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Abstract
Background:

PARP1 inhibitors (PARPi) are a key therapeutic strategy in BRCA1/2-mutated and increasingly in
homologous recombination (HR)-positive breast cancers. However, resistance and relapse remain major
challenges. While most studies focus on DNA repair restoration, chromatin-based mechanisms of PARPi
response are less understood. PARP1 regulates DNA repair and chromatin organisation through
poly(ADP-ribosyl)ation and histone modification. Histone H3 serine 28 phosphorylation (H3S28ph), a
stress- and DNA damage-responsive mark catalysed by MSK1/2, is associated with chromatin relaxation
and senescence. We hypothesised that H3S28ph promotes a senescence-associated survival
programme contributing to PARPi resistance in HR-positive breast cancer.

Methods:

HR-positive breast cancer cell lines were exposed to UV-induced DNA damage and treated with the PARP
inhibitor olaparib. H3S28 phosphorylation dynamics were assessed by immunofluorescence, Western
blotting and chromatin immunoprecipitation. Functional effects were evaluated using proliferation,
clonogenic growth, spheroid formation and cell cycle analysis. Senescence was quantified by β-
galactosidase staining and expression of senescence-associated genes by RT-qPCR. Clinical relevance
was assessed using Kaplan–Meier Plotter, GEPIA3, and the GSE173839 cohort.

Results:

DNA damage induced robust H3S28 phosphorylation, which was enhanced by PARP inhibition. H3S28ph
was enriched at promoters of senescence-associated genes, including CDKN2A (p14/p16), CDKN2B
(p15) and FOXA1, leading to their transcriptional activation. Combined UV and PARPi treatment induced
G1/S arrest, increased senescence markers and enhanced β-galactosidase activity, consistent with a
therapy-induced senescence-like state. Clinically, low expression of MSK1 (RPS6KA5) and associated
senescence genes correlated with poorer overall survival and differential response to DNA-damaging
therapies in HR-positive breast cancer cohorts.

Conclusions:

Our findings indicate that H3S28 phosphorylation acts as a chromatin-based adaptive mechanism
linking DNA damage signalling to senescence-associated transcription under PARP inhibition. The
MSK1–H3S28ph axis promotes a senescence-like survival state that may contribute to PARPi resistance
in HR-positive breast cancer. Targeting this epigenetic pathway may improve therapeutic response and
overcome resistance.

Background
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Poly(ADP-ribose) polymerase 1 (PARP1) inhibitors (PARPi) have reshaped the treatment landscape for
breast cancer, particularly in tumours with BRCA1 or BRCA2 mutations where homologous
recombination (HR) repair is defective. Yet their use is now expanding beyond this original setting.
Increasing evidence suggests that a subset of HR-positive (HR⁺) breast cancers also display features of
HR deficiency and may benefit from PARPi therapy. For instance, recent clinical studies have reported
improved pathological complete response rates when PARPi are added to neoadjuvant regimens in both
HR-positive and HR-negative subtypes [1–3]. Despite these promising results, resistance to PARPi
remains a major clinical challenge: between 40% and 70% of patients eventually relapse after an initial
response, underscoring the need to identify new mechanisms of resistance and markers predictive of
treatment failure.

Most known resistance mechanisms involve restoration of HR function, stabilization of replication forks,
or altered drug efflux [4, 5]. However, these processes do not fully explain the frequency and diversity of
resistance observed clinically, therefore increasing attention is turning to the chromatin context in which
PARP1 operates.

PARP1 plays a central role in the DNA damage response (DDR) by catalysing poly(ADP-ribosyl)ation
(PARylation) of itself and chromatin-associated proteins to facilitate chromatin relaxation and
recruitment of DNA repair machinery [6–8]. Beyond its canonical repair functions, PARP1 contributes to
chromatin remodelling and gene regulation through multiple mechanisms. These include direct
PARylation of histone tails to modulate chromatin accessibility, participation in nuclear ATP synthesis
required for chromatin remodelling, resolution of R-loops to maintain transcriptional integrity, and the
formation of nuclear condensates via phase separation to spatially coordinate transcriptional programs
[9, 10]. Because of this multifaceted chromatin-associated activity, PARP1 is considered a master
regulator of genome organization and transcriptional control [11].

Indeed, cells that survive PARP1 inhibition often undergo profound epigenomic reprogramming,
activating alternative survival pathways to bypass PARP1 dependency. Several studies from our group
and others have demonstrated that PARP1 not only functions in DNA repair but also mediates hormone-
dependent transcription in breast cancer cells [7, 12–14]. These findings reinforce the view of PARP1 as
a chromatin-based transcriptional regulator and suggest that chromatin dynamics could compensate for
the loss of PARP1 activity. Deciphering these compensatory pathways may reveal key vulnerabilities in
resistant breast cancer cells and inform new therapeutic strategies.

One modification of particular interest is phosphorylation of histone H3 at serine 28 (H3S28ph). This
epigenetic mark is rapidly induced by mitogen- and stress-activated kinases MSK1/2, which act
downstream of the ERK and p38 MAPK pathways. H3S28 phosphorylation is known to loosen local
chromatin structure, affecting the binding of transcription factors and activating immediate-early gene
transcription [15, 16]. Under persistent stress or DNA damage, it has also been linked to the onset of
cellular senescence—a state of permanent growth arrest accompanied by metabolic and transcriptional
changes. Indeed, H3S28 phosphorylation facilitates the displacement of Polycomb repressive complex 2
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(PRC2) required for the induction of senescence via the activation of INK4AB/ARF genes [17]. While
senescence can act as a tumour-suppressive barrier, senescent tumour cells may also survive therapy
and drive relapse through secretion of pro-inflammatory and pro-tumorigenic factors, collectively termed
the senescence-associated secretory phenotype (SASP).

