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While the downstream effectors of the hyperosmotic stress response are rela-
tively well characterized, the primary molecular sensors responsible for initial
stress detection remain poorly defined. In this study, we demonstrate that
hyperosmotic stress triggers a rapid and transient mono(ADP-ribosyl)ation
(MARylation). Beside MARylation, signs of acute genotoxicity are missing
and CHK1 activation is observed only upon recovery from osmotic stress.
Our data indicate that PARP1 catalyzes its own MARylation in an HPF1
co-factor dependent manner. Biochemical assays further demonstrate that the
mono-ADP-ribose moiety is resistant to hydroxylamine treatment, which is a
feature of HPF1-directed O-glycosidic bonds. Together, these findings sup-
port a model in which PARP1 acts as a sensor of chromatin structure
changes induced by hyperosmotic stress leading to its autoMARylation.
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Hyperosmotic stress is defined as the increased osmo-
lality of the extracellular fluid compared to the intra-
cellular one affecting both unicellular organisms, as
well as various cell types of multicellular organisms
[1,2]. While the effects of broad osmotic changes on
renal cells of the inner medullary region of the kidney

are the best characterized [3,4], there is growing evi-
dence of its relevance in multiple organ systems [5,6].
In mammals, physiological osmolality is fine-tuned in
a range of 285 to 295 mOsm-kg~' of H,O via main-
taining serum homeostasis [7], and increased osmolal-
ity leads to diverse acute and chronic illnesses,
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primarily through the release of pro-inflammatory
cytokines [8,9].

Hyperosmosis immediately leads to decreased cell vol-
ume and increased concentrations of intracellular com-
ponents and changes chromatin organization [10,11].
These changes act through mechanisms such as macro-
molecular crowding and cytoskeletal perturbation,
profoundly affecting biochemical processes and contrib-
uting to increased reactive oxygen species (ROS) genera-
tion and DNA damage [12,13]. Cellular adaptation
strategies to hyperosmotic stress and the response at the
level of downstream effectors are broadly studied; how-
ever, the initial sensors recognizing different cellular
stressors remain poorly understood.

PARPI is a first-line responder of oxidative stress and
DNA damage. By using NAD™ as a substrate, PARPI1
attaches either a single ADP-ribose (ADPr) moiety to
the target amino acids called mono(ADP-ribosyl)ation
or MARylation, or it forms long ADP-ribose chains
composed of hundreds of ADP-ribose residues called
poly(ADP-ribosyl)ation or PARylation [14]. On its
target proteins including itself, PARP1 is able to form
acyl-O-ester linkage on glutamate and aspartate resi-
dues, while in the presence of its co-factor HPFI, it
switches target preference and creates O-glycosidic
bonds with serine and tyrosine amino acids [15-17].

The biological importance of both PARPI1-mediated
mono- and poly(ADP-ribosyl)ation has been described in
various studies. PARP1 produces long, branched, nega-
tively charged PAR chains on itself and on histones; these
chains serve as a platform that attract PAR-binding
repair proteins and facilitate the repair of single-stranded
breaks (SSBs) and double-stranded breaks (DSBs)
[18-25]. PARPI-mediated PARylation also contributes
to chromatin remodeling and gives access to the damaged
DNA as well as corresponds to regulation of transcrip-
tional responses helping cells adapt to various physiologi-
cal and pathological conditions [26]. Histone mono-
ADP-ribosylation has been characterized as a second
wave of PARPI signaling and via the recruitment of
RNF114 ubiquitin-ligase it is able to reprogram the
DNA damage site-signaling [27,28]. Moreover,
PARPI1-mediated PARylation is trimmed by poly(ADP-
ribose) glycohydrolase (PARG) to a single, terminal
MAR [29], which is subsequently erased by ARH3 [30]
or the macrodomain-containing mono(ADP-ribosyl)
hydrolases [31,32]. Notably, recent studies have shown
that PARG can remove the terminal MAR from gluta-
mate, aspartate, and tyrosine residues, as well [17,33,34].

Beyond protein targets of PARPI, it was shown that
PARPI1 is able to modify ssDNA and dsDNA ends
directly, suggesting a novel role of PARPI in main-
taining genome integrity [35,36]. In line with
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biochemical experiments, PARP1 was proved to mod-
ify telomere DNA and telomere DNA-ADPr is
enhanced during exposure to genotoxic agents [37].

