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Abstract

The ataxia telangiectasia-mutated and Rad3-related (ATR) serine/threonine kinase plays a central
role in the repair of replication-associated DNA damage, the maintenance of S and G2/M-phase
genomic stability, and the promotion of faithful mitotic chromosomal segregation. A number of
stimuli activate ATR, including persistent single-stranded DNA at stalled replication folks, R loop
formation, hypoxia, ultraviolet light, and oxidative stress, leading to ATR-mediated protein
phosphorylation. Recently, hydrogen sulfide (H,S), an endogenous gasotransmitter, has been
found to regulate multiple cellular processes through complex redox reactions under similar cell
stress environments. Three enzymes synthesize H,S: cystathionine-p-synthase, cystathionine -y-
lyase, and 3-mercaptopyruvate sulfurtransferase. Since H,S can under some conditions cause
DNA damage, we hypothesized that ATR activity may regulate cellular H,S concentrations and
H,S-syntheszing enzymes. Here we show that human colorectal cancer cells carrying biallelic
knock-in hypomorphic ATR mutations have lower cellular H,S concentrations than do syngeneic
ATR wild-type cells, and all three H,S-synthesizing enzymes show lower protein expression in the
ATR hypomorphic mutant cells. Additionally, ATR serine 428 phosphorylation is altered by H,S
donor and H,S synthesis enzyme inhibition, while the oxidative-stress induced phosphorylation of
the ATR-regulated protein CHK1 on serine 345 is increased by H,S synthesis enzyme inhibition.
Lastly, inhibition of H,S production potentiated oxidative stress-induced double-stranded DNA
breaks in the ATR hypomorphic mutant compared to ATR wild-type cells. Our findings
demonstrate that the ATR kinase regulates and is regulated by H,S.
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1.

Introduction

The ataxia telangiectasia-mutated and Rad3-related (ATR) serine/threonine kinase plays a
central role in maintaining genomic stability [1-3]. Located at 3923, ATR consists of a
2,644-amino acid residue phosphatidylinositol 3-kinase-related family member with
overlapping sequence and functional homologies to the DNA-dependent and ataxia
telangiectasia-mutated protein kinases [4]. Together, these proteins are central in
coordinating the DNA damage response (DDR), which functions to recognize DNA damage
and initiate intracellular pathways that repair genomic damage [5]. The ATR consensus
phosphorylation site occurs at serine or threonine residues followed by glutamine residues
(SQ/TQ), with kinase activation correlating with ATR serine 435 (ATR-pS435) and
threonine 1989 (ATR-pT1989) phosphorylations [6-8]. Specifically ATR-pS435 is required
for ATR-XPA complex formation, which promotes nucleotide excision repair at sites of
photodamaged DNA [9,10]. ATR also regulates the small ubiquitin like modifier (SUMO)
system, particularly the sumoylation of proteins that protect cells from replication stress and
fork breakage [11].

ATR was first identified as being essential for embryonic development with ATR-deficient
mouse embryos showing inviability, accompanied by shattered chromosomes [12,13].
Individuals with hypomorphic ATR mutations have Seckel syndrome type 1, characterized
by primordial dwarfism, avian faces, accelerated aging, micrognathia, microcephaly, growth
retardation, intellectual disability, and defects in the DDR [14]. Complete ablation of ATR
function results in rapid cell death [12-14].

ATR maintains genomic stability by safeguarding replication S-phase fork integrity,
regulating cell cycle progression, initiating cell cycle checkpoints following genotoxic
insults, and by associating with centromeres where it promotes faithful chromosomal
segregation at mitosis [2,4,7-10,15,16]. Specifically, ATR recognizes single-stranded DNA
(ssDNA) coated by Replication Protein A, which commonly occurs following DNA damage
or at stalled DNA replication folks [15,16]. In combination with other proteins (including
ATRIP, TopBP1, and the 911 complex), ATR phosphorylates multiple protein substrates,
including the checkpoint kinase 1 (CHKZ1), initiating cellular DNA damage responses [15—
20]. ATR is also activated by hypoxia, cellular mechanical, and oxidative stressors [21-23].

Recent studies have shown that hydrogen sulfide (H,S) is an important cellular
gasotransmitter, functioning in neuromodulation, cytoprotection, oxygen sensing,
angiogenesis, and vascular tone regulation [24,25]. H,S is synthesized by three enzymes:
cystathionine-p-synthase (CBS), cystathionine y-lyase (CSE), and 3-mercaptopyruvate
sulfurtransferase (3-MST) [24,25]. Presently there is no data demonstrating a role for H,S in
the DDR or ATR activities. However, under certain conditions H,S can directly induce DNA
damage, suggesting that it could activate the DDR [5,26,27]. Additionally, H,S can either
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promote or suppress cell cycle progression, likely due to lower endogenous H»S
concentrations promoting cell proliferation and higher H,S concentrations inhibiting it [28—
30]. Since ATR responds to DNA damage, we hypothesized that it may play a role in
regulating cellular H,S concentrations and levels of the H,S-synthesizing enzymes [11].
Here we examined the role of the ATR kinase in H,S regulation.

