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Cytotoxic mechanisms of

pemetrexed and HDAC inhibition
in non-small cell lung cancer cells
involving ribonucleotides in DNA
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The cytotoxic mechanisms of thymidylate synthase inhibitors, such as the multitarget antifolate
pemetrexed, are not yet fully understood. Emerging evidence indicates that combining pemetrexed
with histone deacetylase inhibitors (HDACi) may enhance therapeutic efficacy in non-small cell lung
cancer (NSCLC). To explore this further, A549 NSCLC cells were treated with various combinations

of pemetrexed and the HDACi MS275 (Entinostat), and subsequently assessed for cell viability, cell
cycle changes, and genotoxic markers. Proteomic alterations were analyzed using label-free shotgun
and targeted LC-MS/MS. MS275 enhanced the sensitivity of A549 cells to pemetrexed, but only when
administered following prior treatment with pemetrexed. Both HeLa (p53 negative) and A549 (p53
positive) showed robust activation of yH2AX upon treatment with this combination. Importantly,
CRISPR/Cas9 knockout of the uracil-DNA glycosylase UNG did not affect yH2AX activation or
sensitivity to pemetrexed. Proteomic analysis revealed that MS275 altered the expression of known
pemetrexed targets, as well as several proteins involved in pyrimidine metabolism and DNA repair,
which could potentiate pemetrexed cytotoxicity. Contrary to the conventional model of antifolate
toxicity, which implicates futile cycles of uracil incorporation and excision in DNA, we propose that
ribonucleotide incorporation in nuclear and mitochondrial DNA significantly contributes to the
cytotoxicity of antifolates like pemetrexed, and likely also of fluorinated pyrimidine analogs. HDAC
inhibition apparently exacerbates cytotoxicity of these agents by inhibiting error-free repair of
misincorporated ribonucleotides in DNA. The potential of HDACis to modulate pyrimidine metabolism
and DNA damage responses offers novel strategies for improving NSCLC outcomes.

Keywords Non-small cell lung cancer (NSCLC), Pemetrexed, HDAC inhibitors, Uracil, UNG,
Ribonucleotide misincorporation
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AP Apyrimidinic

BER Base excision repair

DHFR Dihydrofolate reductase
DDA Data dependent acquisition
DSB Double-strand break

dUTP Deoxyuridine triphosphate
dUTPase/DUT  Deoxyuridine triphosphate nucleotide hydrolase
ESI Electrospray ionization
ETC Electron transport chain
FEN1 Flap endonuclease 1
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5-FdU 5-Fluoro-2-deoxyuridine

5-FU 5-Fluorouracil

5-FUTP 5-Fluorouridine triphosphate

FWHM Full width at half maximum

GART Trifunctional purine biosynthetic protein adenosine-3
GFP Green fluorescent protein

Grna Guide RNA

HAT Histone acetyltransferase

HDAC Histone deacetylase

HDACI Histone deacetylase inhibitor

HRP Horseradish peroxidase

LFQ Label-free quantitative

MS275 Entinostat

mtDNA Mitochondrial DNA

NSCLC Non-small cell lung cancer

PARP Poly (ADP-ribose) polymerase

PASEF Parallel accumulation serial fragmentation
PCNA Proliferating cell nuclear antigen

PI Propidium iodide

PMX Pemetrexed

POLE/D DNA polymerase epsilon/delta

PRM Parallel reaction monitoring

RAD51 DNA repair protein RAD51 homolog 1
RER Ribonucleotide excision repair

RTX Raltitrexed

SAHA Vorinostat

TLD Thymineless death

TOP1 Topoisomerase 1

TYMS Thymidylate synthase

UNG2 Uracil-DNA glycosylase isoform 2 (nuclear)
UTP Uridine-5-triphosphate

Lung cancer remains the leading cause of cancer-related deaths worldwide, with non-small cell lung cancer
(NSCLC) accounting for most cases. Pemetrexed (PMX), an antifolate agent, is central to NSCLC treatment,
both as monotherapy and in combination with immunotherapy'. PMX primarily targets thymidylate synthase
(TYMS), and its efficacy is inversely correlated with TYMS expression®. PMX also inhibits other enzymes in
purine and pyrimidine biosynthesis, including DHFR, GART and ATIC, with increased DHFR and GART
expression linked to PMX resistance®?. Other DNA metabolism factors, such as RRM1, DUT and DNA repair
proteins (UNG, ERCC1, CHEK1, MSH2, XRCC5) have also been associated with PMX resistance’.

Despite the long-standing use of antifolates and nucleotide analogs that inhibit TYMS, the cytotoxic
mechanisms underlying their action remain inadequately understood. TYMS inhibition leads to reduced dTTP,
disruption of DNA replication and induces “thymineless death” (TLD)®. Reduced dTTP leads to enhanced
dUMP misincorporation, and the extent of misincorporation depends on the abundance of dUTPase (DUT).
DUT knockdown enhances PMX sensitivity’, suggesting uracil misincorporation as a key cytotoxic mediator.
Although misincorporated uracils (U:A) are not miscoding, removal by DNA glycosylases (UDGs) generates
cytotoxic and mutagenic apyrimidinic (AP) sites®.