Apart from safeguarding the genome, PARPI1-driven
modifications contribute to the cellular defense mecha-
nisms against genotoxic stress by controlling stress
granule assembly in response to hydrogen peroxide,
arsenite exposure, or DNA alkylation damage [38—40].
It was recently shown that the basal PAR level is
required to maintain liquid-phase condensates of ASK3
transducing osmosensing signal into ASK3 inactivation
[41]. Inactivation of ASK3 is important to orchestrate
cell volume recovery under hyperosmotic stress [42].
However, the role of PARPI1 activation and the appear-
ance of de novo ADP-ribosylation during hyperosmotic
stress is largely unknown, which inspired us to explore
this post-translational modification in osmotic pressure
sensing. Here, we demonstrate that hyperosmotic stress
induces rapid, persistent MARylation and short-lived
PARylation that can be reversed by the restoration of
normosmotic extracellular conditions. Moreover, we
showed that hyperosmotic stress—induced MARylation
is PARPI1-driven and HPF1-dependent.

Materials and methods

Cell culture and sample collection

Human U20S osteosarcoma cells (RRID:CVCL_0042; ATCC
HTB-96), and derivatives were authenticated by STR profiling
(Eurofins Genomics, Ebersberg, Germany). U20S ARH3 KO,
HPF1 KO, PARP1 KO, PARP2 KO, and corresponding
wild-type cells were described earlier [43-45]. To generate
U20S PARP1 KO cells stably expressing mEGFP-PARPI,
cells were transfected with the pmEGFP-C1-PARP1 mamma-
lian expression vector [46] and then selected using media sup-
plemented with 500 pg-mL ™' G418. Cell lines were cultured in
high-glucose DMEM with L-glutamine and sodium pyruvate
(Capricorn Scientific GmbH, Ebsdorfergrund, Germany) sup-
plemented with 10% FBS (Biosera, Cholet, France) and 1%
penicillin—streptomycin (Biosera), in the presence of 5% CO,
at 37 °C. Cells were treated with 0.4 M D-sorbitol (S1876;
Sigma-Aldrich, Saint Louis, MO, USA), 2 mm H,O, (Thermo
Scientific, Waltham, MA, USA), 5 um Olaparib (AZD2281;
Selleck Chemicals, Houston, TX, USA), 5 nm Saruparib (HY-
132167; MedChem Express, Monmouth Junction, NJ, USA),
or 10 pm PARG inhibitor (HY-108360; MedChem Express)
dissolved in complete DMEM. Prior to sample collection, cells
were washed with cold 1x PBS, then lysed in 4% SDS lysis
buffer (4% SDS, 50 mm Tris—=HCI, pH 7.4, 100 mm NaCl,
4 mM MgCl,, 5 U-uL~" Benzonase [Pierce™ Universal Nucle-
ase for Cell Lysis, 88700; Thermo Scientific)]. Protein concen-
tration was equalized based on the measurement of the initial
concentration by NanoDrop.
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Table 1. Antibodies. Names, origins, vendors, reference numbers (or reference), and dilution of the antibodies used.

Antibodies Host Company References Dilution
a-mono-ADPr (AbD43647)—HRP - Bio-Rad Lab (Hercules, CA, USA) TZA020P 1 : 5000
a-PARP1S499-ADPr (AbD34251)—HRP - - [27] 1.7 pg-mL™"
a-Poly/mono ADPr Rabbit Cell Signaling Tech (Danvers, MA, USA) 89 190 1 : 3000
o-pCHK1 S317 Rabbit Cell Signaling Tech 2344 1:1000
o-CHK1 Mouse Cell Signaling Tech 2360 1: 6000
a-GAPDH Rabbit Proteintech (Rosemont, IL, USA) 10494-1-AP 1:10 000
o-yH2AX S139 Mouse Invitrogen (Carlsbad, CA, USA) MA-2022 1:2000
a-PARP1 Rabbit Abcam (Cambridge, UK) ab32138 1: 2000
o-PARP2 Mouse Novus Biologicals (Centennial, CO, USA) NBP2-89041 1:2000
o-histone H3 Rabbit Abcam (Cambridge, UK) ab1791 1 : 5000
o-Rabbit IgG—HRP Goat Invitrogen G-21234 1:10 000
o-Mouse |gG—HRP Goat Invitrogen A16066 1: 3000
a-Mouse |gG—Alexa 555 Goat Invitrogen A21422 1:700