2. Materials and methods

2.1 Materials

2.2 Cells

Monobromobimane (MBB), Tris (2-carboxyethyl)phosphine hydrochloride (TCEP),
sulfosalicylic acid (SSA), 1-fluoro-2,4-dinitrobenzene (DNFB), TPP® tissue culture dishes,
NU6027, penicillin/streptomycin, and #£BOOH were purchased from Sigma (St. Louis,
MO). Fetal bovine serum, Dulbecco’s modified Eagle’s medium (DMEM) (standard liquid
media) were from Invitrogen (Rockville, MD). p-cyano-L-alanine and diallyl trisulfide were
purchased from the Cayman Chemical Company (Ann Arbor, MI). Antibodies used were
anti-ATR-pS435 (Cell Signaling Technology Inc, Danvers, MA, catalog number 2853s),
anti-total-ATR (Invitrogen, Waltham, MA USA, catalog number PA1-450), anti-CHK1-
pS345 (Invitrogen, catalog number PA5-34625), anti-total-CHK1(Abcam, Cambridge, MA,
catalog number ab47574), anti-3-MST (Santa Cruz Biotechnology, Santa Cruz, CA, catalog
number sc-135993), anti-CSE (Santa Cruz Biotechnology, catalog number sc-101924), anti-
CBS (Santa Cruz Biotechnology, catalog number sc-67154), and anti-Visfatin (Nampt,
Bethyl Laboratories, Montgomery TX, catalog number A300-779A), rabbit anti-GADPH
(Sigma, catalog number G9545), and anti-beta-actin (abcam, catalog number ab8227).
Secondary antibodies were goat anti-rabbit 1gG (catalog numbers ab6721 & ab2040,
Abcam), goat anti-mouse IgG (catalog number ab205719, Abcam), and goat anti-mouse 1gG
(catalog number sc358920, Santa Cruz).

The human colon cancer cell line DLD1 cell line containing wild-type ATR (ATR cells) or
the ATR-Seckel knock-in hypomorphic mutation (ATR-H cells) were a kind gift from Dr.
Fred Bunz of the Department of Radiation Oncology and Molecular Radiation Sciences, The
Johns Hopkins University School of Medicine [31]. The cells were cultured in DMEM with
5% FBS, 1% penicillin/streptomycin. Only low-passage cells were used to avoid the
possibility that high passage ATR-H cells might lose the hypomorphic mutation and hence
be altered [31].

2.3 Colony forming-efficiency assay

Colony forming-efficiency (CEFA) experiments were performed as previously described
[32]. In brief, exponentially growing cells were plated for 12 hours at 2,000 cells/100 mm
tissue culture dish in 10 ml appropriate media. The cells were pretreated for 2 hours with
either an H,S inhibitor (B-cyano-L-alanine, 1 mM) or donor (diallyl trisulfide, 20 uM),
washed 3X with 1X phospate buffered saline, the media replaced, and the cells were
immediately treated with for 15 minutes with 50, 100, and 200 uM #butyl hydroperoxide (&
BOOH). Following treatment, the cells were washed 3X with phosphate-buffered saline, the
media replaced and the cells cultured for 11 days. The resulting colonies were fixed and
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stained by water: methanol addition (1:1) containing crystal violet (1 g/L). “Colonies”
consisted of cell clusters containing greater than 50 cells when counted by dissecting
microscopy.

2.4 H,S Measurements

Bioavailable sulfide levels were measured as previously reported [33,34]. Levels of free
sulfide (H»S) in ATR and ATR-H cells were measured by high performance liquid
chromatography (HPLC) after derivatization with excess MBB as stable products sulphide-
dibimane (SDB). Briefly, ATR and ATR-H cells were homogenized in Tris-HCI buffer [100
mM Tris-HCI (pH 9.5) and 0.1 mM diethylenetriaminepentaacetic acid (DTPA)]. Cell
lysates were derivatized with MBB and then measured by Shimadzu Prominence 20A
equipment with RF-10AXL (excitation wavelength: 390 mm and emission wavelength: 475
mm) and an Eclipse XDB-C18 column (4.6 x 250 mm, 5 um). Typical retention times of
SDB were 16.5 minutes. H,S levels were calculated according to the standard SDB [34].