UNG is the dominant UDG in humans, with UNG1 (mitochondrial) and UNG2 (nuclear) isoforms’. Recent
work from our group has also identified a distinct nuclear UNG1 variant that processes genomic uracil'. UNG2
harbors a PCNA-interacting motif at its extreme N-terminal, whereas both isoforms harbor RPA-binding
motifs adjacent to the common catalytic domain. The PCNA-binding motif of UNG2 renders it especially
suited for effective post-replicative removal of misincorporated uracil'!. After uracil excision, the resulting AP
sites are cleaved by an AP endonuclease, and DNA polymerases and ligases complete error-free repair via the
base excision repair (BER) pathway®. Under thymineless conditions, reintroduction of uracil has been thought
to result in futile repair cycles, eventually leading to cell death. Such a model suggests that manipulation of
uracil excision would affect the efficacy of TYMS-inhibiting agents. However, despite a considerable amount of
research, this remains elusive!>-22,

In addition to post-replicative uracil removal, UNG2 excises mutagenic uracil from deaminated cytosine in
single-stranded DNA (ssDNA) at replication forks, orchestrated by RPA!?3, However, further processing by
AP endonucleases at the replication fork may lead to double-strand breaks (DSBs). To prevent this, HMCES
binds to AP sites in ssDNA, forming a protein-DNA adduct that prevents strand cleavage, arrests replication
and delays repair until the double-stranded conformation is restored by fork reversal?*?. HMCES knockout
increased resistance to PMX?, likely due to a shift from replication arrest and fork reversal to replicative bypass
of AP sites by DNA polymerase eta (POLH).

Histone acetylation is a crucial part of the epigenetic landscape and is regulated by histone acetyltransferases
(HATs) and histone deacetylases (HDACs). HDACs may target histones, resulting in a transcriptionally
repressed chromatin state and contribute to carcinogenesis by inhibiting transcription of tumor suppressor
genes?S. HDAC:s also target non-histone proteins implicated in cancer and various other diseases. Currently, five
HDAC inhibitors (HDACis) are approved for the treatment of hematological malignancies. In addition, there
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are several ongoing clinical studies of HDAC:is in solid cancers, including NSCLC, primarily in combinatorial
treatments and to resensitize tumors to standard therapy (www.clinicaltrials.gov).

Our group recently showed that HDACis reduce UNG2 levels via proteasomal degradation?’. In this study, we
further aimed to investigate the cytotoxic mechanisms of PMX and HDACi mono- and combination treatments,
including the role of genomic uracil induction/processing and other DNA damage/repair mechanisms.

Results
HDACi decreases PMX sensitivity of NSCLC cells when added prior to PMX
To optimize PMX sensitivity assays, A549 NSCLC cells were first cultured in ATCC-recommended medium
(Ham’s F12K with 10% FBS). However, no significant viability reduction was observed even at PMX concentrations
over 10 uM, likely due to the presence of ~ 3 pM thymidine in the medium and variable thymidine levels in FBS.
To avoid these sources of dTTP, cells were cultured in DMEM (thymidine free) supplemented with dialyzed FBS.
Under these conditions, we reproducibly observed IC, values for PMX between 0.2 and 1 uM, depending on the
cell density at the onset of PMX treatment and the duration of treatment (Fig. 1A, B, Fig. 2A, B).

HDAC:is induce proteasome-mediated degradation of UNG2 after 9-12 h of treatment in various cell lines?’.
To test whether HDACi-induced depletion of UNG2 affected sensitivity to PMX, A549 cells were treated with
5 uM MS275 (IC,,) for 12 h followed by various concentrations of PMX (treatment schedule outlined in Fig. 1A).
MS275 pretreatment significantly reduced PMX sensitivity at concentrations above 0.05 uM (Fig. 1B). PMX
alone caused pronounced S-phase arrest (Fig. 1C), consistent with previous studies®. This was absent in MS275-
pretreated cells (MS275-> PMX), apparently since MS275 induces a potent G1/S block. This suggests that PMX-
induced cytotoxicity is linked to DNA replication stress, which is alleviated by MS275 blocking S-phase entry.

Western analysis demonstrated robust UNG2 depletion after MS275 and combined MS275 > PMX treatments
(Fig. 1D). A less complete depletion was observed with SAHA, likely due to its much shorter half-life?®°. PMX
alone also partially depleted UNG2 (Fig. 1D), likely because of accumulation of cells in S/G2 (Fig. 1C), where
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Fig. 1. Treatment with HDACis prior to PMX mediates reduced PMX sensitivity. (A) Treatment schedule;
A549 cells were pre-treated with 5 pM MS275 for 12 h prior to treatment with various concentrations of

PMX for 48 h, as indicated in Fig. 1B (0.5 uM PMX was used in C and D). (B) Resazurin cell viability assays
demonstrated that MS275 pretreatment mediated reduced sensitivity towards PMX. Each data point represents
an average of three parallel wells relative to untreated wells with standard deviation indicated. (C) Flow
cytometry analysis of cell cycle distribution after the various treatments at. (D) Western analysis of A549 whole
cell extracts after the various treatments, including treatment with SAHA (60 h) that mediates less robust
UNG2 depletion than MS275. Full western blots related to Fig. 1D are provided in Supplementary Figure S2.