Cell survival assay

U20S PARP1/2 knockout and wild-type cells were seeded into
96-well plates with complete medium (DMEM 10% FBS) and
allowed to adhere for 24 h. Subsequently, hyperosmotic stress
was induced by treating the cells with 0.4 M D-sorbitol for 10,
30, or 60 min. Following the treatment, sorbitol-containing
medium was replaced with complete medium, and the cells
were incubated for 1 week at 37 °C in a CO, incubator. The
culture medium was refreshed on the third day of incubation.
Cell viability was assessed using a resazurin assay. One hun-
dred microliters of resazurin solution (25 pg-mL ™! in Leibo-
vitz’s medium) was added to each well, and the plates were
incubated at 37 °C for 30-50 min, until the development of a
fluorescent resorufin signal. Fluorescence was measured using
a Synergy H1 microplate reader (BioTek Instruments, Winoo-
ski, VT, USA) with excitation/emission filters set to
530/590 nm. Cell survival data were presented relative to non-
treated controls. Each experimental setup was replicated in
three different wells on each plate, and the experiment was
independently repeated three times.

Bis-tris SDS/PAGE-based immunoblotting for
ADP-ribose detection

After mixing the samples with NuPAGE 4x LDS Sample
Buffer (Invitrogen, Carlsbad, CA, USA), they were resolved
on NuPAGE 4 to 12% Bis-Tris gels (Invitrogen) and ran in
NuPAGE 1x MOPS SDS Running Buffer (Invitrogen).
Thereafter, proteins were transferred onto a 0.2-um nitrocel-
lulose membrane in 1x mPAGE Transfer Buffer (Millipore,
Schwalbach, Germany) supplemented with 10% methanol at
4 °C. Alternatively, 8% Bis-Tris gels (Merck, Darmstadt,
Germany) were used along with mPAGE MOPS SDS Run-
ning Buffer and mPAGE Transfer Buffer (Merck) supple-
mented with 10% ethanol. Ponceau S staining was used as a
loading control. Membranes were blocked in 5% skim milk
in 1x PBS buffer with 0.1% Tween 20 (PBST) for 1 h at

room temperature and incubated overnight at 4 °C or 2 h at
room temperature in peroxidase-conjugated mono(ADP-
ribose)-binding reagents or rabbit poly(ADP-ribose)-binding
followed by 1 or 2h with
peroxidase-conjugated goat anti-rabbit antibody (Table 1).
Immunocomplexes were visualized with the help of ECL
Select Western Blotting Detection Reagent (Amersham,
Sigma Aldrich, Saint Louis, MO, USA) or Western Bright
ECL Spray (Advansta Corp., Menlo Park, CA, USA) in
UVITEC Alliance Q9 system or GE Amersham Imager 680.

reagent, incubation

Tris-glycine SDS/PAGE based immunoblotting

Samples were boiled in NuPAGE 1x LDS Sample Buffer
(Invitrogen) for 5 min at 95 °C in the presence of 50 mm
DTT. Afterward, samples were loaded onto 12% PAGE
(Bio-Rad Laboratories, Hercules, CA, USA) Tris-Glycine
gels and run in 1x Tris-Glycine buffer, pH = 8.3 (25 mm
Tris base and 192 mm glycine) supplemented with 0.1%
SDS. Overnight transfer of proteins was performed onto
0.2 pm nitrocellulose membrane in Tris-Glycine pH = 8.3
Buffer (20 mm Tris base and 150 mm glycine) supplemented
with 20% methanol at 4 °C. Membranes were blocked in
5% skim milk for 60 min, then incubated with rabbit anti-
pCHK1 S317, mouse anti-CHKI1, rabbit anti-GAPDH,
rabbit anti-PARP1, or mouse anti-PARP2 primary anti-
bodies overnight at 4 °C. Peroxidase-conjugated goat anti-
rabbit or goat anti-mouse secondary incubation was done
for 1.5 h at RT on the following day (Table 1). Immuno-
complexes were visualized by using Pierce ECL (Thermo
Fisher Scientific, Waltham, CA, USA) and detection was
done in UVITEC Alliance Q9 system.