Given that both PARP1 and H3S28ph respond to DNA damage and influence chromatin accessibility, we
hypothesised that H3S28 phosphorylation might alter the chromatin environment during PARPi
treatment, tipping the balance between apoptosis and senescence. In HR⁺ breast cancer, where residual
DNA repair capacity and hormonal signalling may favour survival under genotoxic stress, this
mechanism could be particularly relevant.

In this study, we examined how DNA damage and PARPi exposure interact to regulate H3S28
phosphorylation, cell survival, and senescence in HR⁺ breast cancer cell lines. We used ultraviolet (UV)
irradiation to model DNA-damage-induced stress and assessed clonogenic growth, spheroid formation,
and senescence-associated gene expression following PARPi treatment. Finally, to evaluate clinical
relevance, we analysed patient cohorts for expression of MSK1—the upstream kinase responsible for
H3S28 phosphorylation—and p15, a senescence marker previously linked to H3S28ph regulation.
Together, our findings reveal a potential chromatin-based mechanism that allows breast cancer cells to
survive PARPi exposure, identifying the H3S28ph–MSK1 axis as a promising biomarker of resistance
and relapse in HR-positive breast cancer.

Methods

Cell culture
Human HR⁺ breast cancer cell lines BT474 and MCF7 were obtained from the American Type Culture
Collection (ATCC) and cultured in adherent conditions (2D) and non-adherent conditions (3D). For 2D
cultures, cells were cultured in DMEM (Sigma-Aldrich, Cat. D5671) supplemented with 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin (P/S), and 1% L-Glutamine. For 3D cultures, cells were cultured
in DMEM-F12 (Sigma-Aldrich, Cat. D8437) supplemented with 10% FBS, 1% P/S, 1% L-Glutamine, 2% B-
27, and 20 ng/ml epidermal growth factor (EGF). All cell lines were incubated at 37°C with 5% CO2.

UV irradiation
To induce UV-mediated damage in BT474 and MCF7 cell lines, culture medium was removed from the
plates prior to irradiation. Cells were exposed to the indicated UV dose (J/cm2) using a Vilber Lourmat
UV Crosslinker BLX 254. Following irradiation, the original culture medium was returned to the plates,
which were subsequently incubated at 37°C with 5% CO2 until further processing.

Protein extraction and quantification
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Cells were lysed in lysis buffer (0.5% NP-40, 150 mM NaCl, 50 mM Tris HCl (pH 8.0) and 1X Complete™
Protease Inhibitors Cocktail without EDTA (Cat. 05056489001, Roche) for 30 minutes (min) on ice.
Lysates were centrifuged at 12.000 rpm for 15 minutes at 4 ºC to remove insoluble material. Protein
quantification was determined using the Pierce™ BCA Protein Assay kit (ThermoFisher Scientific, Cat.
23225) following manufacturer’s protocol.

Western blotting
Equal amounts of protein (20 µg) were separated using Tris-Glycine Precast Gels (4–15%; Bio-Rad, Cat.
4561083) and transferred into nitrocellulose membranes (0.45 µm, Bio-rad, Cat.1620115). After blocking
with 5% non-fat milk in TBS-T (TBS containing 0.05% Tween-20) for 1 hour (h) at room temperature (RT),
membranes were incubated overnight at 4°C with primary antibodies against H3S28ph (1:1000; Cell
Signalling, Cat. 9713), PAR/pADPr (1:1000; R&D Systems, Cat. 4335-MC-100) and GAPDH (1:1000, Santa
Cruz Biotechnology, Cat. sc365062). Following three washes with TBS-T, membranes were incubated
with secondary antibodies (goat anti-mouse IgG, 1:10.000; Jackson ImmunoResearch, Cat. 515-035-003;
and goat anti-rabbit IgG, 1:10.000; Jackson ImmunoResearch, Cat. 111-035-144) for 1 h at RT. Protein
bands were detected on the ChemiDoc Imaging Systems (Bio-Rad) by adding Immobilon Forte Western
HRP substrate (Cat. WBLUF0500). Band intensities were quantified with ImageJ and normalized to
GAPDH.

Immunofluorescence
Cells were seeded on sterilized coverslips at a density of 50.000 cells per coverslip. Following 24hrs
cells were treated with 5 µM olaparib (ThermoFisher Scientific, Cat. AC466290010) for 1 h at 37 ºC; then,
UV irradiation was performed (0.4 J/cm2 for MCF7 and 0.6 J/cm2 for BT474) and cells incubated at 37
ºC for 1h. Cells were fixed with 4% formaldehyde for 15 min at RT, washed three times with TBS,
permeabilized with 0.2% Triton X-100 for 10 min at RT, washed again three times with TBS, and
subsequently blocked with 1% BSA in TBS for 1h at RT. Primary antibodies H3S28ph (1:400; Cell
Signalling, Cat. 9713, and PAR/pADPr (1:100; R&D Systems, Cat. 4335-MC-100) were incubated overnight
at 4 ºC in a humid chamber. The next day, after 3 washes with TBS, incubation with secondary antibodies
was performed for 1 h at RT in the dark (anti-mouse IgG Alexa Fluor 488 (1:1000; ThermoFisher
Scientific, Cat. A11001) and anti-rabbit IgG Alexa Fluor 568 (1:1000; ThermoFisher Scientific, Cat.
A11011). The nuclei were stained when mounting the coverslips with Slowfade™ Gold Antifade Reagent
with DAPI (Cat. S36938, ThermoFisher Scientific). Fluorescent images were acquired using confocal
microscopy (Leica Microsystems, Cat. #DM6000), equipped with a 63X oil-immersion objective. DAPI
was excited using a 405 nm laser, Alexa Fluor 488 with a 488 nm laser, and Alexa Fluor 568 with a 552
nm laser. Fluorescence intensity was quantified using ImageJ.