Scientific Reports |

(2025) 15:2082

| https://doi.org/10.1038/s41598-025-86007-w nature portfolio


http://www.clinicaltrials.gov
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

-

PMX = MS275 —-o- PMX
150 —o— PMX—>MS275
)
it = p<0.05
| [ g
Seed Harvest/analysis E 100
[ } : } ©
0 12 24 72 Time (h) >
o)
| | O 50+
MS275 (5 uM)
C -t | T | T
Q N N Q
DMSO PMX  MS275—>PMX MS275 o N
G1: 72% G1: 26% G1: 82% G1: 84% PMX (M)
S: 15% S: 70% S: 14% S 3%
G2: 13% G2: 14% G2: 4% G2: 13%

Counts

0 100

0 100 0 100 O 100
DNA content (P1 x 103)

Thymidine

- + +  PMX

G Hela F el
- - + +  PMX - - + + - - + + PMX
- + - + MS275 —- + - + - + - + MS275
B d UNG2 - .- @ .o UNG2
W B sew e | UNGT ---..--— UNG1
| | yH2AX [ — - H2AX

[ ey w—" w—| Actin [— o o Actin

Fig. 2. Treatment with HDACis after PMX mediates moderately increased PMX sensitivity. (A) Treatment
schedule; A549 cells were pre-treated with various concentrations of PMX, as indicated in Fig. 2B (0.5 uM
PMX was used in (C-G) for 12 h prior to addition 5 uM MS275 and further incubation for 48 h. (B) The
reversed treatment schedule mediated moderately increased sensitivity towards MS275 as demonstrated by
resazurin viability assays. Each data point represents an average of three parallel wells relative to untreated
wells with standard deviation indicated. (C) Flow cytometry analysis of cell cycle distribution after the various
treatments. (D) Western analysis of A549 whole cell extracts after the various treatments, including treatment
with SAHA (48 h) that mediates less robust UNG2 depletion than MS275. (E) Addition of the PMX antidote
thymidine (5 uM) attenuated the activation of yH2AX after PMX and PMX->MS275 treatment and increased
expression of UNG2 in PMX-treated cells to the same level as in untreated cells. (F) Addition of the PARP
inhibitor 4-AN (10 uM) together with PMX did not significantly affect the levels of UNG2 or YH2AX (G)
PMX > MS275 treatment mediated robust induction of YH2AX in p53-deficient HeLa cells. Full western blots
related to Fig. 2D are provided in Supplementary Figure S2, and full western blots related to Fig. 2E, F and G
are provided in Supplementary Figure S3.
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UNG?2 levels are naturally low™. Notably, PMX-induced, cell cycle-independent UNG2 degradation has been
reported in some cell lines'®. PARP cleavage was weakly induced by MS275 and PMX individually and increased
slightly with combined treatments, but no significant double-strand break (DSB) induction was observed, as
indicated by yH2AX levels.

HDAC i increases PMX sensitivity of NSCLC cells when added after PMX

Reversing the treatment order, administering PMX first, followed by 5 uM MS275 (Fig. 2A), abolished the
protective effect of HDACi and moderately increased PMX sensitivity at higher concentrations (Fig. 2B). The cell
cycle distribution (Fig. 2C) and Western blot results reflected those from the previous schedule (MS275 > PMX),
with MS275 depleting UNG2 and SAHA causing partial depletion (Fig. 2D). Notably, the PMX->MS275
treatment schedule induced significant PARP cleavage and robust yH2AX induction. These markers were also
increased after combined PMX > SAHA treatment, although to a lesser extent.

Adding thymidine (dT, 5 pM), attenuated yH2AX activation after PMX and PMX->MS275 treatments
(Fig. 2E), underscoring the role of low dTTP levels in cytotoxicity. Although thymidine prevented PMX-induced
reduction of UNG?2, it had no impact on MS275-mediated UNG2 depletion. PARP inhibition by 4-AN had
no significant impact on yH2AX levels (Fig. 2F), suggesting that PMX- and PMX-> MS275-induced DSBs are
independent of UNG2-induced BER.

A previous study demonstrated that UNG knockdown increased PMX sensitivity in A549 cells sevenfold'®,
and that this was dependent on functional p53%2. However, in p53-deficient HeLa cells, PMX > MS275 treatment
still triggered UNG2 depletion and robust yH2AX activation, indicating the response is p53-independent.

PMX sensitivity is unaffected by CRISPR/Cas9-mediated UNG depletion

To further investigate the role of UNG in PMX and HDACI sensitivity, we used CRISPR/Cas9 to generate
A549 UNG?2 single- and UNG1 +2 double knockout (KO) cells (Fig. 3A). Targeted PRM mass spectrometry!
verified the absence or strong reduction of UNG2 peptides in the single- and double-KO clones, while UNG1
peptides persisted in UNG2 KOs but were undetectable in double KOs (Fig. 3B). Additionally, we measured the
expression of other proteins potentially affecting cytotoxicity of PMX (Supplementary Figure S1). No significant
off-target effects were detected, validating the KO clones for further studies.