Mono(ADP-ribose) immunoprecipitation

For the pulldown of MARylated proteins upon hyperosmo-
tic stress we adapted a recently published protocol [47].
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Untreated U20S wide-type cells or cells exposed to 0.4 m
D-sorbitol for 30 min were collected from two confluent
10 cm dishes by washing twice in 5-5 mL ice-cold PBS sup-
plemented with 1 pm Olaparib and 1 um PARG inhibitor
(HY-108360; MedChem Express) then scraping the cells in
250 pL of the same inhibitor-supplemented PBS. Cell lysis
was performed by adding 250 uL of 2x RIPA lysis buffer
[100 mm Tris—HCL, pH 7.0; 300 mm NaCl; 2% IP-40; 1%
sodium deoxycholate, 0.2% SDS, 1 pum Olaparib, 1 um
PARG inhibitor, 2 x protease inhibitor cocktail (Protease
inhibitor cocktail, EDTA-free, 100x in DMSO, HY-K0010
100x; MedChem Express)] and incubating the samples for
30 min on ice with occasional vortexing. Next, lysates were
complemented with 5 mm MgCl, and 100 U Benzonase
(Pierce™ Universal Nuclease for Cell Lysis, 88700; Thermo
Scientific) and incubated further for 10 min at RT, mean-
while the DNA was sheared using a 26-gauge (26G) needle.
Lysates were clarified by centrifuging them for 10 min at
17 000 g and 4 °C. The supernatant was diluted twofold
with PBS containing PARP-, PARG-, and protease inhibi-
tors, and 15 pg biotinylated AbD43647 anti-MAR anti-
body (kindly provided by Ivan Mati¢) was added to allow
immunocomplex formation for 3 h on a rotator at 4 °C.
Then, 50 pL of Dynabeads™ Streptavidin Magnetic Beads
(M-280; Invitrogen) per sample were prewashed three times
in 1 mL of inhibitor-supplemented PBS buffer and added
to the lysates containing the immunocomplexes and incu-
bated on an end-to-end rotator for 30 min at RT. The
beads were washed four times in 500 pL of inhibitor-
supplemented PBS and MARylated proteins were eluted by
adding 100 pL 4% SDS buffer (4% SDS, 50 mm Tris—HCI,
pH 7.4, 100 mm NaCl, and 4 mm MgCl,) and heating at
95 °C for 5 min. Input lysates and eluates were subjected
to Bis-Tris SDS/PAGE-based immunoblotting.

Immunofluorescence

U20S wild-type cells were seeded onto 8-well chambered
coverglass and maintained for 48 h under standard culture
conditions. Hyperosmotic stress was induced by incubation
in 0.4 M D-sorbitol for 10, 30, or 60 min, followed by
recovery in normosmotic medium. For positive control,
10 um camptothecin was used for 60 min.

Cells were fixed in pre-chilled methanol/acetone solution
(7 : 3) for 15 min at —20 °C and then washed with PBS.
Permeabilization was performed with 0.5% Triton X-100
for 10 min, and then, samples were blocked in 5% FBS for
1 h at room temperature. Samples were incubated over-
night at 4 °C with mouse anti-yH2AX Ser139 (1 : 2000)
and subsequently with Alexa Fluor 555-conjugated anti-
mouse secondary antibody (1 : 700) for 1 h at room tem-
perature (Table 1). Nuclei were counterstained with DAPI
(1 pg-mL™") for 10 min.

Z-stack images were acquired on a spinning-disk confo-
cal microscope using DAPI and Alexa 555 filter sets and a
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40x objective. Image stacks were processed as maximum-
intensity projections with the IMAGEJ software.

Results

Hyperosmotic stress triggers rapid, stable
mono(ADP-ribosyl)ation and transient
poly(ADP-ribosyl)ation

To determine whether de novo ADP-ribosylation occurs
as part of the cellular response to hyperosmotic stress,
the lysates of U20S cells treated with sorbitol for the
indicated times were analyzed by western blot using a
MAR-specific antibody (AbD43647) [48] and one
detecting both poly- and mono-ADP-ribose (CST, no.:
89190). A distinct mono(ADP-ribose) signal appeared
at the molecular weight corresponding to the molecular
weight of PARP1 within 10 min of sorbitol treatment
and remained detectable throughout the duration of
hyperosmotic stress (Fig. 1A). In the absence of PARG
inhibition, sorbitol-induced PARylation was Dbarely
detectable; however, upon PARGI treatment the PAR
signal became apparent, accumulating during hyperos-
motic stress and decreased after restoration of normos-
motic conditions (Fig. 1B). Together, these data
indicate that hyperosmotic stress elicits stable MARyla-
tion, whereas PARylation is transient and normally
masked by rapid PARG-dependent turnover.

