set (HSP70.3 F1: 5′ TCCCGGTGCTGGCTAGGAGACA-
GATA3′ and HSP70.3 R1:5′ CAGGGAAGATAAAGCC
CACGTGCA 3′) (Table S1), which amplified all the
HSP70.3 transcripts, and provided the information about
total amount of HSP70.3 transcripts, containing both
proximal and distal PAS regions. Another set amplified
the region having only distal PAS site (HSP70.3 F2:
5′ GGTCAGGAGTTGCTGTGTATGACAGTTTC 3′ and
HSP70.3 R2: 5′ CTCACACAAGCAGATCACAATGCAA
TG 3′) (Table S1), hence provided the information on
amount of HSP70.3 transcript having long 3′UTR. Semi-
quantitative reverse transcriptase PCR (RT-PCR) was done
and PCR products were run on same gel, to minimize the
difference in band intensity due to variation is gel running.
Bands were quantified using GelQuant.NET software pro-
vided by biochemlabsolutions.com (CA, USA). Data was
plotted after normalizing with GAPDH transcript.

Gene expression analysis

For gene expression analysis 3 × 105 cells/35 mm cell cul-
ture dish was seeded. Following heat stress and recovery,
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cells were harvested for RNA isolation using TRIzol
reagent (Thermo Fisher Schientific, 15596026); cDNA was
prepared using a 1st strand cDNA synthesis kit (Takara
Clontech, Otsu, Japan; 6110A) following the protocol set by
the manufacturer. Semi quantitative reverse transcriptase
polymerase chain reaction (RT-PCR) was performed using
primers as mentioned in Table S1. GAPDH was taken as
internal control.

MTT assay

5 × 103 cells per well were seeded in a 96-well plate, and
incubated for 24 h in humidified 5% CO2 incubator at
37 °C. Following HS and recovery, 20 μl of 5 mg/ml MTT
solution was added to each of the wells and incubated in the
dark for 3.5 hours, in a 5% CO2 incubator at 37 °C. At the
end of the incubation, MTT solution along with medium
was removed, and 150 μl of MTT Solvent (11% SDS, 1:1 of
0.2 M HCl: Isopropanol) was added. Finally, the, plate was
kept in medium shaking for 15 min followed by taking OD
at 590 nm.

Western blotting

Following protein isolation, samples were run on 10–12%
acrylamide gel (as per experimental requirement), and
transferred into polyvinylidene difluoride (PVDF) mem-
brane with 0.45 µm pore size, using wet transfer method
followed by blocking for 1 h in 5% nonfat milk, in Tris-
buffered saline-tween 20 (TBST) buffer. Blocked mem-
brane was washed 3× times with TBST buffer. Probing with
primary antibody (ab) was done for 2 h at room temperature
(RT), followed by 3× washing with TBST for 10 min each.
Incubation with HRP conjugated secondary Ab was done
for 1 h, followed by 3× washing with TBST for 10 min
each, and further developed using Clarity western ECL
substrate (Biorad, CA, USA; 1705060). γ-actin (Biobharati,
Kolkata, India; BB-AB0025) was used as loading control.
Images were taken with Chemidoc XRS imaging system
(BioRad).

Protein stability assay (MG132 assay)

A total of 3 × 105 cells were seeded into 35 mm culture dish,
and incubated in humidified 5% CO2 incubator at 37 °C
overnight, with three sets for each cell line. On reaching
confluency of ~70%, one set was treated with dimethyl
sulphoxide (DMSO) (vehicle control), and another set was
treated with proteasome inhibitor, 20 μg/ml of MG132
(Sigma, MO, USA; M7449). They were then heat stressed
for 30 min, followed by recovery of 6 h in humidified 5%
CO2 incubator at 37 °C. Control cells were kept without
stress at 37 °C. After recovery, cells were harvested for

protein isolation; western blot was done using anti-HuR Ab
(Thermo, MA, USA; MA1-167). γ-actin Ab (Biobharati)
was taken as loading control.

Protein degradation assay [Cyclohexamide (CHX)
chase assay]

A total of 3 × 105 cells were seeded into 35 mm culture dish,
and incubated in humidified 5% CO2 incubator at 37 °C
overnight. On reaching confluency of ~70%, cells were
treated with 10 μg/ml of CHX (Sigma, MO, USA; C7698)
for 8 h; subsequently, heat stressed for 20 min, and har-
vested for protein isolation, at different recovery time points
of 1, 2, 3, and 4 h. Control cells were kept without stress at
37 °C. Western blotting was done using anti-HuR Ab
(Thermo).

Cloning and stable over-expressed cell line
preparation

HuR ORF was PCR amplified from cDNA, using a primer
set as mentioned in Table S1. Amplified HuR ORF was
cloned into a modified retroviral pMSCV vector, pMSCV
PIG (Addgene plasmid, MA, USA; 21654) [34], using XhoI
(NEB, MA, USA; R0146S), and EcoRI (NEB, MA, USA;
R3101S) restriction sites. Lack of mutation was confirmed
by sequencing with both forward and reverse primers
(Fig. S5B). This construct was stably transfected in WT
MEFs for preparation of HuR over-expressed cell line, using
protocol mentioned in the ref. [27]. Positive cell line was
prepared by selection under 20–40 μg/ml puromycin pres-
sure. Confirmation of stable expression was done by western
blot analysis, using a monoclonal HuR antibody and GFP
analysis (Fig. S6). These cells were named as WT-HuR.