Cell proliferation assay
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Cells were seeded in 96-well plates at a density of 20.000 cells per well and incubated on the IncuCyte®
Live Cell Analysis System (Sartorius, USA). The day after, cells were treated with 5 µM olaparib
(ThermoFisher Scientific, Cat. AC466290010) for 1 h; then, UV irradiation was performed (0.4 J/cm2 for
MCF7 and 0.6 J/cm2 for BT474) and cell proliferation was monitored for 4 days in the IncuCyte® Live
Cell Analysis System acquiring images every 8 hours.

Colony formation assay
Cells were treated with 5 µM olaparib (ThermoFisher Scientific, Cat. AC466290010) for 1 h; then, UV
irradiation was performed (0.4 J/cm2 for MCF7 and 0.6 J/cm2 for BT474). After 1 h, cells were seeded in
6-well plates at densities of 250, 500 and 1000 cells per well and cultured for 15 or 30 days (MCF7 and
BT474 cell line, respectively). Colonies were fixed and stained using 0.5% crystal violet diluted in
methanol for 10 min at RT; then, several washes with H2O were performed. Images were acquired with
ChemiDoc Imaging Systems (Bio-Rad). Colony area in each condition was calculated by ImageJ.

Spheroids formation and viability assay
For spheroid formation assays, 2D-cultured cells were treated with 5 µM olaparib (ThermoFisher
Scientific, Cat. AC466290010) for 1 h; then, UV irradiation was performed (0.4 J/cm2 for MCF7 and 0.6
J/cm2 for BT474). The day after, cells were plated at a density of 500 cells per well in 96-well “U” bottom
plates (ThermoFisher Scientific, Cat. 332305) and incubated for 12 days to allow growth and spheroid
formation. Spheroid viability was assessed using Invitrogen™ LIVE/DEAD™ Cell Imaging Kit (488/570)
(ThermoFisher Scientific, Cat. R37601) following manufacturer's protocol. Spheroid size and
fluorescence intensity were quantified using ImageJ.

Cell cycle assay
Cells were seeded at a density of 250.000 cells per well in 6-well plates. After 24 hours, cells were
treated with 5 µM olaparib (ThermoFisher Scientific, Cat. AC466290010) for 1 h; then, UV irradiation was
performed (0.4 J/cm2 for MCF7 and 0.6 J/cm2 for BT474). After 24 and 72 hours, cells were trypsinized
and stained. Briefly, for each sample, the staining solution contained 10% Triton X-100, 10 mg/mL RNase
A, 1 mg/mL propidium iodide, 20% FBS, and Phosphate Buffered Saline (PBS) to final volume. Data were
acquired using a CytoFLEX S flow cytometer (Beckman Coulter), where propidium iodide was excited
using a 488 nm laser and detected in the APC channel. Cell cycle distribution was analyzed using
CytExpert software.

RNA extraction
Total RNA was extracted using NZY total RNA isolation kit (NZYtech, Cat. MB13402) following
manufacturer’s instructions.
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cDNA synthesis
cDNA was synthesized from 100 ng of RNA using the High Capacity cDNA Reverse Transcription kit
(ThermoFisher Scientific, Cat. 4368814) following manufacturers’ protocol. cDNA synthesis was carried
out in the Bio-Rad T100™ Thermal Cycler using the following program: 25°C for 10 min, 37°C for 120 min,
85°C for 5 min and a final hold at 4°C.

Real-time qPCR
RT-qPCR was performed using the SYBR® Green qPCR Supermix (Bio-Rad, Cat. 1725272). For each
reaction, 2 µL of primers, 10 µL SYBR Green and 6 µL of milliQ H2O were mixed with 2 µL of cDNA. The
qPCR was performed in the CFX96 real-time qPCR machine (Bio-Rad). GAPDH was used as the internal
control gene, and relative gene expression levels were calculated using the 2^–ΔΔCT method. Primers
are listed in Supplementary Table 1.

Chromatin immunoprecipitation (ChIP)
5 million BT474 cells were cultured in p150 mm plates. The day after, cells were treated with 5 µM
olaparib (ThermoFisher Scientific, Cat. AC466290010) for 1 h at 37 ºC; then, UV irradiation was
performed (0.6 J/cm2) and cells incubated at 37 ºC for 1h. Cells were fixed at 80% confluency with
1.42% of formaldehyde for 15 min at RT; fixation quenching was performed with 125 mM Glycine for 5
min at RT. Cells were scrapped on ice with PBS + 1X Complete™ Protease Inhibitors Cocktail without
EDTA (PICs) (Cat. 05056489001, Roche), collected by centrifugation (2.000 g for 5 min at 4 ºC) and
washed twice with PBS + PICs. Cell pellets were resuspended in IP buffer (150 mM NaCl, 50 mM Tris-HCl
(pH 7.5), 5 mM EDTA, NP-40 (0.5% vol/vol), and Triton X-100 (1.0% vol/vol)) containing PICs, and
subsequently lysed with a type A pestle. Lysates were incubated on ice for 10 min and centrifuged at
1250 g for 3 min at 4 ºC. Pellets were resuspended in 600 µL of IP buffer + PICs and incubated on ice for
10 min; then, they were sonicated with a Bioruptor Pico (Diagenode) on high for 25 min (30 seconds on,
30 seconds off). After sonication, samples were centrifuged at 16.000 g for 10 min at 4 ºC, and the
supernatant containing the sonicated chromatin was collected.