PMX sensitivity in the UNG KO clones was comparable to control clones (Ctrl and Int) (Fig. 3C). Western
analysis showed no differences in yH2AX induction between the KOs and controls after PMX and/or MS275
treatment (Fig. 3D). Similarly, cell cycle distribution remained unchanged between the KOs and controls after
these treatments (Fig. 3E), suggesting that neither UNG1 nor UNG2 significantly impacts PMX cytotoxicity or
genotoxicity in A549 cells.

In p53-deficient HeLa cells, UNG1+2 KO did not affect sensitivity to PMX, 5-FU, or 5-FdU compared
to controls (Fig. 3F). These findings indicate that UNG does not influence sensitivity to TYMS inhibition in
either p53-positive or p53-negative models. Overall, neither uracil processing by UNG nor BER intermediates
contribute significantly to PMX-induced double-strand breaks and cytotoxicity, and MS275 likely enhances
PMX sensitivity through mechanisms independent of UNG2 depletion.

Most proteins affected by PMX and MS275 combinatorial treatment are downregulated

To further investigate mechanisms underlying cytotoxicity of PMX and MS275 treatments, we performed LFQ
MS on A549 cells, untreated or treated with PMX, MS275, or PMX > MS275 (Fig. 2A). We quantified 6666 protein
groups across the samples (Control-6478; PMX-6538; MS275-6584; PMX > MS275-6414, Supplementary Table
S$2). Differentially expressed proteins (DEPs, p<0.05, absolute log2 LFQ difference >|0.585|, corresponding
to 1.5-fold change) were selected for further analysis. DEPs also included proteins quantified exclusively in
either control or treatment groups, represented by log, difference ratios of ~100 or 100. The filtering identified
587 (PMX), 1188 (PMX->MS275) and 742 (MS275) DEPs after the different treatments. Notably, while the
majority of DEPs were upregulated in single treatments with PMX (53%) or MS275 (57%), most DEPs (70%)
were downregulated in the combined PMX > MS275 treatment (Fig. 4A). The mechanisms driving this shift in
protein regulation remain to be elucidated.

PMX upregulates mitochondrial electron transport and downregulates DNA replication and
RNA splicing

Analysis of differentially expressed proteins (DEPs) using various bioinformatics tools revealed that PMX
treatment significantly upregulates the aerobic electron transport chain (ETC) (Fig. 4B-D). In total, 22 proteins
from ETC complexes I to IV were upregulated by PMX, including 12 subunits of the NAD dehydrogenase
complex. Most of these were also upregulated in PMX->MS275. Interestingly, of the 12 quantified subunits
of the mitochondrial ATPase (complex V), only two were upregulated by PMX, and none were upregulated in
PMX > MS275. This suggests an imbalance in oxidative phosphorylation, leading to increased mitochondrial
membrane potential. Supporting this, the mitochondrial ATPase inhibitor ATPIF1 was markedly upregulated
in both PMX (5.5-fold) and PMX->MS275 (3.2-fold). Increased ETC activity relative to ATP synthase likely
enhances ROS production, consistent with previously reported elevated ROS levels in PMX-treated lung cancer
cells®2.