In vitro transcription and purification

Appropriate fragments of Hsp70.3 3′UTR were amplified
from genomic DNA using three sets of primers; HSP70.3
F3, HSP70.3 R4 to amplify entire 3′UTR region; HSP70.3
F3, HSP70.3 R3: to amplify the fragment having proximal
PAS; HSP70.3 F4, HSP70.3 R4: to amplify the fragment
having distal PAS (Table S1 and Fig. S8A, B). In each
fragment, T7 promoter site in the 5′end, was incorporated
by incorporating the sites in the forward primers. In vitro
transcription was done using MegaScript transcription kit
(Thermo, MA, USA; AM1333) at 37 °C for 6 h. Following
transcription, template DNA was removed with TURBO
DNase (2U) treatment for 15 min at 37 °C; RNA was
recovered using phenol:chloroform extraction and iso-
propanol precipitation method. Purified RNA was assayed
for purity by checking the OD value using Nanodrop and by
running on agarose gel (Fig. S8C).
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Biotinylated RNA-proteins pull down assay

In vitro transcribed and purified fragments of RNA were
end labeled with desthio-biotin at 3′end, using RNA 3′ End
Biotinylation Kit (Pierce, MA, USA; 20160), and further
purified for the assay. Twenty microliter of total volume of
streptavidin magnetic beads were used for each pull down
reaction. Prior to binding, beads were washed twice with
equal volume of Tris-Cl buffer of pH 7.5, and neutralized
once with RNA capture buffer. RNA/streptavidin magnetic
bead complexes were allowed to form at room temperature
for 30–40 min, in a 30 μl reaction volume containing
20 pmol of biotinylated RNA, and 20 μl of RNA capture
buffer. Following binding with RNA, beads were washed
twice with Tris-Cl buffer of pH 7.5, and once with protein
binding buffer (150 mM NaCl, 25 mM Tris-pH 7.4, 2 mM
MgCl2). Protein isolated (80–100 μg) using lysis buffer
(150 mM NaCl, 25 mM Tris-pH 7.4, 2 mM MgCl2 and 1%
NP40), followed by HS of 20 min; recovery of 2 h was
precleared by incubating with streptavidin beads for 1 h at
4 °C. Precleared protein/RNA/streptavidin bead com-
plexes were then allowed to incubate at 4 °C for 1 h, in a
100 μl reaction mixture containing 70 μl of protein, 30 μl
of 30% glycerol solution, and 3 μl of 10× lysis buffer.
RNA–protein complex was then pulled down using
magnetic stand, washed thrice with wash buffer (Tris-Cl,
pH 7.4), and dissolved in 50 μl of 1× SDS loading dye
(SLD), for further analysis. Western blotting was done
using anti-HuR Ab (Thermo, MA, USA; MA1-167) and
anti-CstF64 Ab (Santacruz Biotechnology, Texas, USA;
sc398862).

For the chase experiment, transcript amplified using
primer set HSP70.3 F3 and HSP70.3 R3 containing
proximal PAS, was taken. Desthio-biotin labeled RNA
concentration was kept as constant (20 pmol), and the
concentration of unlabeled RNA fragment was increased
to 0×, 1×, 2×, and 4× times to labeled RNA. Precleared
proteins from HS-treated KO cells were taken to study the
binding of HuR and CstF64. For pull down assay in
presence of check point kinase 2 inhibitor (BML277)
(Santacruz Biotechnology, Texas, USA; sc200700) [35–
37], the transcript was amplified using primer set HSP70.3
F3 and HSP70.3 R4 having total 3′UTR fragment.
WT cells were pretreated with 20 µM of BML277 and
20 µM MG132 for 6 h, followed by HS for 20 min and
recovery of 2 h. Post HS and recovery, pull down assay
was done and streptavidin retained fraction was probed
with HuR Ab.

2-D gel electrophoresis

Cells were harvested for total protein isolation using IP
Lysis Buffer (150 mM NaCl, 25 mM Tris-pH 7.4, 2 mM

MgCl2 and 1% NP-40), and briefly sonicated to ensure
proper lysis. For D15A mutant, plasmid was transiently
transfected into HEK 293T cells for 48 h, cells were har-
vested for protein isolation using non-denaturing lysis
buffer (50 mM Tris-pH 7.5, 0.5 mM imidazole, 300 mM
NaCl, 5 mM β-mercaptoethanol, 0.1 mM PMSF), and Ni-
NTA pull down of exogenously expressed HuR mutant was
done. In each experimental set-up, isolated protein was
further precipitated using TCA-acetone precipitation
method. Lysate:cold acetone:100% TCA were added in the
ratio of 10:80:10 with proper mixing between each addition.
The mixture was then incubated at −20 °C for 1 h, followed
by centrifugation at 14,000 rpm for 15 min at 4 °C. Washing
was done 3× times with 100 μl of ice-cold acetone, and the
pellet was air dried to remove residual acetone from the
sample. 100–120 μg of protein sample was solubilized in
appropriate amount of rehydration buffer. 7 cm IPG strips
of linear pH 3–10 and 7–10 (Biorad, CA, USA; 163-2000
and 163-2005), were rehydrated overnight with protein
samples, in rehydration tray at 20 °C. The isoelectric
focusing (IEF) was run using the default program in
PROTEAN i12 IEF Cell (Biorad). Following 1st dimen-
sion separation, IPG strips were equilibrated in two
equilibration steps: 10 min equilibration in reducing buffer
(50 mM Tris-HCl, pH 8.8, 6 M urea, 2% SDS, 30% gly-
cerol, 2% DTT), followed by 10 min incubation in alky-
lation buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 2%
SDS, 30% glycerol, and 2.5% iodoacetamide). Equili-
brated IPG strips were rinsed in 1× SDS-PAGE running
buffer, loaded onto 10% polyacrylamide gels with 1 mm
thickness, and transferred into 0.45 µm PVDF membrane.
Westerns were done using anti-HuR antibody and N-term-
Arg antibody (Stress Marq Biosciences, Victoria, Canada;
SMC0264D). Images were taken with Chemidoc XRS
imaging system (BioRad, USA). For every 2nd dimension
gel, right next to the acidic side of the IPG strip, a
molecular weight marker was run, which served the dual
purposes of determining protein molecular weight and
aligning two different blots.