2.5 Western blotting

To prepare whole cell lysates from ATR and ATR-H cells, the cells were grown in 6-well
plates, the medium was removed, and 300 pl of SDS sample buffer (62.5 mM Tris-HCI (pH
6.8), 2% w/v SDS, 10% glycerol, 50 mM dithiothreitol, 0.1% w/v bromphenol blue) was
added to each well. Following lysis in SDS sample buffer, lysates were harvested with cell
scrapers and collected in Eppendorf tubes. The lysates were boiled, centrifuged, and frozen
at —20°C until gel electrophoresis was performed. The protein concentrations were measured
by Bio-rad DC protein assay. Twenty ugs of total protein supernatant extract was mixed with
2X SDS loading buffer according to protein concentration. Lysates separated by SDS-PAGE
were transferred to polyvinylidene difluoride membranes, and membranes were blocked in
5% nonfat dry milk before the addition of primary antibodies. Densitometry was performed
with ImageJ software version 1.45s. All western blots were performed at least in triplicate.

2.6 Quantitative Real-Time Polymerase Chain Reaction

Total cellular RNA was isolated from ATR and ATR-H cultured cells using Trizol according
to the manufacturer’s instruction. One ug of RNA was reverse transcribed using iScript
cDNA synthesis kit (Bio-rad, 1708891). Quantitative real-time polymerase chain reaction
was performed using SYBR Green Master Mix (Bio-rad, 1708882), and gene expression
was quantified using the 2722CT method. All genes of interest were normalized to the
housekeeping gene GAPDH. The primers used in polymerase chain reaction reactions are
listed in Table 1.

2.7 Ultraviolet ATR and ATR-H Cell Treatment

ATR and ATR-H cells were treated with ultraviolet (UV) light by removing the media from
the tissue culture dishes and exposing the cells to UV light using a CL-1000 UV Crosslinker
(UVP/Analytik Jena, Atkinson, NH, USA) at 15,000 pJ/cm? (150 x 100 pd/cm?). Following
UV treatment with media was replaced and the cells were incubated for 45 minutes and
harvested. Untreated cells were subjected to the same procedures without the UV exposure.
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2.8 Chromosomal preparation and analysis

One 100-mm tissue culture plate/treatment of logarithmically growing ATR and ATR-H
cells at 50% confluence were treated with or without, 1 mM H,S inhibitor B-cyano-L-
alanine for two hours, followed by a 15-minute treatment with 10 uM £BOOH. Following
this treatment, the cells were washed 3X with phosphate-buffered saline, the media replaced,
and the cells cultured for 1 hour. Colcemid (100 ng/ml) was then added for 4 hours and the
cells harvested by washing 2X in 1 x PBS, followed by trypsinization and transference to a
15 ml tube. Two-ml of DMEM with 5% FBS was added/tube and the cells were pelleted 5
minutes at 500 x g. The cells were re-suspended in 5 ml 0.075 mM KCI and incubated 15
minutes at 37°C. About 200 pl of fresh methanol: glacial acetic acid at 3:1 (Carnoy’s
fixative) was added, the cells gently vortexed, and pelleted for 5 minutes at 500 x g. The
supernatant was removed and 5 ml of Carnoy’s fixative added with gentle vortexing. The
cells were pelleted for 5 minutes at 500 x g, the supernatant removed, and 5 ml of Carnoy’s
fixative was added with gentle vortexing. Chromosomal preparations were made by pelleting
the preparations for 5 minutes at 500 x g, removing the supernatant, dropping on slides,
drying for 30 minutes at 90°C, Giemsa staining, washing, and cover-slipping. Each data
point represents 5,000 individual chromosomal observations preformed under oil immersion
microscopy done in triplicate.

2.9 Statistical analysis

The significance for all the experiments in this paper were calculated by using prism
software version 5.02 (GraphPad Inc., San Diego, CA). The Pvalues are given in each
figure.

3. Results

3.1 Compared to ATR wild-type cells, syngeneic ATR-H cells are preferentially sensitive
to oxidative stress following H>S modulators in the CEFA

To initiate these studies, colony efficiency formation in ATR and ATR-H cells was examined
with either pharmacologic H5S inhibition or H,S supplementation, followed by a 15-minute
treatment with 50, 100, or 200 uM £BOOH, culturing for 11 days, followed by fixation and
analysis. As shown in Figure 1, the ATR-H cells exhibited greater sensitivity to increasing #
BOOH exposures compared to ATR cells. Pretreatment with the H,S inhibitor (2 hours with
1 mM B-cyano-L-alanine) followed by the same #BOOH exposures, slightly increased the
sensitivity of the ATR cells to different £BOOH concentrations. Under the same conditions,
the ATR-H cells were significantly more sensitive to the same #BOOH exposures compared
to the syngeneic ATR wild-type cells, (Fig. 1). For both cell types, colony formation
suppression was tBOOH dose-dependent and interestingly, p-cyano-L-alanine by itself
suppressed ATR-H cell colony formation. H,S donor pretreatment (2 hours with 20 M
diallyl trisulfide) significantly decreased ATR and ATR-H cell colony formation, with the
ATR-H cells significantly more sensitive to the H,S donor (Fig.1). Based on the above data,
we conclude that the ATR hypomorphic mutation confers increased cellular sensitivity to
pharmacologic perturbations in H,S metabolism, both with and without exogenous oxidative
stress.
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3.2 Cellular H,S concentrations are lower in the hypomorphic ATR-H mutants compared
to wild-type ATR cells