All treatments negatively impacted DNA replication, with core subunits of DNA polymerases a, B, and §
significantly downregulated. (> 2.5-fold). Initiating polymerase subunits POLA1 and POLA2 were most affected
(8.6- and 15-fold downregulated in PMX->MS275). Among proteins controlling the cell cycle, the levels of
CDK1, CDK6, CDK12, and CyclinB1 (CCNB1) were unaffected by PMX, but markedly downregulated in MS275
and PMX > MS275. Conversely, p21 (CDKN1A), a canonical HDAC1/2 target, was markedly upregulated (6.3-
9.3-fold) in all three treatments.
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Fig. 3. Depletion of UNG does not affect sensitivity towards PMX or fluoropyrimidines. A549 UNG2 KO,
UNGT1 +2 KO and control cells transduced with virus without gRNA (Ctrl) or rRNA targeting Intron 2 in
UNG (Int) were subjected to (A) Western analysis and (B) PRM targeted MS analysis of UNG and actin. (C)
Parallel clones A and B of the A549 KO cells were subjected to PMX sensitivity analysis using resazurin assay.
Each data point represents an average of three parallel wells relative to untreated wells with standard deviation
indicated. (D) Upper panel: Clone A UNG KO A549 cells was subjected to 5 uM MS275 for 48 h prior to
western analysis of UNG and yH2AX with actin as loading control. Lower panel: Clone A UNG KO A549 cells
were pre-treated with 0.2 uM PMX for 12 h prior to addition of 5 uM MS275 for 48 h and subjected to western
analysis of UNG and yH2AX with actin as loading control. (E) Cell cycle distributions were analyzed in
parallel with flow cytometry. (F) Hela UNG1+2 KO cells and control cell lines were subjected to PMX, 5-FdU
and 5-FU sensitivity analysis using resazurin assay. Full western blots related to Fig. 3A and 3D are provided in
Supplementary Figure S2.
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Fig. 4. Differentially expressed proteins in A549 cells after single and combined PMX/MS275 treatments
according to the protocol depicted in Fig. 2A, and whole cell proteomes subjected to LFQ MS/MS analysis
(Supplementary Table S2). (A) The number of upregulated and downregulated proteins after each of the three
treatment modalities. (B) The DEPs and their overlap after the different treatments are illustrated as a Venn
diagram. The top affected GO biological processes from PANTHER analysis are indicated in the associated
boxes. (C) Upregulated (upper panels) and downregulated (lower panels) KEGG pathways reported by
ShinyGo analysis. Thick arrows indicate which of the single treatments that also mediate a dominant effect
in the combined treatment. (D) Most affected canonical pathways reported from IPA analysis across the
treatments. (E) ShinyGo analysis of proteins upregulated by PMX revealed a significant (Chi Square test)
skewing towards proteins encoded by genes harboring few exons. (F) As in G, demonstrating significant
skewing towards short genes among those upregulated by PMX (left) and towards higher AT-content among
those downregulated by PMX (right).
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The second most affected GO process by PMX was negative regulation of RNA splicing. Altered splicing may
be reflected in the average number of exons in the genes encoding upregulated proteins after PMX treatment,
which was very significantly skewed towards fewer exons (Chi-squared test p=0.00087) (Fig. 4E). The genes
encoding proteins that were upregulated by PMX also spanned significantly shorter genome lengths than
the overall background (Fig. 4F, left). Potentially contributing to this could be that longer mRNAs are more
efficiently localized to stress granules during stress and are not translated®. Finally, we observed that proteins
downregulated by PMX have a significantly lower GC (and consequently higher AT) content compared to the
average in our dataset (Fig. 4F, right). This may be partly due to the selective misincorporation of dUMP in AT-
rich genes. Misincorporated uracil has been shown to negatively impact gene expression, not by directly blocking
transcription, but through repair intermediates generated by UNG-mediated uracil excision®®. Consistent with
this, we did not observe a bias towards AT content following PMX > MS275 treatment, where UNG2 is depleted.

Proteins involved in purine and pyrimidine metabolism are differentially affected by PMX
and MS275

Proteins involved in purine and pyrimidine metabolism showed differential responses to PMX and MS275
treatments. The primary target of PMX, TYMS, was 4.4-fold upregulated by PMX, potentially as a compensatory
response to dTTP depletion. In contrast, TYMS was threefold downregulated by PMX->MS275 and 32-fold
by MS275 (Supplementary Table S2). MS275 thus contributes to overall reduction of TYMS activity in the
combinatorial treatment. Notably, the ribonucleotide reductase subunits RRM1 and RRM2 remained unaffected
by PMX alone but were strongly downregulated (6.1- and 28-fold) by PMX > MS275, which may be clinically
significant given their correlation with poor pemetrexed/gemcitabine response®.

Nucleotide pool sanitation proteins ASMTL and SAMHD1 were upregulated by MS275. ASMTL, which was
also markedly upregulated (9.4-fold) in PMX->MS275, has nucleoside triphosphate pyrophosphatase activity
against several methylated ribonucleotides, 8-0xoGTP, UTP and dTTP3¢ and may thus, in combination with
PMX, contribute to dTTP depletion. SAMHD1, the only known dNTP triphosphohydrolase in eukaryotes and
a poor prognostic factor in NSCLC¥, regulates dNTP pools and aids in degradation of nascent DNA at stalled
replication forks?®.

Pemetrexed and MS275 mediate downregulation of DNA repair and genome maintenance
proteins

Enhanced DNA repair has previously been suggested to mediate PMX resistance in NSCLC®. A manual
comparison of differentially expressed proteins (DEPs) revealed that 19 proteins were downregulated by PMX,
30 by MS275, and 60 by the combined PMX->MS275 treatment (Fig. 5). Many of these proteins are involved
in crucial DNA repair pathways, such as base excision repair (BER), mismatch repair (MMR), and homologous
recombination (HR). Notably, UNG was reported not to be significantly affected in the LFQ analyses, since
UNGI remains largely unaffected by the treatments, and contributes to the total UNG quantification by sharing
all its detected tryptic peptides with UNG2.

Many DNA repair proteins are cell cycle regulated, but treatment-induced cell cycle change was apparently
not a major contributed to their observed altered expression. For example, many proteins that display peak
expression in S phase®, like FEN1, LIG1 and MSH6, were significantly downregulated even after PMX treatment,
which strongly enriched cells in S phase. Conversely, TOP2A, which is highly expressed in G2, was upregulated
following PMX > MS275 treatment, despite a marked reduction in the number of cells in G2 phase (Fig. 2C).