Endogenous ubiquitination assay

The western blot procedure was modified to detect high
molecular weight modified HuR bands. Following HS
treatment of 20 min and recovery of 2 h at 37 °C, cell pellets
were lysed by adding 1× sample loading dye (SLD) directly
(100 μl/100 mm dish), and the sample boiled at 95 °C for
10 min. Electrophoresis was done by taking ~40–50 μg of
whole cell lysate. To ensure the transfer of high-molecular-
weight (HMW) proteins, low ampere of 125 mA for 2.5 h
was used to transfer the proteins on PVDF membrane.
Probing was done with monoclonal HuR antibody at low
dilution (1:1000 in 5% BSA) for 3.5 h.

Heat stress induced arginylation of HuR promotes alternative polyadenylation of Hsp70.3 by regulating. . . 733



Site-directed mutagenesis

Site-directed mutagenesis was done using Q5 mutagenesis
kit (NEB, MA, USA; E0554S) following the manu-
facturer’s protocol. Mutagenic primers were designed using
NEBase Changer tool, with point mutation in the forward
primer for all the mutations (Table S1). Exponential
amplification was done with mutagenic primers, using Q5
hot start high fidelity polymerase, and HuR-His clone
(generated earlier in this study) as template. One microliter
of PCR product was then taken for Kinase, Ligase, and
Dpn1 (KLD) treatment, using KLD enzyme mix for 5 min,
at room temperature. Following treatment, 5 μl of the
reaction mix was transformed in NEB 5-alpha competent E.
coli cells (NEB, MA, USA; C2987S). Positive colonies
were selected for plasmid isolation, and mutants were
confirmed by sequencing, using vector specific forward and
reverse primers (Table S1 and Fig. S9).

Transient transfection and Ni-NTA pull down

For screening of mutants, clones (6 μg DNA) were trans-
fected into HEK293T cells, using lipofectamine 3000 (Invi-
trogen, CA, USA; L3000008). Twenty-four hours of post-
transfection, cells were split in the ratio of 1:2, and allowed to
grow for another 24 h. One set of plates were treated with
10 μM MG-132 and another set was treated with vehicle
control (DMSO) for 6 h. HS was given for 20min, followed
by 2 h of recovery at 37 °C, in presence of MG132. Proteins
were isolated using nondenaturing lysis buffer [50mM
Tris pH 7.5, 0.5mM Imidazole, 300mM NaCl, 5 mM
β-mercaptoethanol, and 0.1 mM PMSF], and sonicated on ice
at 50% Amp for 30 s (three cycles) with a break of 5min in
between to ensure proper lysis, and centrifuged at
14,000 rpm/18,000 × g for 10min. The supernatant was col-
lected in a separate pre–cooled tube and protein concentration
was checked using Bradford assay. Twenty microliter of Ni-
NTA beads were taken, equilibrated with equilibration buffer
(50 mM Tris pH 7.5, 0.5 mM Imidazole, 300 mM NaCl, and
5 mM β-mercaptoethanol), before incubating the beads with
isolated protein samples. Protein and Ni-NTA beads were
allowed to incubate for 1 h at 4 °C with gentle rotation.
Following incubation, samples were centrifuged for 2 min at
700 × g, and supernatants removed. Beads were washed
thrice with wash buffer (50 mM Tris pH 7.5, 25mM Imida-
zole, 500 mM NaCl, 5 mM β-mercaptoethanol, and 0.1mM
PMSF), re-suspended in appropriate amount of 1× SLD
directly, and boiled at 95 °C for 10min.

Secondary structure prediction and alignment

Secondary structures of HuR protein having RNA recog-
nition motif 1 (RRM1) and RNA recognition motif 2

(RRM2), expanding from M1 to Q189 residues, along with
truncated HuR protein structures, with or without added
arginine, were predicted using i-TESSAR online software
server (University of Michigan, USA); [38–40] by taking
HuC (PDB Id: 1FNX) (Mouse homolog primarily neuronal)
[41], as a reference structure. Predicted secondary structures
of HuR (1–189 HuR), and truncated HuR with and without
added arginine (15–189 HuR and R15–189 HuR), were
aligned using Chimera software [42].

Statistical analysis

RT-PCR analysis and Western blots which are statistically
validated are representative of at least 2–3 independent
experiments. All MTT experiments were done in triplicate
wells and normalized as indicated in figure legends. Experi-
mental replicate numbers are designated as “n” in the figure
legends of each figure. As the experiments are done with
homogenous cell lines, not much variation was expected
within each experimental groups in in vitro experiments and
hence experimental replicate size (n) were restricted to 2 or 3.
Data are presented as mean ± s.e.m. Unpaired student t-tests/
one-way ANOVAs were done to calculate the p-values using
Graph Pad Prism 5.0 (GraphPad software, La Jolla, CA,
USA). All statistical tests were performed with the assump-
tion of similar variance for all test groups. No inclusion/
exclusion criteria were pre–decided in any of the experiments.
To avoid any false positive statistical result, the statistical
significance was defined as p < 0.05. (**p < 0.05, ***p <
0.01, ****p < 0.001.)

Results

Loss of arginylation inhibits APA of HSP70.3
transcripts upon HS

Earlier, our laboratory showed, while induction of Hsp70.3
gene upon HS was not affected due to loss of arginylation
(Fig. S3), the stability of Hsp70.3 transcripts were severely
affected [27]. APA is known to affect the stability of many
transcripts [43–47] and HS-induced APA of Hsp70.3 pro-
duces transcripts with shorter 3′UTR [48, 49]. Hsp70.3 is an
inducible heat shock protein (HSP) having four poly A sites
(PAS) in its 3′UTR (Figs. S1, S3) [27]. During HS, APA
from proximal PAS2 generates Hsp70.3 transcripts having
short 3′UTR (Fig. 1a and Fig. S1A, B) [48].