We used HPLC to analyze cellular H,S levels following MBB derivatization [33]. As shown
in Figure 2A, free H,S was significantly lower in the ATR-H cells compared to the ATR
cells. Additionally, a 2 hour treatment with 12 pM NU6027, an ATR inhibitor, significantly
decreased the cellular free HoS concentrations in the ATR, but not the ATR-H cells (Fig 2A).
In addition, as shown in Figure 2B, a 2 hour treatment with 1 mM H,S synthesis inhibitor -
cyano-L-alanine significantly lowered free H,S concentrations in both cell types,
demonstrating that this HoS inhibitor worked in our assays. Last, ATR and ATR-H cells
were treated 2 hours with 20 uM diallyl trisulfide. As shown in Figure 2C, diallyl trisulfide
treatment suppressed the cellular free H,S concentrations in the ATR, but not the ATR-H
cells. Thus, cellular HyS levels are diminished by two different perturbations of ATR
activity, the hypomorphic Seckel syndrome ATR mutation and ATR protein inhibition by
NU6027 (Fig. 2A). Additionally, exogenous H,S suppressed cellular H,S levels in the wild-
type cells, but not the hypomorphic mutants, indicating possible differences in cellular HS
processing due to the hypomorphic mutant ATR protein.

3.3 CBS, CSE, and 3-MST protein expression is lower in the hypomorphic ATR-H mutants
compared to wild-type ATR cells

The lower H,S concentrations in the ATR-H cells raised the possibility that CBS, CSE, and
3-MST proteins levels might be altered in these cells compared to the wild-type ATR cells.
We employed western blotting to examine possible differences in protein expression of these
enzymes in ATR and ATR-H cells. We also examined the expression of nicotinamide
phosphoribosyltransferase (Nampt), as some reports indicate that Nampt, CBS, and CSE
may be co-regulated [35-37]. As shown in Figures 3A-3C, CBS, CSE, and 3-MST protein
levels were all significantly lower in the ATR-H cells compared to the wild-type ATR cells.
Importantly, Nampt levels were not significantly different between the two cell types,
demonstrating that the hypomorphic ATR mutation does not affect Nampt protein expression
(Fig. 3D). Based on this, we conclude that wild-type ATR protein activity plays a role in the
maintenance of the H,S-synthesizng protein levels, but not that of Nampt.

3.4 CBS, CSE, and 3-MST mRNA are not significantly different in the ATR-H cells
compared to ATR cells

Since CBS, CSE, and 3-MST protein levels were lower in the ATR-H cells compared to the
ATR cells, we examined mRNA levels of each of these genes in the two cell types using
GADPH mRNA as a control. As shown in Figures 4A-4C, the levels of each mRNA where
reduced in the ATR-H cells compared to the ATR cells, but not significantly lower. Based on
these data we conclude that the CBS, CSE, and 3-MST protein levels are lower in the ATR-
H cell line due to either a lower rate of protein translation or decreased protein stabilities in
the ATR-H cell line.
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3.5 HjySinhibitor or donor exposures modulate ATR protein serine 435 phosphorylation
in the ATR wild-type cells

The ATR kinase is partially regulated by phosphorylations on serine 435 and threonine
1989, with these phosphorylations correlating with kinase activation and with ATR-pS435
also promoting nucleotide excision repair at sites of photodamaged DNA [6-10]. Since the
above data supports a role for the ATR kinase regulating H,S, we hypothesized that H,S
may in turn regulate ATR activity. To test this, we employed an anti-ATR-pS435 antibody
and performed western blots on ATR and ATR-H cells following a 2 hour treatment with
either 1 mM pB-cyano-L-alanine (an H,S inhibitor), or 20 uM diallyl trisulfide (an H,S
donor). As shown in Figure 5A, B-cyano-L-alanine increased ATR-pS435 in the wild-type
cells, while diallyl trisulfide inhibited this phosphorylation. In the ATR-H cells, ATR-pS435
levels were low and not affected by any treatment, indicating that the hypomorphic ATR
mutation lacks a normal phosphorylation pattern on this amino acid moiety. To examine the
possibility that ATR-pS435 was modulated by the H5S inhibitor and donor at a low level, in
Figure 5A the ratio of ATR-H-pS435/GAPDH protein levels was designated as one unit in
the western blot graph and this measurement was compared to the ATR-H-pS435/GAPDH
levels in the ATR-H cells treated with the H,S inhibitor or donor. No changes in ATR-H-
pS435 were detected in the ATR-H cells (Fig. 5A). The ATR-pS435/GAPDH ratio was also
used to analyze the ATR cells treated with the H,S inhibitor and donor, #BOOH, and UV
(Figs. 5A-5C).