Importantly, the MAR signal was rapidly resolved
upon restoration of normosmotic conditions, demon-
strating that this modification is dynamically con-
trolled. Together, these data establish mono(ADP-
ribosyl)ation as an early and reversible biochemical
response to hyperosmotic stress.

Osmotic stress induces autoMARYylation of
PARP1

Next, we sought to identify the enzyme responsible for
this modification. Given the established roles of
PARPI and PARP2 in chromatin regulation and stress
responses [15,25,49-51], we examined their respective
contributions to osmotic stress—induced MARylation.

MARylation was measured in sorbitol-treated U20S
wild-type, PARP1 knockout, and PARP2 knockout
cells on neutral pH gradient gels. While a robust
MAR signal was detected in wild-type and PARP2
knockout cells, it was absent in PARP1 knockout cells
(Fig. 2A), indicating that PARPI1 is required for this
response.

To determine whether PARPI1 catalytic activity was
necessary, wild-type cells were pretreated with the
PARP inhibitors Olaparib or Saruparib prior to and
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Fig. 1. Time dependency of ADP-ribosylation upon hyperosmotic stress. (A) U20S wild-type cells were subjected to 0.4 m D-sorbitol
treatment for 10, 30, or 60 min followed by recovery under normosmotic conditions. In total cell lysate, mono(ADP-ribosyl)ation was
visualized by HRP-coupled AbD43647. (B) U20S wild-type cells were pretreated with PARG inhibitor for 3 h, and then, the cells underwent
0.4 m D-sorbitol treatment for 10, 30, or 60 min followed by recovery in normosmotic medium. Thereafter, poly(ADP-ribosyl)ation was
detected by the poly/mono-ADP-ribose antibody (D9P7Z) from Cell Signalling Technology. U20S wild-type cells treated with H,O, for
10 min in the presence or absence of PARGI served as a positive control of poly(ADP-ribosyl)ation. (A, B) Ponceau S staining served as a
loading control. Representative western blots of at least three independent experiments.

during sorbitol exposure. Olaparib is a clinically
approved PARP1/2 inhibitor, whereas Saruparib is a
highly selective PARPI1 inhibitor that preferentially
inhibits PARPI catalytic activity at low concentra-
tions. Both inhibitors abolished osmotic stress—induced
MARylation (Fig. 2B), confirming that PARP1 is the

enzyme mediating MARylation during hyperosmotic
stress.

To address whether the MARylated protein corre-
sponds to PARPI1 automodification in response to
osmotic stress, we applied two approaches. First, we
demonstrated that triggering osmotic stress in U20S
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PARPI KO cells expressing mEGFP-PARPI resulted

in MARylation but no PARylation corresponding to enous PARPI
EGFP-PARP1 with higher molecular weight while the we performed
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Fig. 2. MARylation of PARP1 during hyperosmotic stress. (A) U20S wild-type, PARP1 KO, and PARP2 KO cells were exposed to 30-min-
long D-sorbitol treatment followed by the collection of total cell lysates and detection of MAR by HRP-coupled AbD43647. PARP1 and
PARP2 western blot verified the knockout status of the used cell lines. (B) U20S wild-type cells were pretreated with 5 pm Olaparib, 5 nm
Saruparib, or DMSQO, followed by exposure to 0.4 m D-sorbitol for 30 min together with inhibitors. MARylation was detected by HRP-
coupled AbD43647. (C) U20S wild-type and GFP-PARP1 expressing PARP1 KO cells were treated with D-sorbitol for 30 min. Cell lysates
were probed with HRP-coupled AbD43647 and the poly/mono-ADP-ribose antibody (CSL, D9P7Z). (D) Streptavidin pulldown of biotinylated
AbD43647 immunoprecipitates from untreated or D-sorbitol-treated wild-type U20S cells was performed. Input lysates and SDS eluates (IP)
from streptavidin magnetic beads were analyzed by immunoblotting with anti-PARP1 and anti-PARP1 S499-MAR (AbD35251)-HRP
antibodies. (A, B, D) Ponceau S staining served as a loading control. Representative western blots of at least three independent

experiments.

immunoblotting. MARylated proteins were enriched
using a biotinylated anti-mono-ADP-ribose antibody
(AbD43647) and then probed by western blot with
either anti-PARP1 or an antibody recognizing mono-
ADP-ribosylated PARP1 at S499 (anti-PARP1 S499-
ADPr; AbD34251) [48]. Both PARPI and mono-
ADP-ribosylated PARP1 at S499 were detected only in
MAR pulldowns prepared from sorbitol-treated
lysates, consistent with stress—induced PARP1 MARy-
lation (Fig. 2D). These data support that autoMARYy-
lation of PARPI represents an early response to
osmotic stress.