Investigation of stress-induced APA of Hsp70.3 in wild
type (WT) and Ate1 KO MEFs showed, Hsp70.3 APA was
inhibited in Ate1 KO cells (Fig. 1b). Quantification of
relative levels of long and total Hsp70.3 transcripts showed,
only a small fraction out of total Hsp70.3 transcripts had
long 3′UTR in WT cells. Whereas in Ate1 KO cells, a major
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fraction of Hsp70.3 transcripts carried long 3′UTR
(Fig. 1b). Similarly, when the ratios of long/total Hsp70.3
transcripts were compared, a major fraction of HSP70.3

transcripts in KO cells were found with long 3′UTR
(Fig. S2). The defect was reverted in Ate1 KO cells stably
expressing ATE1 isoform-ATE1-1 (recovered KO cells:

Fig. 1 Loss of arginylation inhibits alternative polyadenylation of
Hsp70.3 pre mRNA upon HS. a 3′UTR of Hsp70.3 having four PAS
with regions specified for primers designed to amplify total (F1, R1)
and long 3′UTR (F2, R2). b Representative gel images and graph
represent level of total Hsp70.3 transcript and transcripts having long
3′UTR normalized with respect to GAPDH in WT, Ate1 KO (KO), and
RKO1 MEFs following heat shock (HS) for 30 min at 44 °C and
recovery (Rec) of 6 h at 37 °C. Same temperature of HS and recovery
was maintained in all the experiments. (p values are from unpaired
t-test, error bar ± SEM, n= 3). c–f Panel c represents RT-PCR analysis
for total Hsp70.3 transcripts and transcripts having long 3′UTR in WT,
Ate1 KO (KO) and RKO1 MEFs at different time points (0–6 h) of

recovery post-heat shock for 30 min. d–f Expression of total Hsp70.3
transcript and transcript having long 3′UTR normalized with respect
to GAPDH in WT, Ate1 KO (KO), and RKO1 MEFs, respectively.
(p values are from one-way ANOVA, error bar ± SEM, n= 2).
g–i Panel g represents RT-PCR analysis for total Hsp70.3 transcript
and transcripts having long 3′UTR in WT and KO MEFs post
Actinomycin-D (Act-D) (5 µg/ml) treatment. Cells were treated with
Act-D post HS for 20 min and recovery of 2 h. Panels h and i represent
quantification of the data after normalizing with GAPDH. (p values are
from one-way ANOVA, error bar ±SEM, n= 3) **p < 0.05, ***p <
0.005, ****p < 0.0005, ns nonsignificant.
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RKO1). While Hsp70.3 transcript level increased post HS
in WT cells, the long transcripts decreased during the same
period (Fig. 1c, d). Conversely, the expression level of long
transcripts increased steadily in KO cells post-HS (Fig. 1c,
e). In RKO1 cells, the level of long transcripts remained
very low at all the times (Fig. 1c, f).

To understand the relation of Hsp70.3 transcript stability
with 3′ UTR length, the stability of long transcripts was
compared with the total Hsp70.3 transcript population. It
was earlier confirmed that the total population of hsp70.3
transcripts remain stable in WT cells post-HS, while the
same degrades steadily in Ate1 KO cells [27]. Actinomycin-
D (Act-D) chase experiment in the current study showed,
long 3′UTR containing Hsp70.3 transcript underwent
steady degradation in both WT and KO cells (Fig. 1g–i).
Thus, arginylation promoted APA of Hsp70.3 pre-mRNA
upon HS and APA mediated shortening of 3′UTR might be
regulating its stability following HS.

Arginylation promotes degradation of RNA binding
protein HuR and enhances cell survival upon HS

Theodorakis and Morimoto [32] showed a labile protein-
regulated Hsp70.3 transcript stability. HuR, an important
regulator of mRNA stability, was recently shown to
undergo proteasome mediated degradation upon HS [50].
Intriguingly HuR autoregulates its expression by promoting
its APA [51]. Consequently, HuR appeared to be a critical
target in arginylation dependent regulation of Hsp70.3
transcript stability. No change was observed in the tran-
script level of HuR in WT, KO, and RKO1 cells, even after
60 min of HS (Fig. 2a). However, HuR protein level was
altered in all the three cell lines after 30 min of HS. While
HuR protein level decreased in WT and RKO1 cells, it
increased in KO cells (Fig. 2b). Cycloheximide (CHX)
chase assay displayed a fairly labile HuR protein post HS in
WT and RKO1 cells, whereas it remained stable in KO cells
(Fig. 2c). ATE1 dependent degradation of HuR was further
confirmed by treating cells with MG132 (20 μM), an inhi-
bitor of proteasome along with few other cellular proteases.
In agreement with the earlier report that MG132 inhibits
degradation of HuR [50], MG132 enhanced the HuR pro-
tein level in WT and RKO1 cells, compared to control cells
(HS+DMSO) (Fig. 2d). Since no concomitant increase
was observed in KO cells, it implied HuR underwent HS
induced degradation in presence of arginylation. Contrary to
previous observations, MG132 treated heat stressed WT and
RKO1 cells showed severely less spread morphology and
reduced viability, akin to KO cells (Fig. 2e and Fig. S4A,
B). It is probable that the accumulation of single or multiple
labile proteins including HuR are responsible for observed
cell morphology and reduced viability.

To test the idea, mouse HuR was stably overexpressed in
WT-MEF (Figs. 2f, S5A, B, and S6). The line was named
WT-HuR. Overexpression of HuR protein in WT-MEF
showed a decrease in cell viability upon HS (even in the
absence of MG132) comparable to KO and MG132-treated
cells (Fig. 2g). Cell survivability of WT cells upon HS was
not affected due to transfection with empty vector (WT-VC)
(Fig. S7). Thus, reduced viability of heat-stressed KO cells
could be influenced by the proteostasis of HuR.

Arginylation regulates the differential binding of
HuR and CstF64 to Hsp70.3 transcripts

Considering the role of HuR in APA and its accumulation
in heat-stressed KO cells, two questions were raised. (1)
Does HuR bind to Hsp70.3 3′UTR and regulate its APA?
(2) Does the HuR protein levels affect such regulation? To
answer these questions, RNA-protein pull down assays
were performed using three fragments of Hsp70.3 3′UTR:
full length 3′UTR (F3R4), proximal 3′UTR with proximal
PAS (F3R3) and distal 3′UTR with distal PAS (F4R4)
(Figs. 3a and S8).