Since the H,S inhibitor p-cyano-L-alanine increased ATR-pS435 by ~50% compared to
untreated cell phosphorylation levels, we treated ATR and ATR-H cells with 100 uM #
BOOH for 15 minutes, incubated the cells in media for 45 more minutes, and examined
ATR-pS435 levels. As shown in Figure 5B, this treatment induced ATR-pS435 levels ~50%
in ATR wild type cells, indicating that with moderate oxidative stress, ATR-pS435 levels
change roughly as much as does H,S synthesis inhibition. The ATR-H cells again showed
minimal ATR-pS435 that was not increased by #BOOH exposure (Fig. 5B). As in Figure
4A, an untreated ATR-H-pS435/GAPDH ratio designated as one unit in the western blot
graph was compared to the other ATR-H cell treatments (Fig. 5B).

ATR-pS435 regulates nucleotide excision repair at sites of DNA photodamage and is
increased following UV exposure [6-10]. We next treated ATR and ATR-H cells with
15,000 p/em? UV light. As shown in Figure 5C, ATR cell UV treatment resulted in
increased ATR-pS435 levels. No serine 435 phosphorylation increase was seen in the UV
treated ATR-H cells (Fig. 5C). As in Figures 5A and 5B, the untreated ATR-H-pS435/
GAPDH ratio was designated as one unit in the western blot graph and compared to the UV
treated ATR-H cells. In Figures 5A-5C, whole ATR protein levels were also examined.
When the ATR-pS435/whole ATR and ATR-H-pS435/whole ATR protein ratios were
examined and analyzed in the same manner as the ATR-pS435/actin and ATR-H-pS435/
actin ratios, the changes in ATR serine 435 phosphorylation levels were the same following
H>,S donor and inhibitor, #£BOOH, and UV treatments, while those in the ATR-H cells did
not change.

Based on the above data, we conclude that both H,S inhibitor or donor modulate ATR serine
435 phosphorylation in the wild type, but not the ATR-H Seckel hypomorphic mutant cells.

DNA Repair (Amst). Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

3.6

Page 8

Additionally, since UV light also induces this phosphorylation, H,S may play an important
role in regulating nucleotide excision repair by the ATR protein.

Induction of CHK1 serine 345 phosphorylation by t-BOOH exposure is modulated by

H>S inhibitor pretreatment

The ATR kinase specifically phosphorylates CHK1 on serine 345, an event required for
checkpoint-mediated cell cycle arrest and for faithful chromosomal segregation during
mitosis [2,38]. Based on the data presented above, we hypothesized that H,S synthesis
inhibition by p-cyano-L-alanine would augment CHK1 serine-345 phosphorylation. We
examined CHK1 serine-345 phosphorylation in ATR and ATR-H cells, with and without a 2
hour pretreatment with 1 mM p-cyano-L-alanine followed by a low 10 uM +#BOOH
exposure for 15 minutes, followed by cell harvest at 45 minutes. As shown in Figure 6,
pretreatment of ATR cells with 1 mM B-cyano-L-alanine significantly increased CHK1
serine-345 phosphorylation following a 15-minute 10 pM #BOOH exposure, compared to
the same £BOOH treatment without the B-cyano-L-alanine pretreatment. Thus, modulation
of intracellular H,S can also alter oxidative stress-induced ATR kinase activity. The
hypomorphic ATR-H mutants failed to show significant CHK1 serine-345 phosphorylation
level changes with any treatment (Fig. 6). H,S donor pretreatment did not significantly alter
CHK1 serine-345 phosphorylation levels in the ATR wild-type cells following #£BOOH
treatment. Since HS is rapidly converted into other portions of the cellular sulfur pool,
which can exert both pro-oxidant and anti-oxidant effects, these results are being further
analyzed in our lab [24,25]. In this experiment, we also included a whole CHK1 protein
control. CHK1 protein levels did not show significant variation between the ATR and ATR-
H cells. For this reason, we designated the untreated ATR cell CHK1 phospho-serine-345/
GADPH ratio as one unit on the western blot and compared this ratio to all other treatments
of the ATR and ATR-H cells. When the untreated ATR cell CHK1 phospho-serine-345/
whole CHK1 protein ratio was used, the changes in the CHK1 phosphorylation were the
same as with the GAPDH control. Thus, whole CHK1 or GAPDH proteins were thus
equally useful as western blot loading controls. Based on these observations, pharmacologic
suppression of cellular H,S potentiates ATR kinase activity following oxidant exposure.
This potentiation is not seen in the ATR-H hypomorphic mutant cells.