Osmotic stress induces HPF1-dependent,
O-glycosidic MARylation

We next investigated the chemical nature of the
osmotic stress—-induced MARylation and the involve-
ment of the PARPI1 co-factor HPF1 [44]. Heat and
hydroxylamine (HA) treatments were used to distin-
guish chemically labile acyl-ester ADP-ribose linkages
on glutamate/aspartate residues from the chemically
stable O-glycosidic linkages generated by PARPI in
the presence of the HPF1 co-factor [33,49,52].

Cell lysates from sorbitol-treated cells were subjected
to heating at 95 °C for 5 min or incubation with 1 m
HA for 2 h at room temperature. In parallel, lysates
from H,O,-treated wild-type and HPF1 knockout cells
were used as controls. As expected, hydroxylamine
treatment removed glutamate/aspartate-linked MARYy-
lation in HPFI-deficient cells but had no effect on
serine-linked MARylation in wild-type cells (Fig. 3A).
Notably, in wild-type cells, osmotic stress—induced
MARylation was resistant to both heat and HA treat-
ment, indicating the presence of O-glycosidic ADP-
ribose linkages. Consistently, no MARylation was
observed in HPF1 knockout cells following sorbitol
treatment, demonstrating that HPF1 is required for
osmotic stress—induced MARylation.

To further assess the regulation of this modification,
we examined ARH3 knockout cells, which are deficient

in removing O-glycosidic ADP-ribose. ARH3-deficient
cells exhibited elevated basal MAR levels, and sorbitol
treatment resulted in only a modest further increase,
consistent with reduced ADP-ribose turnover capacity
and partial saturation of PARP1 modification sites.

Given that PARG has been shown to remove the
terminal ADP-ribose from glutamate, aspartate, and
tyrosine [17,33,34], we addressed whether inhibiting
PARG could reveal PARPI MARylation in HPF1
KO cells. Upon H,0, treatment, used as a positive
control, HPF1 KO cells displayed MARylation, which
became more pronounced in the presence of PARGI
(Fig. 3B). In contrast, sorbitol failed to induce detect-
able MARylation in HPF1 KO cells even with PARGi
(Fig. 3B), indicating that osmotic stress—induced
PARPI MARylation is strictly HPF1 dependent and
not unmasked by blocking PARG.

We have established that, although masked by
PARG activity, osmotic stress also elicits PARylation.
One possible explanation for the prominent MAR sig-
nal is rapid trimming of stress—induced PAR back to
MAR by PARG. In accordance with this concept, in
H,0,-treated wild-type cells, both histone and PARPI
MARylation diminished in the presence of PARGI, in
line with MARylated sites being further extended into
PAR when ADP-ribose turnover is blocked (Fig. 3B).
Strikingly, however, sorbitol-induced PARPI auto-
MARylation did not decrease upon PARG inhibition
and remained essentially unchanged (Fig. 3B). This
suggests that osmotic stress primarily induces mono
(ADP-ribosyl)ation on PARPI that is not efficiently
converted into PAR, even when PARG activity is
inhibited.