APA being an early event, the assay was performed after
2 h recovery post-HS. At this point, HuR level in WT, KO,
and RKO1 cells were unchanged (Fig. 3b). In spite of the
same levels of HuR protein, a stark contrast was observed in
the binding of HuR to 3′ UTR (Fig. 3b–e). Only HuR from
KO cells bound to 3′UTR. Moreover, HuR bound to the
proximal fragment with much higher level compared to
distal fragment. HuR from WT and RKO1 cells failed to
bind Hsp70.3 3′UTR, signifying arginylation impacts both-
the protein level of HuR and the RNA binding ability of
HuR (Fig. 3b–e).

For the initiation of polyadenylation, cleavage stimulat-
ing factor 64 (CstF64) is vital (Fig. 3f, g). CstF64 from WT
and RKO1 cells bound effectively with the proximal frag-
ment and weakly to distal fragment (Fig. 3f, h, i). For KO
cell, the situation was reverse (Fig. 3f, h, i). In a competitive
chase assay sequestration of HuR from the heat-stressed KO
cell extract, by interaction with increasing concentrations of
unlabeled F3R3 fragment, led to increased binding of
CstF64 to the proximal PAS fragment (F3R3) (Fig. 3j). The
data affirmed the possibility that, HuR binding affected the
biding of CstF64 to Hsp70.3 3′UTR which in turn affected
the APA of Hsp70.3 transcripts.

Arginylation regulates Chk2 dependent
phosphorylation of HuR which affects its binding to
3′UTR of Hsp70.3

As differential binding of HuR onto Hsp70.3 3′UTR could
be due to differential post-translational modifications
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(PTM), PTM of HuR was analyzed by 2D PAGE coupled
western blotting. pI of native HuR being 9.12, initial ana-
lyses were done between pH 7 and 10. Subsequent analyses

were done between pH 3 and 10, using heat-stressed cells
treated with MG132. These assays exhibited multiple spots
of HuR protein towards the acidic side of the blots in WT
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and RKO1 cell lysates. Acidic spots were greatly dimin-
ished in Ate1 KO cell lysates (Fig. 4a, b).

Phosphorylation of HuR, an acidic modification, by
checkpoint kinase 2 (Chk2) at S88 and S100 inhibits RNA
binding activity of HuR [52–55]. Treatment with Chk2
inhibitor BML277 [35] along with MG132 depleted the
acidic spot of HuR at pI range 3–4 in heat-stressed WT-
MEFs (Fig. 4c). Hence, the depletion of acidic HuR spot in
KO cells, could be due to loss of phosphorylation (Fig. 4b).
In spite of similar overall patterns of spots, somewhat dif-
ference observed in the basic range of the blots in Fig. 4c
and Fig. 4b could be due to difference in the protein load.
Thus, ATE1 may regulate phosphorylation of HuR by Chk2
which restricts its binding to Hsp70.3 3′UTR upon HS. It
also raised the question: whether HuR was a direct target of
arginylation.

While arginylation is possible at N-terminus or at the
internal residues [6–8], many of the well characterized
ATE1 substrate proteins like β-actin, calreticulin, GRP78,
and RGS proteins, all are arginylated at aspartic acids (D) or
glutamic acids (E) or oxidized cysteine (C) residues at N-
terminal region [11, 17–20]. Arginylation on N-terminally
exposed D, E, and oxidized C may also cause degradation
of a protein [1, 2, 10]. Mouse HuR has four D, two E, and
one C close to N-terminus, which could potentially be the
sites of arginylation upon exposure due to truncation or as
internal sites (Fig. 4e). Calculated pI of truncated and

arginylated HuR moved towards basic side, from 9.12
(native) to 9.65 (R16) (Table S2). Careful analysis of 2D
PAGE data indicated a shift of the main HuR spot (at
around pI of 9.2) towards further basic range in WT and
RKO1 cells as predicted (compared to KO) (Fig. 4b). The
amount of HuR protein at the furthest basic range (probable
arginylation) was considerably higher in RKO1 cells than in
WT cells. This could be due to higher level of ATE1
expression in RKO1 cells compared to WT cells, as shown
in our previous communication [27]. These observations
strongly advocated that, HuR may be a novel and unre-
ported target of arginylation.

HuR acts as a direct target for ATE1 upon HS

To confirm HuR arginylation, exogenously expressed HuR-
His was pulled-down from heat-stressed WT and KO cells
treated with MG132. Pulled-down HuR-His, only from
WT cells, reacted with N-term-Arg ab (Fig. 5a). However,
anti-HuR ab detected HuR from all the transfected samples,
with enhanced high molecular weight bands in MG132-
treated WT cells (Fig. 5a). The high molecular weight bands
could be due to its poly-ubiquitination during HS, as
reported earlier by Abdelmohsen et al. [50]. Levels of
unmodified HuR in presence of MG132 remained some-
what same in WT cells. This could be due to little accu-
mulation of HuR at the early stage (2 h) of HS response.
HuR, is confirmed by the results, as a novel and unreported
target of arginylation.

Arginylation of HuR is stress-inducible and acts as a
signal for high molecular weight modifications of
HuR

To affirm HuR arginylation is a stress-inducible phenom-
enon, exogenously expressed HuR–His was pulled down
from control and heat-stressed WT cells, and probed with
N-term-Arg ab. Arginylated HuR was predominantly
detected in heat-stressed cells (Fig. 5b). Intriguingly, an
increasing amount of ATE1 was localized in the nucleus
over time, post stress (Fig. 5c). In agreement with the pre-
vious report [56], HuR was also mostly localized in the
nucleus (Fig. 5c). Thus, it can be postulated that HuR
undergoes HS induced arginylation in the nucleus as an
early response to HS.