In addition to BER, mismatch repair (MMR) contributes to sanitation of genomic uracil, and enhanced
levels of MSH2 has previously been implicated in PMX resistance’®. Both MSH3 and MSH6 were significantly
downregulated in PMX > MS275, suggesting reduced overall MMR. Moreover, RNaseH2 subunits B and C,
involved in ribonucleotide excision repair (RER), were profoundly downregulated by PMX > MS275, (4.8- and
3.9-fold, respectively), suggesting impaired removal of misincorporated ribonucleotides. Our data also suggest
that MS275 downregulates homologous recombination (HR) repair. Both PARP2, which stimulates end resection
at DSBs, and the essential HR factor RAD51C, were markedly downregulated after MS275 and PMX > MS275
treatments. In addition, PLK1, a regulator of RAD51 and HR, was strongly downregulated by MS275-containing
treatments (22-26-fold).

Finally, RAD5I is recruited to stalled replication forks by the FANCI-FANCD2 (D2-I) complex, which also
protects forks from unscheduled degradation*!. FANCI was significantly downregulated following MS275 (5.6-
fold) and even more so with PMX > MS275 (9.7-fold), potentially increasing the risk of stalled replication forks
being converted into double-strand breaks (DSBs).

A subset of DNA repair proteins was significantly upregulated by PMX alone but remained largely unaffected
after combinatorial treatment. Of these, TIGAR, which stimulates the pentose phosphate pathway and thereby
enhances NADPH and resistance to oxidative stress, has been correlated with high metastatic potential of NSCLC
cell lines*2. TOP1 is part of an alternative and mutagenic repair pathway for misincorporated ribonucleotides in
DNA in the absence of RNaseH2-induced RER®. Such a pathway could be especially relevant after PMX > MS275
treatment since this mediated significant downregulation of RNaseH2 subunits RNASEH2B/C (Fig. 5). Finally,
TP53 was robustly induced by PMX alone, but additional MS275 treatment rendered TP53 below the detection
limit.

Several chromatin remodeling proteins that regulate DNA repair, particularly subunits of the BAF (SWI/
SNF) complex, were also markedly downregulated in MS275-containing treatments. Loss of BAF function has
been linked to mismatch repair deficiency** and increased tumor mutational burden in NSCLC*®, which might
contribute to altered tumor responses to therapies.

These findings collectively suggest that PMX and MS275 suppress critical DNA repair mechanisms, leading
to enhanced genomic instability and potentially increasing the efficacy of chemotherapy in NSCLC.
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Fig. 5. PMX->MS275 mediated overall downregulation of known DNA repair proteins (Supplementary Table
S2). Graphic representation of DNA repair proteins significantly affected (> +/—-1.5-fold, p <0.05) by at least
one of the treatments (MS275, PMX or PMX > MS275). Proteins present in both nuclei and mitochondria are
denoted with a blue asterisk, whereas those only found in mitochondria are denoted with a red asterisk.

Targeted mass spectrometry corroborates the results from LFQ analysis

To validate the LFQ proteomics findings, we conducted targeted PRM-MS/MS analysis of select proteins
(Supplementary Table S1, Fig. 6A). The PRM data corroborated >98% reduction in UNG2 following MS275
and PMX - MS275 treatments, matching the degradation pattern observed in western analysis. Additionally,
MS275-induced downregulation of TYMS (30-fold) and DHFR (11-fold) in PRM aligned with LFQ results
(32- and 13-fold, respectively). RNASEH2A, although not significantly downregulated in the LFQ analysis for
MS275 regimens, was significantly reduced in both treatments by PRM, confirming RNaseH2 heterotrimer
downregulation. TOP1 was reported as 2.7-fold upregulated by PMX, in agreement with the 2.5-fold upregulation
reported in LFQ. FPGS, which catalyzes polyglutamation of folates and antifolate drugs, thereby mediating
their intracellular retention and affinity for other folate enzymes, was markedly upregulated in PMX->MS275
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Fig. 6. PMX and MS275 mediates differential expression of several proteins in pyrimidine synthesis and
DNA repair, highlighting misincorporation of ribonucleotides in DNA as a potential mediator of cytotoxicity
of PMX. (A) Total cellular proteins from untreated A549 cells and cells subjected to PMX, MS275 or

PMX-> MS275 treatment according to the schedule depicted in Fig. 2A and subjected to targeted PRM
analysis of indicated proteins. Expression levels are given relative to untreated cells. ¢-test p-values <0.05

is denoted by * and p <0.01 by **. (B) Overview of pyrimidine metabolism and DNA repair proteins
involved in the initial processing of nucleotides misincorporated during DNA synthesis. Targets of PMX

are indicated (red 1) along with differently colored arrows which show treatment specific DEPs identified

in LFQ and PRM (the latter indicated with preceding P) analyses. ASMTL probable bifunctional dT TP/