In parallel, we examined osmotic stress—induced
PARylation in HPF1 KO cells in the presence of
PARGi. In HPF1 KO cells, both sorbitol and H,O,
elicited higher PARylation than in wild-type—consis-
tent with HPF1 shifting PARP1 from chain elongation
toward serine-linked ADP-ribosylation [16,43,53]—and
PARG inhibition further increased PAR levels under
both conditions (Fig. 3C).
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Fig. 3. Hyperosmotic stress-induced HPF1-dependent MARylation and HPF1-independent PARylation. (A) U20S wild-type, HPF1 KO and
ARH3 KO cells were subjected to 30 min 0.4 m D-sorbitol treatment. Total cell lysate of sorbitol-treated wild-type U20S was incubated in
the presence of 1 m hydroxylamine (HA) for 2 h at RT, or it was heated at 95 °C for 5 min. As controls of HA treatment, U20S wild-type
and HPF1 KO cells were exposed to 2 mm H,O,-induced oxidative stress followed by incubation with 1 m HA for 2 h at RT. MARylation
was detected in western blot using HRP-coupled Abd43647. (B) U20S wild-type or HPF1 KO cells were pretreated with 10 uv PARG
inhibitor for 3 h or left untreated, followed by 30 min 0.4 m D-sorbitol or 10 min 2 mm H,0O, treatment in the presence or absence
of PARG inhibitor. MARylation was visualized by HRP-coupled Abd43647 (C) U20S wild-type or HPF1 KO cells were pretreated with 10 um
PARG inhibitor for 3 h or left untreated, followed by 30 min 0.4 m D-sorbitol or 10 min 2 mm H,O, treatment in the presence or absence of
PARG inhibitor. Thereafter, poly(ADP-ribosyl)ation was detected by the poly/mono-ADP-ribose antibody (D9P7Z) from Cell Signalling
Technology. (A-C) Ponceau S staining was used as a loading control. Representative western blot of at least three independent

experiments.

Together, these results establish that hyperosmotic
stress induces a tightly regulated, HPF1-dependent
mono(ADP-ribosyl)ation of PARP1 with O-glycosidic
linkage chemistry.

Short-term hyperosmotic stress perturbs
replication dynamics without inducing DNA
damage

Given that PARP1-HPFI1-mediated ADP-ribosylation
is closely linked to genome surveillance and
replication-associated processes [25,48-51], we next
assessed whether hyperosmotic stress under these con-
ditions impacts cell survival or activates markers of
DNA damage and replication stress.

To examine potential DNA damage or replication
stress, we analyzed YH2AX levels by immunofluores-
cence microscopy and CHK1 phosphorylation at Ser317
by western blot. Phosphorylation of histone H2AX
(YH2AX) marks the presence of DNA double-strand
breaks, while phosphorylation of CHKI1 at Ser317 is a
hallmark of ATR-mediated checkpoint activation in
response to replication stress [54,55]. We did not observe
the formation of YH2AX signal in response to hyperos-
motic stress suggesting the absence of significant DNA
double-strand breaks (Fig. 4A). In contrast, phosphory-
lated CHK1 was not detected during hyperosmotic
stress but became evident during the recovery phase fol-
lowing the restoration of normosmotic conditions, indi-
cating transient perturbation of replication (Fig. 4B).

To determine whether the used osmotic stress compro-
mised cell survival, U20S wild-type, PARPI knockout,
and PARP2 knockout cells were treated with 0.4 m D-
sorbitol for up to 60 min, and cell viability was evaluated
using a resazurin-based assay. No significant reduction in
viability was observed in any of the tested cell lines
(Fig. 4C), indicating that short-term hyperosmotic stress
is well tolerated and does not induce acute cytotoxicity.

These results suggest that PARPI-HPF1-mediated
MARylation represents an early adaptive response to
hyperosmotic stress rather than a consequence of gen-
otoxic damage or cytotoxic stress.

Discussion

In this study, we identify hyperosmotic stress as a trig-
ger of rapid and reversible PARPI1-dependent mono
(ADP-ribosyl)ation. Although PARPI1 is capable of
polymer synthesis, sorbitol-induced PAR is barely
detectable under basal conditions but becomes appar-
ent upon PARG inhibition, indicating that PAR is
formed yet rapidly turned over by PARG. Notably,
PARPI autoMARylation is lost in HPFI-knockout
cells, establishing that the response requires HPF1.
The hyperosmotic stress—induced MARylation is resis-
tant to hydroxylamine and heat treatment, consistent
with an O-glycosidic linkage, together defining an
HPF1-dependent PARPI mono(ADP-ribosyl)ation
response to hyperosmotic stress.

By adding D-sorbitol, a nonionic and largely
membrane-impermeant osmolyte, we increased extracel-
lular osmolality without increasing extracellular salt,
thereby inducing rapid cell shrinkage and macromolecu-
lar crowding while minimizing salt-specific ionic stress.
In line with previous reports, sorbitol-induced hyperos-
mosis did not result in detectable YH2AX accumulation
[56] supporting the conclusion that the applied condi-
tions do not induce overt DNA double-strand breaks.
Notably, the well-studied sodium-chloride-induced
osmotic stress leads to YH2AX foci formation; however,
it has additional ionic toxicity, adding several layers of
complexity beyond increased osmolality [57].