3.7 H5S synthesis inhibition preferentially increases dsDNA breaks in ATR-H cells by
itself and when combined with t-BOOH treatment

During S-phase ATR prevents stalled replication forks from degenerating in dsSDNA breaks
[1-3]. Since H,S regulates several ATR functions and the ATR-H cells show reduced H,S
metabolism and increased oxidant sensitivity (see above), we hypothesized that H,S
inhibition would preferentially effect genomic stability in ATR-H cells following oxidative
stress. To do this we examined dsDNA breaks by oil immersion microscopy in metaphase
colcemid-blocked, Giemsa stained, metaphase chromosomal preparations pretreated with or
without an H,S inhibitor (1 mM B-cyano-L-alanine), #BOOH, or both combined. We chose
this method of dsDNA quantification, as enzymatic methods to measure DNA damage often
depend on correctly functioning DNA repair enzymes, which are at least partially
dysregulated in the ATR-H cells, making the assay results meaningless [39]. As shown in
Figure 7, 10 uM £BOOH treatment alone significantly increased dsDNA break formation in
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ATR-H cells, but not the ATR cells. However, a two-hour pretreatment with the H,S
inhibitor followed by #BOOH treatment significantly increased dsDNA breaks in both cells
types. Interestingly, H,S inhibition alone significantly increased dsDNA breaks in ATR-H
cells, but not in the ATR wild type cells (Fig. 7). Additionally the number of breaks was
much higher in the ATR-H cells compared to the ATR cells. Since an H,S donor did not
alter CHKZ1 serine-345 phosphorylation, it was not analyzed by dsDNA break studies. These
findings indicate that upon being stressed by pharmacologic H»S inhibition alone or
pharmacologic H5S inhibition combined with oxidative stress, the ATR-H cells show
increased genomic instability. These data suggest that H,S likely plays a role in the
maintenance of genomic stability by the ATR protein kinase.

Discussion

Here we show for the first time that the hypomorphic Seckel syndrome type 1 ATR mutation
causes lower cellular H,S concentrations compared to syngeneic ATR kinase wild type cells.
ATR cell treatment with the pharmacologic ATR inhibitor NU6027 also lowered cellular
H,S concentrations in the ATR, but not ATR-H cells. Additionally, treating ATR cells with
the H,S donor diallyl trisulfide suppressed ATR cell H,S levels, but not in the ATR-H cells.
Last, the CBS and CSE inhibitor g-cyano-L-alanine lowered H5S levels in both cell types.
Taken together, this data indicates that the ATR kinase regulates cellular H,S concentrations.
It also demonstrates that there are two loci of H,S concentration control: 1) the activities of
the CBS and CSE enzymes and 2) the functioning of the ATR kinase. The observation that
diallyl trisulfide suppressed H»S concentrations in the ATR, but not ATR-H cells, suggests
that ATR may have a role in responding to excess H5S levels. However, as the H,S levels are
already low in the ATR-H cells, the lack of suppression may be due to the ATR-H cells not
biochemically requiring further HoS level suppression. Further work is needed to examine
this question, particularly to examine if ATR kinase inhibition by NU6027 affects CBS,
CSE, and 3-MST protein stabilities.

The ATR-H cells were more sensitive to the toxic effects of £BOOH in the CEFA compared
to wild-type cells, demonstrating that the hypomorphic ATR mutation causes deficits in
cellular anti-oxidant responses. Additionally, H,S inhibitor treatment combined with #
BOOH preferentially lowered ATR-H cell colony formation and interestingly, the H,S
inhibitor by itself, suppressed colony formation in the ATR-H, but not the ATR cells. The
H,S donor exerted toxic effects on both cell types, with preferential toxicity observed in the
ATR-H cells. Thus, different patterns between the two cells lines were seen. In the ATR
cells, the H,S inhibitor only significantly potentiated #BOOH toxicity at the two higher
doses, while in the ATR-H cells 200 uM -BOOH and H,S inhibitor pretreatment with 200
UM £BOOH were also not significantly different. These findings are likely due to 50 uM #
BOOH being too small a dose to significantly effect the ATR cells, even with the inhibitor
pretreatment. The lack of a significant difference the ATR-H cells treated with 200 pM #
BOOH, with and without the H,S inhibitor, may be due to this higher #BOOH dose being
highly toxic to the hypomorphic mutant cells, making the biochemical contribution of the
H,S inhibitor insignificant. However, taken together these results indicate that the
perturbations in H,S metabolism seen in the ATR-H cells makes them more vulnerable to
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the toxic effects of #BOOH when combined with pharmacologic alterations in cellular H,S
metabolism.