N-terminal arginylation of proteins often leads to poly-
ubiquitination and degradation [1, 2, 10]. HS generated very
high levels of high molecular weight HuR bands (typical of
poly-ubiquitination) in WT cells but not in KO cells. High
molecular weight smear disappeared significantly in pre-
sence of ATE1 inhibitor (Tannic acid-TA) [57] (Sigma,
MO, USA; 403040) (Fig. 5d, e). Thus, arginylated HuR
may be poly-ubiquitinated and decrease in HuR protein

Fig. 2 Arginylation promotes proteasomal degradation of HuR
and enhances cell survival upon HS. a Representative gel images
and graph represent the normalized expression of HuR mRNA in WT,
KO, and RKO1 MEFs following HS for different durations followed
by recovery of 6 h. Expression was normalized w.r.t GAPDH and
control of each cell line. (p values are from unpaired t-test, error bar ±
SEM, n= 2). b Representative gel images and graph represent nor-
malized expression of HuR protein in control and heat stressed WT,
KO, and RKO1 MEFs post-HS for 30 min and recovery for 6 h.
Expression was normalized w.r.t γ-Actin and control of each cell line.
(p values are from unpaired t-test, error bar ± SEM, n= 3) c Repre-
sentative gel images and graph represent normalized level of HuR
protein in WT, KO, and RKO1 MEFs at different durations of
recovery in presence of cycloheximide (CHX) post-HS for 30 min.
Level of HuR was normalized with respect to γ-Actin and control of
each cell line. (p values are from one-way ANOVA, error bar ± SEM,
n= 3) d Representative gel images and graph represent normalized
level of HuR protein in WT, KO, and RKO1 MEFs following 30 min
of HS and 6 h of recovery in presence of MG132. DMSO was vehicle
control. Level of HuR was normalized with respect to γ-Actin and
control of each cell line. (p values are from one-way ANOVA, error
bar ± SEM, n= 3) e Viability percentage of the cells represented in
d with respect to controls. (p values are from unpaired t-test, error bar
± SEM, n= 3) f Level of HuR protein in stably transfected WT MEFs
(WT-HuR) as well as WT and KO MEFs post 30 min HS and 6 h
recovery. HuR levels were normalized with respect to γ-Actin.
(p values are from unpaired t-test, error bar ± SEM, n= 2) g Viability
percentage of WT, WT-HuR, KO, and RKO1 MEFs with respect to
controls following HS and MG-132 treatment as mentioned in
d. (p values are from unpaired t-test, error bar ± SEM, n= 3) **p <
0.05, ***p < 0.005, ****p < 0.0005.
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level could be due to its poly-ubiquitination mediated
degradation.

HuR is arginylated at position D15

Mutagenesis of the probable sites of arginylation (E6, D7,
E11, D12, C13, D15, and D16) close to N-terminus of
mouse HuR were attempted (Fig. S9). Except D7, all other
sites were successfully mutated with alanine (A). His-
tagged mutant proteins were purified upon over expression
in HEK 293T cells, and screened for loss of arginylation by
probing with N-term-Arg ab. The loss of arginylation was
observed only in the case of D15A mutant (Figs. 6a, S10A,
B). To quantify the loss, the ratio of arginylated HuR (R-
HuR)/HuR signals were analyzed. While all the mutants
showed R-HuR/HuR ratio similar to WT HuR (HuR–His),
only in the case of HuR(D15A)–His, the ratio was close to
zero (Fig. 6a, S10C, D). HuR(D15A) was stable post-HS
compared to faster degrading HuR–His confirmed arginy-
lation dependent degradation of HuR (Fig. 6b).

Arginylation of HuR is a pre-requisite factor for its
phosphorylation, in turn regulating its RNA binding
activity and APA of Hsp70.3 pre-mRNA

HuR was arginylated as well as phosphorylated upon HS.
As both the modifications apparently inhibited HuR RNA
binding, their relationship and sequence required clarifica-
tion. HuR-His was overexpressed in HEK-293T cells, in
presence and absence of BML277 [35–37]. HuR-His was
pulled-down, resolved in 1D and 2D-PAGE, and probed
with N-term Arg ab (Fig. 6c, d). While BML277 didn’t
affect HuR arginylation (Fig. 6c), the phosphorylated
(acidic) as well as unphosphorylated (basic) spots of HuR-

His were detected by N-term Arg ab (Fig. 6d). Thus, upon
HS, arginylation preceded phosphorylation of HuR by
Chk2. Intriguingly, much of the phospho-HuR spot in the pI
range of 3–4 disappeared in case of HuR(D15A)–His
(Fig. 6e). Appearance of two new spots at the mid pI range
of ~6–7 in HuR(D15A)-His, may indicate a basic shift of
the phosphor-HuR spot, due to loss of certain phosphor-
ylations. The spot at the basic end of the blot for HuR
(D15A)–His, showed an expected small shift towards lesser
pI due to loss of arginylation. HuR amounts were equal in
both the samples as observed by 1D Western blot. These
results validated arginylation of HuR is a precondition for
its phosphorylation.

Further validation was drawn by binding exogenously
expressed HuR–His and HuR(D15A)–His from heat-
stressed HEK 293T cells with Hsp70.3 3′UTR. While
HuR–His couldn’t interact, HuR(D15A) interacted with the
full length 3′UTR fragment (Fig. 6f). Finally, to test if
arginylation of HuR does affect APA of Hsp70.3, HuR
(D15A)–His and HuR–His were over expressed in WT
MEFs, and 3′UTR lengths of Hsp70.3 were analyzed. HuR
(D15A)–His expressing cells had a significant fraction of
Hsp70.3 transcripts with long 3′UTR, as compared to
untransfected (UT) control and HuR-His expressing cells
(Fig. 6g). The phenotype was very similar to that observed
in Ate1 KO cells upon HS. These data confirmed that,
arginylation promotes APA of Hsp70.3 transcripts by
facilitating phosphorylation of HuR, which inhibits its
recruitment at the 3′UTR of Hsp70.3.