A total of 25 µL was removed for input preparation and chromatin quantification. Briefly, 175 µL of TE
buffer (Tris-HCl 10 mM (pH 8.0) and EDTA 1 mM) and 1 µL RNase A (10 µg/µL) were mixed with the
input chromatin. Samples were incubated at 37 ºC for 30 min, and 2 µL proteinase K (10 µg/µL) was
added before they were incubated at 55 ºC for 30 min and at 80 ºC for 2 h. An equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) was added, then samples were centrifuged at 14.000 rpm
for 10 min at 4 ºC, and the aqueous phase was transferred to a new tube. Then, samples were
precipitating overnight at -20 ºC with 1/10 volume of 3M NaAc (pH 5.2) and 3 volumes of 100% EtOH.
The next day, samples were centrifuged (14.000 rpm for 30 min at 4 ºC), and the pellet was washed with
5 volumes 70% EtOH. After centrifugation at maximum speed for 15 min at 4 ºC, pellets were
resuspended in 25 µL of TE buffer, and DNA concentration was measured at 260 nm using Nanodrop
2000 (ThermoFisher Scientific).
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For immunoprecipitation, 10 µg of sonicated chromatin was incubated with 2 µg of H3S28ph antibody
(Abcam, Cat. ab32388) or IgG (Diagenode, kch-504-250) overnight at 4 ºC. The precipitated chromatin
was collected via magnetic beads (Dynabeads™ Protein G, ThermoFisher Scientific, Cat. 10004D) and
eluted with a buffer containing 100 mM NaHCO3 and 1% SDS. Eluted chromatin was incubated with 2 µL
proteinase K (10 µg/µL) at 55 ºC for 30 min and at 80 ºC for 2 h. An equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) was added, then samples were centrifuged at 14.000 rpm
for 10 min at 4 ºC, and the aqueous phase was transferred to a new tube. Then, samples were
precipitating overnight at -20 ºC with 1/10 volume of 3M NaAc (pH 5.2) and 3 volumes of 100% EtOH.
The next day, samples were centrifuged (14.000 rpm for 30 min at 4 ºC), and the pellet was washed with
5 volumes 70% EtOH. After centrifugation at maximum speed for 15 min at 4 ºC, DNA was air-dried and
resuspended in 150 µL of TE buffer. The primers used for ChIP-qPCR are listed in Supplementary Table 1
and represented as percentage of input.

�-Galactosidase assay
To assess the presence of senescent cells, cells were seeded at a density of 50.000 cells per well in 12-
well plates. After 24 hours, cells were treated with 5 µM olaparib (ThermoFisher Scientific, Cat.
AC466290010) for 1 h; then, UV irradiation was performed (0.4 J/cm2 for MCF7 and 0.6 J/cm2 for
BT474). After 1, 4 and 5 days, cells were stained with the �-galactosidase Detection Kit (Abcam, Cat.
ab65351) following manufacturer’s protocol (overnight incubation). Images were acquired with an EVOS
M5000 Imaging System (ThermoFisher Scientific, Cat. #AMF5000) and �-galactosidase signal was
quantified by ImageJ.

ChIP-seq data analysis
Significantly enriched H3S28ph regions [18] were subjected to functional annotation using the Genomic
Regions Enrichment of Annotations Tool (GREAT) [19]. Genomic regions of H3S28ph enrichment were
analyzed using default parameters, which assigns the input genomic regions to genes based on a basal
regulatory domain extending 5 kb upstream and 1 kb downstream of the transcription start site (TSS),
with extension up to 1 Mb to the nearest gene. GREAT was used to identify functional categories
including Gene Ontology: Biological Process, Cellular Component, Molecular Function. Statistical
significance was determined using a hypergeometric test, and multiple testing correction was applied to
obtain False Discovery Rate (FDR) Q-values. Enriched terms were ranked according to their Hyper FDR Q-
values.

Cohort of patients analysis
Overall survival (OS) analysis in HR+ breast cancer patients was performed using the Kaplan–Meier
Plotter database [20]. Patients were stratified into high- and low-expression groups according to the
median expression level of the gene of interest, and survival curves were generated accordingly.
Additional survival analyses, OS and progression-free survival (PFS), were performed using GEPIA3 [21]
with default parameters unless otherwise specified.
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Gene expression and clinical data from the GSE173839 cohort were obtained from the Gene Expression
Omnibus database [22]. This dataset includes patients treated with chemotherapy (paclitaxel + 
doxorubicin + cyclophosphamide) in the control arm or with a combination of olaparib and durvalumab in
the treatment arm. Only HR+ patients were included in the analysis. Patients were stratified into high- and
low-expression groups according to the median expression level of the genes of interest. The
association between gene expression levels and pathological complete response (pCR) was
subsequently evaluated in these groups.

Statistical analysis
Experiments were independently repeated at least three times for reliability. Statistical analyses were
carried out using GraphPad Prism (v9.0). Student’s t-test was used for two-group comparisons, and one-
way or two-way ANOVA followed by appropriate post-hoc tests were applied for multiple comparisons. A
p-value < 0.05 was considered statistically significant.

Results

DNA damage-induced H3S28 phosphorylation is enhanced
upon PARP inhibition
Hormone receptor (HR) positive MCF7 and BT474 breast cancer cells demonstrate a rapid and dose
dependent increase in H3S28 phosphorylation in response to DNA damage induced by UV radiation
(Fig. 1A-E and S1A). This all-or-none phosphorylation of H3S28ph increases with an expected activation
of PARP1 enzymatic activity clearly shown by the elevated nuclear PARlyation signal (Fig. 1A-C and 1E).
Further analysis and in-detailed quantification of serine 28 phosphorylation levels revealed an interesting
observation; that the statistically significant induction of H3S28ph upon DNA damage, was further
enhanced in the presence of the PARP inhibitor, olaparib (PARPi) (Fig. 1A-C). However, fluorescence
signal co-localization of H3S28ph and PAR significantly decreased upon PARPi (Fig. 1D). Controlling for
the effectiveness of olaparib the quantification of PAR levels showed, as expected, a complete
suppression following PARPi treatment (Fig. 1A-C and S1A).