UTP pyrophosphatase/methyltransferase protein, CAD multifunctional protein CAD (carbamoylphosphate
synthetase 2, aspartate transcarbamoylase, and dihydroorotase), CANT soluble calcium-activated
nucleotidase, CDA cytidine deaminase, CMPK UMP-CMP kinase, CTPS CTP synthase, (d)CDA (deoxy)
cytidine deaminase, DCK deoxycytidine kinase, DCTD dCMP deaminase, DCTPP dCTP pyrophosphatase,
DHER dihydrofolate reductase, DHODH dihydroorotate dehydrogenase, DPYD dihydropyrimidine
dehydrogenase, DNA pol DNA polymerase, dT thymidine, DTYMK thymidylate kinase, DUT deoxyuridine
5’-triphosphate nucleotidohydrolase, ENTPD nucleoside diphosphate phosphatase, FPGS folylpolyglutamate
synthase, MTHFD C-1-tetrahydrofolate synthase, NME nucleoside diphosphate kinase, NT5C 5'(3")-
deoxyribonucleotidase, NT5DC 5-nucleotidase domain-containing protein, NTPCR cancer-related nucleoside-
triphosphatase, RRM ribonucleotide reductase, SAMHD deoxynucleoside triphosphate triphosphohydrolase,
SHMT serine hydroxymethyltransferase, TK thymidylate kinase, TYMP thymidine phosphorylase, TYMS
thymidylate synthase, UCK uridine-cytidine kinase, UMPS uridine 5-monophosphate synthase, UPP uridine
phosphorylase, UPRT uracil phosphoribosyltransferase homolog.
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treatment (Fig. 6A). Loss of FPGS activity has previously been associated with resistance to the TYMS inhibitor
methotrexate in several leukemia cell lines*® and FPGS protein expression is associated with PMX response
in malignant pleural mesothelioma®’. Furthermore, a single nucleotide polymorphism that enhanced FPGS
expression in NSCLC cell lines is associated with a higher response rate in patients treated with PMX and
platinum drugs®.

ATM was not quantified by LFQ, but 3.3-fold downregulated by PMX->MS275 in PRM. Given ATM’s
importance in DNA damage response®’ and its mutations in 10% of NSCLC tumors®, this could have clinical
implications for immunotherapy responses®. Finally, APOBEC3B, also absent in LFQ but downregulated 4.2-
fold by MS275 in PRM, has been linked to resistance against EGFR-targeted therapies in NSCLC’!. Further
evaluation of HDACi-mediated APOBEC3B downregulation to avoid acquired resistance to EGFR inhibitors is
thus warranted.

In summary, the collective MS analyses indicate that MS275 alters the expression of proteins involved in
pyrimidine metabolism, thereby enhancing PMX-induced depletion of dTTP and misincorporation of uracil-
containing nucleobases during replication. A concomitant depletion of DNA repair proteins involved processing
of these lesions likely contributes to increased sensitivity towards PMX.

Discussion

In this study, we observed schedule-dependent modulation of PMX cytotoxicity when combined with the
HDACi MS275, which aligns with prior findings showing that HDAC inhibitors like Givinostat can reverse
PMX resistance in NSCLC cell lines, regardless of p53 status®>>?. Our CRISPR/Cas9 knockout experiments
indicated that PMX cytotoxicity is largely independent of UNG2 and its role in processing dUMP incorporation,
consistent with minimal effects observed in similar studies with RTX and UNG inhibition'?.

Proteomic analysis revealed numerous differentially expressed proteins (DEPs) associated with pyrimidine
metabolism and DNA repair, many of which have not previously been linked to PMX or MS275 treatment.
Figure 6B illustrates the DEPs involved in pyrimidine metabolism and processing of misincorporated nucleotides
in DNA. From this, it is evident that the MS275-mediated downregulation of RRM1, RRM2 and CAD should
decrease dUTP levels and consequently reduce dTTP generated via de novo synthesis. PMX->MS275 also
mediated a twofold reduction of DCDT, which deaminates dCMP to the TYMS substrate dUMP. Additionally,
MS275 negatively affected the salvage pathway of dT TP synthesis by downregulating the rate-limiting thymidine
kinase (TK). The strong upregulation of TYMP (33- and 25-fold by MS275 and PMX > MS275, respectively) could
be relevant in capecitabine treatment, which is metabolized into its active form, 5-FU, by TYMP. Consistent with
this, SAHA has been demonstrated to synergize with capecitabine by upregulating TYMP>*. Finally, ASMTL,
which dephosphorylates dTTP to dTMP, was markedly upregulated in MS275 and PMX > MS275.

Overall, the MS275-induced alterations in pyrimidine metabolism are expected to enhance PMX’s cytotoxic
effects by further depleting dT TP, making this combination a promising therapeutic strategy.

During TYMS inhibition, the loss of dTTP increases the dUTP/dTTP and UTP/dTTP ratios, leading to
misincorporation of both dUMP and the ribonucleotide UMP into DNA. Replicative polymerases, particularly
POLE, have incomplete discrimination against ribonucleotides, incorporating substantial NMPs, which may
outnumber all other DNA lesions®. POLE also has the lowest discrimination against UTP>®, leading to markedly
increased misincorporation of UMP after PMX treatment. After PMX > MS275 treatment, further increases in
NMP incorporation may occur due to the downregulation of key enzymes involved in nucleotide synthesis,
such as RRM1/2 and TK1/2. Ribonucleotides incorporated into DNA are repaired via RNaseH2-mediated
ribonucleotide excision repair (RER), but the significant depletion of RNASEH2 and other RER components
such as FEN1 and LIG1 suggests this pathway is downregulated by MS275, leading to NMP accumulation. The
latter is supported by experiments in RNAseH2-deficient yeast>”.