Discussion

Apart from its role in normal physiology, involvement of
HSP70 in conditions like ischemia, neurodegeneration and
cancer, makes it a major therapeutic target [58–62]. Con-
sequently, it is vital to comprehend the regulation of Hsp70
gene expression; yet the regulation of Hsp70 expression at
post-transcriptional levels is inadequately explored. Earlier
we have shown that, loss of arginylation reduces cell via-
bility and destabilizes Hsp70.3 transcripts [27, 28]. Current
study showed arginylation regulates stress-dependent APA
of Hsp70.3. Previously it was reported that, Hsp70.3
undergoes APA mediated shortening of 3′UTR, which
increases its protein expression [48]. Current study sug-
gested that, APA has a role in stability of the Hsp70.3
transcripts; as short 3′UTR containing transcripts remained
stable, while the long 3′UTR containing transcripts degra-
ded faster (Fig. 1h, i).

HuR, a key regulator of RNA stability, regulates the
stability of various stress-related AU rich element (ARE)
containing mRNAs, such as c-fos, sirtuin1, urokinase
plasminogen activator and its receptor, MAP kinase

Fig. 3 Arginylation regulated differential binding of HuR and
CstF64 to Hsp70.3 3′UTR. a 3′UTR of Hsp70.3 and its fragments
used for in vitro transcription. F3R4: Full length 3′UTR; F3R3:
Proximal 3′UTR fragment; and F4R4: Distal 3′UTR fragment.
b–e Panel b represent Western blot for HuR in input and streptavidin
retained fractions of WT, KO, and RKO1 MEF extracts incubated with
biotinylated RNA fragments of Hsp70.3 3′UTR (“Protein + RNA”) or
with only streptavidin beads without RNA (“Protein”). MEF extracts
were prepared post 20 min HS and 2 h recovery. c–e represent quan-
tification of streptavidin retained HuR normalized to inputs. (p values
are from unpaired t-test, error bar ± SEM, n= 2) f–i Western blot and
graphs represent amount of CstF64 present in same samples repre-
sented in b. Amount of streptavidin retained CstF64 was normalized to
inputs. (p values are from unpaired t-test, error bar ± SEM, n= 2)
jWestern blot and graph represent amount of HuR and CstF64 in input
and streptavidin retained fractions of KO MEF extracts incubated with
20 pmol biotinylated Proximal 3′UTR (F3R3) fragment of Hsp70.3
3′UTR in presence of increasing concentrations (0, 20, 40, 80 pmol) of
unlabeled F3R3 RNA. Normalization was done with respect to input
samples. (p values are from unpaired t-test, error bar ± SEM, n= 2). ns
nonsignificant, **p < 0.05, ***p < 0.005.
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phosphatase 1, p21, etc. Though the protective role of HuR
is mostly confined to mature mRNAs, during and after
transport to the cytoplasm [54, 56, 63–70], HuR binds to its
own pre-mRNA to promote APA [51]. HS dependent
modulation of its activity, stability, and localization sug-
gested [50, 71, 72], HuR could be a potential factor reg-
ulating arginylation dependent Hsp70.3 APA.

HuR undergoes HS induced degradation at the early
stage of HS response [50]. Stabilization and accumula-
tion of HuR in Ate1 KO MEFs showed degradation of
HuR is ATE1-dependent (Fig. 2b–d). Moreover,

enhanced high molecular weight modifications, similar to
poly-ubiquitination of HuR, was observed in WT MEFs
post HS. Many N-terminally arginylated proteins
undergo ubiquitination mediated degradation [1, 2, 10].
However, HuR has never been reported to be an ATE1
target. The current data showed, HuR is arginylated at
D15 and the modification is stress-inducible (Figs. 5a, b,
6a). While the mutagenesis of D, E, and C residues near
N-terminus identified D15 as the site of arginylation, not
all the D, E, and C were mutated. Thus, other sites of
arginylation may exist on HuR which could be affected

Fig. 4 Arginylation regulates CHK2 dependent phosphorylation of
HuR which alters its binding to Hsp70.3 3’UTR. a Western blot of
heat stressed (20 min HS and 2 h recovery) WT, KO and RKO1 MEF
total lysates for HuR after resolving by 2D-PAGE in a linear pI range
of 7–10. b. Same as a, however, cells were treated with MG132 during
HS and recovery and proteins were resolved by 2D-PAGE in a linear
pI range of 3–10. The bar diagram shows normalized level of the
acidic spots of HuR in WT, KO, and RKO1 cells estimated by taking
the ratio of HuR signal at the acidic end (~pH 3–4)/HuR signal at the
basic end (~pH 9–10). c Western blot of heat-stressed (20 min HS and

2 h recovery) and MG132 treated WT MEF total lysates for HuR after
resolving by 2D-PAGE in a linear pI range of 3–10. HS was given in
presence or absence of CHK2 inhibitor BML277. d Western blot for
HuR in input and streptavidin retained fractions of WT MEF extracts
incubated with biotinylated full length (F3R4) Hsp70.3 3′UTR RNA.
WT MEF extracts were prepared post 20 min HS and 2 h recovery in
presence of MG132 and presence or absence of BML277. e N-terminal
sequence of Mus musculus HuR protein showing aspartic acid (D),
glutamic acid (E), and cysteine (C) residues which can act as
arginylation sites.
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by the mutation of D15. Arginylation deficient HuR
mutant HuR(D15A) was stable after HS, demonstrating
HuR undergoes arginylation dependent degradation
during HS response.

While it was easy to hypothesize that, depletion of HuR
upon HS is responsible for the APA of Hsp70.3, arginyla-
tion concurrently exhibited a greater role in HuR protein
than just affecting its stability. Thus, APA of Hsp70.3 upon
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HS are regulated not by the level of HuR protein, but by the
arginylation dependent alteration in RNA binding activity
of HuR (Fig. 3b, f). Presence of arginylation on HuR
inhibited its binding to Hsp70.3 3′UTR, allowing recruit-
ment of CstF64 to proximal PAS, and hence utilization of
the proximal PAS. HuR from Ate1 KO cells bound com-
petitively to proximal PAS, allowing CstF64 to bind distal
PAS generating an unstable transcript of Hsp70.3 with long
3′UTR (Figs. 1e, 3j). Thus, HuR acted at the level of pre-
mRNA, and regulated APA of Hsp70.3 in the nucleus upon
HS. Even though the process ultimately stabilized the
Hsp70.3 transcripts, the direct role of HuR in this occasion
is to promote APA.