Combined DNA damage and PARP inhibition impairs
tumour growth through a persistent G1/S checkpoint arrest
To assess the phenotypic consequences of H3S28ph and the changes in the levels after DNA damage in
the presence or absence of PARPi in breast cancer we carried out a series of functional assays. Firstly,
cell proliferation was examined through the Incucyte® Live Cell Analysis System. PARPi treatment
contributes to a higher proliferative ability of non-damaged cells; however, UV damage significantly
impairs cells’ proliferative capacity after 48h, with PARPi-treated cells maintaining slightly higher
proliferative activity (Fig. 2A and S1B). Colony-formation assays revealed a higher number and larger
colony formation when PARP1 is inhibited (BT474 p-value = 0.0424; MCF7 p-value = 0.0079) (Fig. 2B-C
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and S1C-D); however, upon DNA damage, only MCF7 colonies presented an increased area when
combined with PARPi (Fig. 2C and S1E). To further investigate whether the effects observed in 2D colony
formation and proliferation assays could translate into a three-dimensional context, we next evaluated
the spheroid-forming capacity of breast cancer cells. Spheroids treated with PARPi were significantly
larger than control spheroids, and this difference was consistently maintained across all time points
examined (Fig. 2D-E and S1F-G). Additionally, when spheroids were stained for live and dead cells, those
treated with PARPi exhibited 2-fold increase in viable cells within the 3D structure (Fig. 1F and S1H),
revealing a strong potential effect of PARPi in promoting tumour initiation capacity. Interestingly, UV-
treated cells were unable to create 3D spheroids, regardless of PARPi treatment.

To determine whether the effect of PARP inhibition in these phenotypical assays arose from alterations
in cell cycle, we performed a detailed analysis of cell cycle phases at multiple time points. Treatment
with PARPi alone induced a moderate increase in the G2 population, consistent with its mechanism of
action when replication-fork stress occurs (Fig. 2G and S1J). In contrast, 24h after UV irradiation, the S-
phase fraction was considerably reduced accompanied by an accumulation of cells in G1 (p-value = 
0.0132), an effect that became even more pronounced when DNA damage was combined with PARPi (p-
value = 0.0002) (Figure S1I-J). Interestingly, 72h following DNA damage exposure, cells remained
predominantly in G1 phase (p-value < 0.0001), with an almost complete loss of S-phase and a
substantially diminished G2 population (Fig. 2G and S1K). The combination with PARPi accentuated this
profile, suggesting a robust and sustained G1/S checkpoint arrest over time.

Serine 28 phosphorylation drives senescence-associated
transcription upon DNA damage combined with PARP
inhibition
To elucidate whether the increased tumour initiating capacity and cell cycle arrest observed upon
combined DNA damage and PARP inhibition reflected an entry of breast cancer cells into a dormant-like
state, we assessed the expression of senescence-associated markers. Consistent with our previous
findings, the key cell cycle regulators p14 (CDKN2A), p15 (CDKN2B) and p16 (CDKN2A) were markedly
upregulated when damage was combined with PARPi in BT474 cells (Fig. 3A-C). In parallel, FOXA1, a
transcription factor critically involved in G1-S phase transition control, was also statistically significant
increased (Fig. 3D). A similar pattern was observed in MCF7 cells, which exhibited upregulation of p14,
p21, FOXA1 and GATA3 upon combination of DNA damage and PARPi (Figure S2A-H). Collectively, these
findings indicate that the enhanced tumour initiating capacity induced by UV exposure in the presence of
PARPi is tightly associated with the activation of essential cell cycle regulatory genes, including p14 and
p16.

Nevertheless, to determine whether serine 28 phosphorylation contributes to the regulation of these
genes, chromatin immunoprecipitation (ChIP) assays were performed. Interestingly, H3S28ph was
strongly enriched at the promoter regions of p14, p15, p16 and FOXA1 genes following combined DNA
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damage and PARPi conditions, showing at least six-fold increase compared to DNA damage alone
(Fig. 3E-H). In contrast, H3S28ph levels at these promoters were negligible in untreated cells or in cells
treated with PARPi alone (Figure S2I-L). These results support a model in which serine 28
phosphorylation is specifically induced upon DNA damage in the context of PARP inhibition, thereby
contributing to the transcriptional regulation of key cell cycle genes.

To investigate whether cell cycle arrest and upregulation of cell cycle markers was translated into a
senescent phenotype, �-galactosidase activity was assessed at 1, 4 and 5 days following DNA damage.
From day 4 onwards, senescent cells became detectable by blue staining in response to DNA damage,
either alone or in combination with PARPi (Fig. 3I and S2M). However, quantitative analysis revealed that
the combination of UV and PARPi treatment significantly enhanced the �-galactosidase activity,
indicating an increased proportion of senescent BT474 and MCF7 cells (Fig. 3J and S2N, respectively).
Overall, these data highlight a potential role for histone H3 serine 28 phosphorylation in regulating
senescence-associated transcriptional programs following DNA damage in the context of PARP1
inhibition.