High NaCl stress has been shown to cause MRE11
export from the nucleus thereby suppressing ATR-
CHKI1 activation during the stress itself. When osmo-
lality returns to normal, the checkpoint becomes
responsive again and ATR-CHKI activation can occur
[58]. In contrast, sorbitol-induced hyperosmosis affects
the ATR-CHKI1 axis in a highly cell-type-dependent
manner [13,56]. Notably, our observation that CHK1
phosphorylation is restricted to the recovery phase is
consistent with a previous report showing that MEF
cells display elevated pCHKI1 only during recovery
from severe hyperosmotic stress, but not during the
high-dose sorbitol treatment itself [59]. Altogether,
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Fig. 4. Effect of hyperosmotic stress on cell survival and CHK1 activation. (A) Immunofluorescent staining of phosphorylated histone H2AX
(yH2AX) in U20S wild-type cells exposed to 10, 30, or 60 min hyperosmotic stress in 0.4 m D-sorbitol followed by recovery in normosmotic
medium. Cells were treated with 10 um camptothecin (CPT) for 1 h for positive control. Representative images of at least three
independent experiments. Scale bar: 35 um. (B) Representative western blot of at least three independent experiments to detect pCHK1
(S317), CHK1, and PARP1 in U20S wild-type cells treated with 0.4 m D-sorbitol for 10, 30, or 60 min followed by recovery in normosmotic
media. GAPDH was used as a loading control. (C) Time course of cell survival in U20S wild-type, PARP1 KO and PARP2 KO cells during
0.4 m D-sorbitol treatment. Wild-type and knockout U20S cells were treated with 0.4 m D-sorbitol for the indicated time and subsequently
cultured for 7 days before measuring the fluorescence of resorufin. Error bars are SD (n = 3).

these observations indicate that PARP1 activation dur-
ing hyperosmosis occurs independently of classical
genotoxic stress.

A possible explanation for PARPI-driven stable
MARylation can be linked to structural changes of
chromatin upon osmotic stress. Disruption of chroma-
tin organization and the accumulation of positively

10

supercoiled DNA were described in Saccharomyces
cerevisiae as a result of topological stress occurring
within 30 s after adding sorbitol [60]. Overwound
DNA can be unwound and relaxed, and secondary
redistribution of the torsional strain can lead to nega-
tive supercoiling, which promotes the formation of
structures such as G4 DNA. PARP1 was shown to
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bind G4 structure in vitro [61] and to be activated by
cruciform structures, which are associated with nega-
tive torsional stress [62]. Based on these data, one can
speculate that PARP1 may bind and is activated by
non-B DNA structures linked to hyperosmosis-induced
mechanical stress.

The physiological relevance of hyperosmotic stress is
also reflected at the organismal level. In a recent
whole-genome analysis of hairy-footed jerboas inhabit-
ing hyper-arid deserts, HPFI was among the genes
showing signatures of positive selection based on shifts
in SNP frequencies between hyper-arid and semi-desert
populations [63]. Although the study did not function-
ally characterize these variants, HPFI was grouped
with genes associated with responses to multiple envi-
ronmental stressors, including severe dehydration and
osmotic imbalance [63]. Our findings complement these
observations by providing a biochemical and cell-
biological description of HPF1-dependent MARylation
during osmotic stress, thereby suggesting a potential
mechanistic basis through which HPF1 activity may
contribute to osmostress adaptation.

In summary, our data establish hyperosmotic stress
as a nongenotoxic trigger of rapid and reversible
PARPI activation that is also dependent on HPFI to
generate a prominent mono(ADP-ribose) signature.
This expands the repertoire of physiological inputs
that engage the PARP1-HPF1 axis beyond canonical
DNA damage signaling and suggests that ADP-
ribosylation may participate in chromatin adaptation
to acute mechanical/osmotic challenge. Key questions
for future work will be to define the initiating molecu-
lar cues that activate PARP1 during hyperosmotic
stress, map the relevant modification sites on PARPI
and other targets, and determine how this pathway
influences chromatin function and recovery programs
after osmotic stress.
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