Previous study showed, phosphorylation of HuR by
Chk2 during IR stress inhibited its RNA binding activity
globally [55]. Current study showed Chk2-mediated HuR
phosphorylation is arginylation dependent. Although the
detailed cascade of events causing Chk2 mediated phos-
phorylation of HuR in HS remains to be delineated, results
from the current study suggested that arginylation precedes
phosphorylation. While inhibition of phosphorylation by
Chk2 did not affect arginylation (Fig. 6c, d) loss of argi-
nylation in HuR(D15A) inhibited phosphorylation
(Fig. 6e). Comparison of predicted secondary structure of
native HuR (1–189 HuR) and truncated HuR with arginy-
lation at the position D15 (R15-189 HuR), showed a
change of structure in the loop region harboring the residue
S88 which is phosphorylated by Chk2 (Fig. S11). Thus it is

possible that, arginylation leads to structural changes in
HuR, which might be important for its phosphorylation.
Hence, arginylation acted as a pre-requisite for another
PTM (like phosphorylation), which in turn regulates the
overall activity of its target protein. This was bolstered by
the observation that HuR(D15A) from HEK cells (which
was deficient of arginylation and phosphorylation), could
bind to 3′UTR of Hsp70.3 and inhibit APA of Hsp70.3
(Fig. 6f, g).

Though it was suggested that HuR has a protective role
on Hsp70 mature mRNA [49], the present study reports for
the first time that HuR regulates stability of Hsp70.3 tran-
scripts at its pre-mRNA level by its APA. APA is a well-
known phenomenon regulating the stability of various
transcripts at pre-mRNA stage [47, 73]. APA being a
nuclear event and the observed nuclear localization of
ATE1 along with HuR at the early stage of HS response
support this hypothesis (Fig. 5c).

Our study also endorses the importance of HuR protein
level in unstressed and heat-stressed cells. During over-
expression of HuR in MEFs, it was observed, higher level
of HuR were detrimental for the cells, even in the unstressed
condition. This observation suggested a delicate balance of
HuR protein level is normally maintained in the cells; and
arginylation dependent proteostasis of HuR helps to main-
tain that balance during HS (Fig. 2g).

Although the reason for enhanced stability of Hsp70.3
transcripts with short 3′UTR remains to be elucidated,
miRNAs could potential be a factor. Earlier reports indicate
loss of miR378* binding site at the 3′ UTR of Hsp70.3 by
APA-mediated UTR shortening improves polysome loading
[48, 49]. Search of multiple miRNA databases predicted a
number of other potential miRNAs, which can bind to the
3′ UTR of mouse Hsp70.3, either at the proximal or distal
UTR regions (Table S3). Out of the predicted miRNAs,
miR-711, miR-215, miR-223, and miR-34a are reported to
bind or regulate Hsp70 expression [48, 74–78]. Intriguingly
binding sites for miR-711, miR-215, and miR-223, all are
located between the proximal and distal PAS and are lost
due to APA. Thus, APA-mediated modulation of miRNA
binding can promote Hsp70.3 transcript stability. Exclusion
of AU‑rich elements (AREs), or GU‑rich elements (GREs),
or their flanking sequences due to APA, can also increase
stability of transcripts [44, 73, 76, 77, 79, 80]. Such sites do
exist between the proximal and distal PAS of Hsp70.3 UTR
(Fig. S12). Further studies can elucidate which of these
mechanisms are responsible for stabilization of HSP70.3
transcripts. It will also be important to investigate if argi-
nylation enhances APA of other HS induced transcripts like
Hsp70.1 and Hsp40, which were also stabilized upon HS
[27, 28].

To conclude, the current study reports HuR as a new
target of arginylation, which regulates pre-mRNA

Fig. 5 HuR acts as a direct target of arginylation and undergoes
high molecular weight modification upon HS. a Western blot for
arginylated HuR in MG132 treated heat stressed (20 min HS and 2 h
recovery) WT and KO cells transfected with HuR-His followed by Ni-
NTA pull down and probing with N-term-Arg Ab. Total content of
exogenously expressed pulled HuR was checked by probing with HuR
Ab. Inputs were probed with 6× His Ab to check transfection effi-
ciency. Weak signals observed in the similar range of HuR in
untransfected cells (UT) with 6× His Ab are due to nonspecific
interactions. b Western blot for arginylated HuR in control and heat-
stressed (20 min HS and 2 h recovery) WT cells transfected with HuR-
His followed by Ni-NTA pull down in presence or absence of MG132
and probed with N-term-Arg Ab. Total content of exogenously
expressed pulled HuR was checked by probing with HuR Ab.
cWestern blot for ATE1 in cytosolic and nuclear fractions of WT cells
at different time points of recovery (1–5 h) post-HS of 20 min. PARP
and γ-actin were used as nuclear and cytosolic markers respectively.
d Western blot represent levels of modified high molecular weight
HuR (similar to poly-ubiquitination) in MG132-treated control and
heat-stressed (20 min HS and 2 h recovery) WT MEFs in absence and
presence of ATE1 inhibitor tannic acid (TA). Graph represent quan-
tifications of high molecular weight forms of HuR normalized with
respect to γ-actin. (p values are from unpaired t-test, error bar ± SEM,
n= 2). e Western blot represent levels of modified high molecular
weight HuR (similar to poly-ubiquitination) in MG132-treated control
and heat-stressed (20 min HS and 2 h recovery) WT and KO MEFs.
Graph represent quantifications of high molecular weight forms of
HuR normalized with respect to γ-actin. (p values are from unpaired
t-test, error bar ± SEM, n= 2). **p < 0.05, ***p < 0.005.
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metabolism during HS response. Arginylation coupled
phosphorylation of HuR, inhibits its binding to Hsp70.3
pre-mRNA, promoting its APA, which generates stable

Hsp70.3 transcripts with short 3′UTR. At the same time
arginylation mediated degradation of HuR helps to maintain
its cellular homeostasis, in turn promoting cell viability.
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