To further support the role of H3S28ph in the regulation of senescence-associated transcriptional
programs, we analyzed available ChIP-seq datasets from an independent system [18], where Aurora B
kinase, which is the canonical kinase responsible for serine 28 phosphorylation, was genetically ablated
in CD34− mouse resting B cells. As expected, loss of Aurora B resulted in a complete depletion of
H3S28ph genome wide (Fig. 4A), confirming the dependency of this histone modification on Aurora B
activity. To understand the biological processes associated with H3S28ph-enriched loci, we employed
Genome Regions Enrichment Analysis Tool (GREAT) [19] (Table S2). Notably, among the top enriched
Mouse Phenotypes, “abnormal cellular replicative senescence” emerged as one of the most significant
categories (p-value = 1.10E-11) (Fig. 4B). A detailed analysis of the gene list within this class showed
that classic CDK inhibitors such as Cdkn2a and Cdkn2b were not present (Fig. 4C) however, visualization
of H3S28ph occupancy at specific genomic loci demonstrated a clear enrichment at the promoter region
of Cdkn2b (p15) in wild-type cells, which was completely lost upon Aurora B knock-out (Fig. 4D, left
panel). Similarly, other senescence-associated genes within the enriched category, such as Brca1 and
Brca2, presented a strong H3S28ph enrichment at their promoter regions in wild-type conditions, which
was robustly decreased following Aurora B depletion (Fig. 4D, middle and right panels). Overall, these
data suggest that H3S28ph is broadly associated with the chromatin of genes involved in senescence-
related pathways. Importantly, loss of H3S28ph enrichment at key regulatory loci suggests that this
histone modification may play a direct role in facilitating the transcriptional activation of senescence-
associated genes.

Serine 28 phosphorylation-associated genes stratify
survival and therapy response in HR+ breast cancer
patients
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Our findings suggest that serine 28 phosphorylation upon DNA damage modulates PARP1 activity and
promotes the transcriptional activation of cell-cycle regulatory genes, ultimately leading to the
accumulation of senescent breast cancer cells. As therapy-induced senescence has been proposed as a
cause of tumour recurrence, we next investigated whether components of this regulatory axis were
associated with clinical outcome in breast cancer patients. To this end, survival analyses were
performed using the Kaplan-Meier Plotter platform in hormone receptor-positive (HR+) breast cancer
patients. Expression levels of RPS6KA5 (encoding MSK1, the kinase responsible for H3S28
phosphorylation), CDKN2A (p14/p16) and CDKN2B (p15) were evaluated. Interestingly, HR+ patients
receiving combined chemotherapy and hormonal therapy exhibited significantly worse OS when
RPS6KA5 expression was low (Fig. 4E), suggesting that reduced activity of H3S28 phosphorylation might
be associated with poorer clinical outcomes following DNA-damaging treatments. Consistent with this
observation, patients expressing low levels of CDKN2A also presented significantly reduced OS, although
this association was only statistically significant in patients treated with hormonal therapy alone (Fig. 4F
and S3A). In contrast, no significant survival differences were observed when patients were stratified
according to CDKN2B expression levels (Figure S3B). Finally, we evaluated the prognostic value of the
combined gene signature. Notably, patients presenting low expression of the entire signature exhibited
significantly poorer OS compared with those with higher expression levels (Fig. 4G). Together, these
results reveal a clinically relevant association between reduced expression of the H3S28 regulatory axis
and adverse outcomes in HR+ breast cancer patients.

To further validate these observations in an independent dataset, we next performed in silico survival
analyses using the GEPIA3 platform. Consistent with our previous results, stratification based on the
combined gene signature revealed that patients with lower expression levels have a reduced OS
compared with those expressing higher levels of the gene signature (Fig. 4H). In contrast, no significant
differences were observed in PFS when patients were stratified using the same gene set (Figure S3C).

Finally, we explored whether the expression of genes associated with serine 28 phosphorylation
influence therapeutic response in an independent clinical cohort of HR+ patients (GSE173839). In this
study, patients received either a combination of chemotherapeutic agents (control arm) or a combination
of olaparib and durvalumab (treated arm). Overall, the treated arm exhibits a higher proportion of
pathologic complete response compared with the control group (Fig. 4I). In addition, stratification
according to gene expression revealed that patients with low levels of RPS6KA5, CDKN2A and CDKN2B
have improved response rates when treated with the olaparib combination compared to the control arm
(Fig. 4J). These results suggest that inhibition of PARP1 in combination with immunotherapy may
enhance therapeutic response, even in tumours where genes affected by H3S28 phosphorylation are
downregulated.

Discussion
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The present study identifies histone H3 serine 28 phosphorylation as a chromatin modification that is
dynamically induced in response to DNA damage and further amplified upon PARP1 inhibition in HR+

breast cancer cells. Our data support a model in which the MSK1–H3S28ph axis contributes to a
transcriptional reprogramming program associated with senescence-like states, ultimately promoting
cell survival under genotoxic stress and facilitating resistance to PARP inhibitors.

A central observation of this work is that combined UV-induced DNA damage and PARP inhibition
enhance H3S28 phosphorylation levels. This is consistent with earlier studies demonstrating that
H3S28ph is a stress-responsive histone mark regulated by MSKs, particularly MSK1 downstream of ERK
and p38 MAPK signalling [15, 23–25]. In the context of DNA damage, chromatin modifications are
critical for coordinating repair and transcriptional responses [26]. While PARP1 has been extensively
characterized as a key regulator of chromatin conformation and DNA repair [27], our findings suggest
that PARP inhibition may reinforce alternative chromatin states, such as H3S28ph, that enable adaptive
transcriptional programs.