These data implied that the function of ATR in the maintenance of genomic stability might
be compromised in the ATR-H mutant cells. Direct measurements of dSDNA breaks by oil
immersion microscopy revealed that the hypomorphic ATR-H mutant cells where
significantly more vulnerable to dsDNA break formation than wild type cells following HoS
inhibitor pretreatment, followed both with and without subsequent 10 uM #BOOH
treatment. Interestingly, H»S inhibitor treatment alone significantly induced dsDNA breaks
in the ATR-H cells, but not the wild-type cells. As expected, there was a positive correlation
between dsDNA breaks in the ATR-H cells with H,S synthesis inhibition, both with and
without £BOOH treatment. Lower dsDNA breaks were seen in the ATR cells, likely due to
the very low 10 uM £#BOOH dose employed. This data suggests that when cellular H,S
levels fall to very low levels, the ability to maintain genomic integrity is compromised, and
even exacerbated in the ATR-H cell line. Our data also implies that exogenous H,S may
induce DNA damage. This relationship is being further studied in the lab.

The ATR-H cells also had statistically significant lower CBS, CSE, and 3-MST protein
expression levels compared to wild type cells, while Nampt levels were the same. Although
here we did not examine the enzymatic activities of these proteins, possibly the lower ATR-
H H,S levels are due to less protein present to synthesize H,S. Examination of CBS, CSE,
and 3-MST mRNA levels between the two cell lines did not show significant differences in
MRNA expression levels for these gene products. Based on this it is likely that the levels of
the HyS-synthesizing protein are lower in the ATR-H cells due to lower protein stabilities or
decreased mRNA translation.

We next examined the effects of H,S donors and synthesis inhibitors on ATR
phosphorylation. The H,S donor suppressed ATR-pS435 in the ATR cells, while the H,S
synthesis inhibitor increased it, demonstrating that cellular HoS concentrations modulate this
phosphorylation. These changes were not seen in the ATR-H cells. Control experiments
demonstrated that £BOOH and UV exposure also induced this phosphorylation in ATR, but
not ATR-H cells. Based on these observations H5,S bioavailability plays a role in regulating
ATR kinase activation and may modulate its role in nucleotide excision repair. Additionally,
since this phosphorylation correlates with ATR kinase activation and is suppressed by
increased H,S levels and increased by low H5S levels, our results suggest that increased
ATR-pS435 may function sensing and responding to changes in cellular H»S concentrations
[6-10]. Last, the ATR-mediated serine 345 CHK1 phosphorylation induced by a low
concentration of #BOOH treatment was potentiated by pretreatment with an H,S inhibitor,
further confirming ATR kinase activity itself, is modulated by cellular H,S concentrations.
Thus, ATR-initiated signal transduction is linked to cellular H,S bioavailability and
metabolism.

ATR regulates intra-S-phase and G2/M-phase checkpoints via CHK1 phosphorylation,
stabilizes stalled replication forks, preventing dSDNA break formation, promotes
homologous recombination, regulates replication origin firing at specialized start sites, and
promotes faithful chromosomal segregation during mitosis [2,9-23,40]. The later function
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likely depends on the CHK1 serine 345 phosphorylation [2]. The data presented here implies
that H,S plays a role in regulating these ATR kinase-dependent functions via regulating this
phosphorylation. Additionally, ATR inhibitors are being examined in preclinical and clinical
studies as single agents, or paired with radiotherapy, as novel cancer therapies [40].
Increased H5S cellular concentrations have been shown to promote cancer cell growth in
several different cancer types, although very high concentrations of H,S exert cytotoxic
effects [41]. Our data suggests that ATR inhibitors could exert anti-cancer effects, in part, as
H,S synthesis inhibitors. Further research on this is needed. Last, since an H,S donor
attenuated the ATR serine 435 phosphorylation and this phosphorylation is necessary for
ATR activation, and ATR activity is necessary for cell survival, high H5,S levels may
contribute to cell death via inhibition of ATR kinase function and activation [6-8,12-14].

Here we present for the first time that a major constituent of the DDR, the ATR kinase,
regulates and is regulated by intracellular H,S concentrations. These findings represent a
deeper understanding of H,S regulation of cell survival and are summarized in Figure 8.
Additionally, many ATR and CHK1-dependent cellular functions, such as nucleotide
excision repair, cellular checkpoint initiation, and chromosomal segregation during mitosis,
may also be regulated by intracellular H,S concentrations, which requires further
investigation.
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Highlights

Here we show for the first time that the ATR kinase regulates intracellular
hydrogen sulfide concentrations as a pharmacologic ATR kinase inhibitor
lowers cellular hydrogen sulfide levels and hydrogen sulfide levels are also
lower syngeneic cells that carry a knock-in hypomorphic ATR Seckel mutant
ATR protein. Additionally, ATR serine 435 phosphorylation is suppressed by
an exogenous hydrogen sulfide donor and increased by a hydrogen sulfide
synthesis inhibitor, indicating that ATR may be in turn regulated by hydrogen
sulfide concentrations. We also show that ATR kinase activity is modulated by
hydrogen sulfide, as treatment of ATR wild type cells with a hydrogen sulfide
synthesis inhibitor potentiates CHK1 protein phosphorylation by the ATR
kinase following exposure to low-levels of oxidative stress. Lastly, we present
data indicating that hydrogen sulfide may influence genomic stability in
conjunction with ATR kinase activity. We believe these are novel findings and
show a new function for the ATR kinase.
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Figure 1.
The effects of £BOOH and H,S inhibitor and donor treatments in the colony-forming