PARP1 is a multifunctional enzyme that acts far beyond its canonical role in DNA break repair. It
catalyses the PARylation of core and linker histones and chromatin-associated proteins, promoting local
chromatin relaxation, recruitment of DNA repair machinery and transcriptional activation [27, 28]. PARP1
also participates in wider chromatin and nuclear organization providing the substrates required for
nuclear ATP synthesis by NUDT5 essential for chromatin remodelling and transcription activation in
response to stimuli including DNA damage [12, 14]. In addition, PARP1 facilitates the resolution of R-
loops to maintain transcriptional integrity, and the formation of phase-separated nuclear condensates
that spatially coordinate DNA repair machinery [12, 29]. Given the known role of H3S28ph in displacing
repressive complexes resulting in a more open chromatin state [30, 31] this increased phosphorylation
may reflect an adaptive mechanism that allows cells to modulate transcription and survive genotoxic
stress in the absence of PARP1 activity. Indeed, previous work has shown that histone modifications
influence PARP1 recruitment and activity, and that chromatin states can modulate the extent of PARP1
trapping on DNA [32]. Together, these data point to an intricate interplay between PARP1 and histone
phosphorylation in shaping chromatin responses to stress.

Mechanistically, we demonstrate that H3S28ph is enriched at the promoter regions of genes associated
with cell cycle arrest and senescence, including CDKN2A (p14/p16) and CDKN2B (p15), as well as
transcription factors such as FOXA1 and GATA3. These results are in agreement with previous reports
indicating that H3S28 phosphorylation facilitates transcriptional activation by promoting Polycomb
displacement and counteracting the repressive mark H3K27me3 [31]. In this context, H3S28ph may
function as a chromatin switch that enables rapid transcriptional reprogramming in response to stress.
Notably, the upregulation of CDK inhibitors such as p21 and increased β-galactosidase activity observed
in our experiments suggest a senescence-like phenotype, which has a demonstrated dual role in cancer
therapy [33, 34]. Therapy-induced senescence has been considered as a tumour-suppressive
mechanism; however, accumulating evidence suggests that senescent cancer cells can persist in a
dormant state and contribute to disease relapse through the acquisition of pro-survival and pro-
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inflammatory features, known as the SASP [35–37]. Our findings support this paradigm by showing that
PARPi-treated cells do not undergo complete cytotoxicity but exhibit growth arrest, cell cycle
redistribution toward G1 phase and increased senescence markers. Importantly, the association
between H3S28ph and transcription of senescence-related genes suggests that this chromatin
modification may actively sustain the senescence program. In support of this model, the analysis of
independent ChIP-seq datasets from Aurora B-deficient cells revealed a global loss of H3S28ph
accompanied by a strong depletion of this mark at the promoter regions of multiple genes associated
with senescence-related pathways such as Cdkn2b, Brca1 and Brca2. Importantly, these observations
derive from a distinct experimental system and cellular context, thus, should be interpreted with caution
when extrapolating to breast cancer models. The original study [18] was not performed in breast cancer
cells and does not recapitulate the specific genomic and epigenetic landscape of HR+ tumours. However,
the consistent loss of H3S28ph upon Aurora B depletion, together with its enrichment at key regulatory
loci, supports a conserved role for this modification in facilitating transcriptional activation of programs
linked to senescence.

An intriguing aspect of our study is the implication of MSK1 as an upstream regulator of this process.
MSK1 (encoded by RPS6KA5) has been linked to immediate early gene activation and chromatin
remodelling in response to stress signals [38, 39]. Our clinical analyses highlight a context-dependent
association between the MSK1–H3S28ph axis and patient outcomes in HR+ breast cancer. Kaplan–
Meier survival analyses revealed that low RPS6KA5 expression, together with senescence-associated
genes (CDKN2A and CDKN2B), results in worse OS in patients undergoing hormonal therapy and
chemotherapy. Notably, the combined gene signature (RPS6KA5 + CDKN2A + CDKN2B) provided a more
robust separation of patient outcomes than individual genes, suggesting that coordinated activation of
this transcriptional program may better represent tumour evolution and therapy response. In line with
this, analysis of pCR indicates that higher CDKN2B (p15) expression is associated with reduced
treatment efficacy, supporting the idea that activation of this axis may contribute to adaptive resistance
mechanisms. Furthermore, PARP inhibitors, such as olaparib, have shown significant efficacy in BRCA-
mutated and HR-deficient breast cancers [40]; however, resistance remains a major clinical challenge.
Our data suggest that chromatin-mediated adaptive responses, including H3S28 phosphorylation, may
contribute to this resistance independently of canonical HR repair mechanisms. Targeting MSK1 or
associated signalling pathways could therefore represent a novel strategy to enhance PARPi efficacy.
Additionally, the combination of PARPi with senolytic agents (compounds that selectively eliminate
senescent cells) has emerged as a promising approach to prevent tumour recurrence [41].

Conclusions
In conclusion, this study identifies a novel chromatin-based mechanism of adaptive resistance to PARP
inhibition in HR+ breast cancer, focused on MSK1-mediated H3S28 phosphorylation and its role in
promoting a senescence-associated survival program. These findings contribute to our understanding of
the interplay between DNA damage signalling, chromatin dynamic and therapeutic response, and

Page 15/27



highlight the potential of targeting epigenetic regulators to overcome resistance and improve clinical
outcomes in breast cancer.
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Figure 1

Combined UV damage and PARP inhibition enhance H3S28 phosphorylation. A. Representative
immunofluorescence images showing serine 28 phosphorylation (red) and PAR (green) protein
expression in cells treated with PARPi and exposed to UV irradiation (0.6 J/cm2 for BT474 cell line and

0.4 J/cm2 for MCF7 cell line). Nuclei were stained with DAPI (blue). Scale bar, 50 μm. B-C. Quantification
of fluorescence intensity for serine 28 phosphorylation (red) and PAR (green) in BT474 (B) and MCF7 (C)
cell lines under the indicated treatment conditions. Two-way ANOVA statistical analysis was performed
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and p-values represented as **** (p <0.0001). D. Box plot representing the colocalization using Person's
correlation coefficient between H3S28ph and PAR. Two-way ANOVA statistical analysis was performed
and p-values represented as **** (p <0.0001). E. PAR and serine 28 phosphorylation protein levels
detected by Western Blot in BT474 and MCF7 cell lines exposed to increasing doses of UV irradiation (0,
0.1, 0.2, 0.4 and 0.6 J/cm2).

Figure 2

Combined UV damage and PARP inhibition suppress BT474 growth and induce G1/S arrest. A. Cell
proliferation of BT474 cells monitored over time using the IncuCyte® Live Cell Analysis System following
treatment with PARPi, UV irradiation or their combination. Two-way ANOVA statistical analysis was
performed and significant differences between all groups were represented as # (p-value <0.0001) B.
Representative colony formation images of BT474 cells under the indicated experimental conditions.
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Scale bar, 150 μm. C. Box plot quantifying single-colony area under the indicated experimental
conditions in BT474 cells. Statistical analysis was performed using Student’s t-test and p-values
represented as * (p <0.05). D. Representative brightfield and fluorescence images of BT474 spheroids
showing live (GFP, in green) and dead (RFP, red) cells following PARPi treatment. Scale bar, 150 μm. E.
Box plot quantifying spheroid area in untreated and PARPi-treated BT474 cells over time. Statistical
analysis was performed using Student’s t-test and p-values represented as ** (p <0.005) and *** (p
<0.0005). F. Bar graph showing the percentage of live (green) and dead (red) cells quantified from
spheroids in panel D. G. Pie charts showing the distribution of BT474 cells across cell cycle phases
(G0/G1, purple; S, blue; G2/M, pink) 72 h after treatment.
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Figure 3

H3S28 phosphorylation promotes senescence-associated transcription upon UV damage and PARP
inhibition. A-D. Relative mRNA expression of p14 (A), p15 (B), p16 (C) and FOXA1 (D) in BT474 cells
under control, PARPi, UV (0.6 J/cm2) or the combination of UV + PARPi treatments. Expression levels
were normalized to GAPDH housekeeping gene. One-way ANOVA statistical analysis was performed and
p-values represented as * (p <0.05), ** (p <0.005), *** (p <0.0005) and **** (p <0.0001). E-H. ChIP-qPCR
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analysis of H3S28 phosphorylation enrichment at the promoter regions of p14 (E), p15 (F) p16 (G) and
FOXA1 (H) in BT474 cells treated with UV or UV + PARPi. Data is presented as percentage of input
chromatin. IgG immunoprecipitation was included as a negative control. One-way ANOVA statistical
analysis was performed and p-values represented as **** (p <0.0001). I. Representative brightfield
images of BT474 cells under the indicated experimental conditions at different timepoints for �-
galactosidase staining (blue) to assess senescence. Scale bar, 150 μm. J. Quantification of normalized
�-galactosidase signal over time in BT474 cells under the indicated experimental conditions. Two-way
ANOVA statistical analysis was performed and p-values represented as ** (p <0.005) and **** (p
<0.0001).
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Figure 4

Serine 28 phosphorylation regulates senescence-associated genes and stratifies survival and therapy
response in HR+ breast cancer. A. Genome-wide distribution of H3S28ph ChIP-seq signal around
transcription start sites (TSS) in wild-type (WT) and Aurora B knock-out (AurB KO) cells from an
independent dataset [18]. Metagene profiles (top) and heatmaps (bottom) show a strong enrichment of
H3S28ph at TSS regions in WT cells, which is depleted upon Aurora B depletion. B. Gene ontology
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functional enrichment analysis of genes associated with H3S28ph peaks. Bubble plot representation of
the top enriched Mouse Phenotype terms identified using GREAT [19]. Enrichment analysis was
performed using default parameters, and terms are ranked according to the Hyper FDR Q-value. The x-
axis represents the −log10(FDR Q-value), while bubble size indicates the number of genes associated
with each term. C. Gene list corresponding to the “abnormal cellular replicative senescence” category
(Figure 4B). D. Genome browser tracks showing H3S28ph enrichment (squared in grey) at representative
senescence-associated gene loci in WT (purple) and AurB KO (blue) cells. Left panel: Cdkn2b; middle
panel: Brca1; right panel Brca2. E. Kaplan-Meier OS curves for HR+ breast cancer patients with low
(black) or high (red) RPS6KA5 (MSK1) expression treated with chemotherapy and hormone therapy.
Survival curves were generated using the Kaplan-Meier Plotter. F. Kaplan-Meier OS curves for HR+ breast
cancer patients with low (black) or high (red) CDKN2A (p14/p16) expression treated with hormone
therapy. Survival curves were generated using the Kaplan-Meier Plotter. G. Kaplan-Meier OS curves for
HR+ breast cancer patients stratified by low (black) or high (red) expression of the gene signature
(RPS6KA5 + CDKN2A + CDKN2B) treated with chemotherapy and hormone therapy. Curves were
generated using the Kaplan-Meier Plotter. H. Kaplan-Meier OS curves for HR+ breast cancer patients
stratified by low (black) or high (red) expression of the same gene signature (RPS6KA5 + CDKN2A +
CDKN2B) generated using GEPIA3. I. Percentage of HR+ breast cancer patients achieving pathological
complete response (pCR) in the control (blue) and treatment (purple) arms of the GSE173839 cohort. J.
Percentage of HR+ breast cancer patients achieving pCR in the GSE173839 cohort stratified by low
expression of RPS6KA5, CDKN2A, or CDKN2B.
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