efficiency assay with ATR and ATR-H cells. Twelve hours after plating in appropriate
media, exponentially growing ATR and ATR-H cells were treated for two hours with either
an H,S inhibitor (1 mM p-cyano-L-alanine, BCA) or an H,S donor (20 uM diallyl trisulfide,
DATS), and subjected to 15 minutes 50, 100, or 200 uM ~BOOH oxidative stress. After 11
days, the cells were fixed, stained, and the colonies counted. Data indicates survival as a
percentage of untreated cells.
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Figure 2.
Free cellular H,S concentrations in the ATR wild-type cells compared to the ATR-H mutant

cells. Figure 2A, H,S concentrations were compared in ATR and ATR-H, with and without
the ATR kinase inhibitor NU6027. The cells were treated for two hours with 12 uM NU6027
in standard media and harvested (2A). Figure 2B, H,S concentrations were compared in
ATR and ATR-H, with and without the CBS and CSE inhibitor p-cyanol-L-alanine. The
cells were treated with 1 mM B-cyanol-L-alanine for two hours in standard media and
harvested (2B). Figure 2C, H,S concentrations were compared in ATR and ATR-H, with and
without 20uM diallyl trisulfide for two hours in standard media and harvested (2C). “BCA”
=1 mM B-cyanol-L-alanine. Free H5,S is in nmol/mg protein.
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comparing ATR and ATR -H cells protein expression with B-actin as a control protein. All
western blots were performed at least in triplicate.
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Quantitative real-time polymerase chain reaction analyses of CBS, CSE, and 3-MST mRNA
levels in the ATR and ATR-H cell lines. Statistical analyses revealed no significant
differences between CBS, CSE, and 3-MST mRNA levels between the two cell lines. The
primers used in the quantitative real-time polymerase chain reactions are given in Table 1.
GADPH was used as a control.
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o

—-—-

ATR protein phosphorylation on serine-435 with an H,S donor and inhibitor, or #BOOH
treatments. ATR and ATR-H cells were treated with ImM B-cyanol-L-alanine or 20 uM
diallyl trisulfide for two hours and harvested (5A). In Figure 5B, ATR and ATR-H cells were
treated with 100 uM #-BOOH for 15 minutes, incubated in standard media for 45 minutes,
and harvested. In Figure 5C, ATR and ATR-H cells were treated with 15,000 pJ/cm? UV

light and the cells were harvested 45 minutes later.
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Figure 6.
CHK1 serine 345 phosphorylation in ATR and ATR-H cells with H,S synthesis inhibition

followed by #BOOH treatment was examined. ATR and ATR-H cells were pretreated with
1mM B-cyanol-L-alanine for two hours, then 15 minutes with 10uM #BOOH, and harvested
following a 45-minute incubation in standard media.
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Figure 7.
dsDNA break formation in ATR and ATR-H cells following H,S synthesis inhibition. ATR

and ATR-H cells were pretreated with 1mM B-cyanol-L-alanine for two hours, then 15
minutes with #BOOH, cultured one hour in standard media, treated with colcemid for four
hours, and harvested. dsDNA breaks in Giemsa stained, Colcemid-treated cells, were
counted under oil immersion microscopy. The #BOOH concentration was 10uM.
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Figure 8.

A summary of the findings presented in this paper. The ATR kinase regulates intracellular
H,S concentrations (arrow 1) and the levels of the three HoS-synthesizing enzymes (arrow
2). Increased in intracellular H,S concentrations decreased ATR serine 435 phosphorylation,
while decreased in intracellular H,S concentrations increased this phosphorylation (arrow
3). Attenuation of intracellular H,S synthesis also potentiates CHK1 serine 345
phosphorylation following ATR cell exposure to low #BOOH concentration, an event not
seen in ATR-H cells (arrow 4). Lastly, low cellular H,S concentrations in the hypomorphic
ATR-H cells increase genomic instability by itself, and when combined with a low dose of #
BOOH. Taken together, our data suggests that the ATR kinase regulates and is in turn
regulated by H,S.
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Forward and reverse primers used to quantify CBS, CSE, and 3-MST mRNA levels in ATR and ATR-H cell
lines. GAPDH primers were used for control normalizations.

Gene Species | Forward Reverse

GAPDH | Human | ACAGTCAGCCGCATCTTC CGCCCAATACGACCAAATC
CSE Human | GCCTTTGCTTCAGGTTTAGC | CCTTCTGGGTGGGGTTTGT
CBS Human | AGGATGAACACAGGCAAT AAAAACCCAAACACGCAAAC
3-MST Human | ACCGTGAACATCCCCTTC TTCTTCTCCTGGAACAGATG
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