Incorporated ribonucleotides may act as sensors for nucleotide pool imbalances, triggering replication stress
and ATR activation®*®. This conforms to the increased survival of cells treated with MS275 prior to PMX,
since MS275 blocks S-phase entry. Unrepaired ribonucleotides can cause SSBs and DSBs®, consistent with the
elevated yH2AX levels seen in PMX > MS275-treated cells. In the absence of RER, ribonucleotides can be subject
to error-prone TOP1 processing, leading to genomic instability**. Finally, several lines of evidence indicate that
genomic ribonucleotides can activate the cGAS-STING pathway®*, potentially enhancing immune responses
to checkpoint inhibitors.

While the exact role of TOPI in PMX->MS275 cytotoxicity remains unclear, TOP1 binds to UMP but not
to dUMP in DNA, and PMX and RTX induce TOPI trapping lesions®*. These lesions are typically resolved by
TDP1 or NER pathways involving ERCC1, XPF and RPA%. Low ERCC1 expression has been associated with
prolonged survival in lung adenocarcinoma patients treated with PMX as first line therapy®®. A novel DDX3X-
mediated NMP removal pathway has been reported, though its contribution to cytotoxicity in vivo requires
further investigation®”.

The effects of misincorporated ribonucleotides in mtDNA deserve special consideration since mitochondria
lack RNaseH2. The extent to which mitochondrial TOPIMT resolves incorporated NMPs is unknown, but
the absence of typical 2-5 nucleotide deletions despite substantial levels of NMPs in mtDNA, suggests limited
TOP1MT activity in processing these lesions®. The alkaline mitochondrial environment, driven by elevated ETC
activity (observed after PMX treatment), may increase the susceptibility of NMPs in mtDNA to hydrolysis®.
Furthermore, oxidative stress induced by enhanced ETC activity could exacerbate mtDNA damage. Notably,
PMX downregulates PNKP, critical for repairing oxidized bases in both nuclear and mitochondrial contexts,
while MS275 depletes RAD51C, impeding mitochondrial HR™. This highlights a potential role for RAD51C
in PMX-induced cytotoxicity, supported by findings that Givinostat resensitizes PMX-resistant cells through
RAD51 downregulation®2.

Scientific Reports |

(2025) 15:2082 | https://doi.org/10.1038/s41598-025-86007-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

UNG1

4

PMX 5-FdU, 5-FU

T A
UHRRIRIR O VbR

®% 5-FdUTP, 5-FUTP \Mﬂ}v

Increased

H and ROS
TOP1

UNG1/2
SMUG1

TOP1mt? R o MMR \

Z P

U ¢/\\ y
/ du,/) / y/\\‘///\\‘//

UNG1/2
SMUG1

RNaseH2
TOP1

———
@duvp  @° s-Faump

Persistent rU activates cGAS-STING @ UMP @G 5.FUMP

TOP1mt?

% Oxidative lesions

Fig. 7. Model for cytotoxic mechanism of PMX and fluoropyrimidines (5-FdU and 5-FU). TYMS inhibition
results in reduced dTTP and increased relative levels of dUTP and rUTP which are incorporated during DNA
replication in both mitochondrial and nuclear DNA, forming dU (red) and rU (green) lesions, respectively.
PMX mediates oxidative damage while 5-FUMP is incorporated into RNA. The fluorinated deoxy- and the
ribonucleotide analogues are also incorporated into mitochondrial and nuclear DNA, as 5-FdUMP and
5-FUMP, respectively. DNA repair proteins or pathways (in blue) excise their indicated DNA lesions. Persistent
rU in nuclear DNA may result in cGAS-STING activation.

Figure 7 illustrates our model for cytotoxicity induced by PMX and fluoropyrimidines. Nucleotide
pool imbalance following TYMS inhibition leads to dUMP and UMP misincorporation into nuclear and
mitochondrial DNA. Our data suggest that dUMP misincorporation and UNG-mediated processing play minor
roles in cytotoxicity. However, ribonucleotide incorporation, especially UMP, may overwhelm the RER/TOP1-
mediated repair mechanisms, resulting in DSBs. MS275 exacerbates this by depleting RNaseH2 and related
repair proteins and by disrupting nucleotide pool regulation.

Fluoropyrimidine analogs are incorporated in the genome and mediate a nucleotide pool imbalance similar
to that of antifolates. While genomic 5-FAUMP lesions may be repaired by UNG, MMR or TOP1!*!771, our
previous research suggests that UNG activity is not a significant contributor to 5-FU cytotoxicity'”. Instead,
5-FU primarily exerts its effects through RNA misincorporation, though it can also be incorporated into DNA
as 5-FUMP72,

To the best of our knowledge, it has not been investigated to what degree RNaseH2, TOP1 or other repair
systems are able to remove 5-FUMP from DNA. Due to the interplay between MMR and RER, this may explain
the dependency of 5-FU cytotoxicity on MMR proteins’>.

In summary, our study identifies key pathways through which the HDAC1/3 inhibitor MS275 and PMX
interact to enhance cytotoxicity in a schedule-dependent manner. MS275 exacerbates PMX-induced dTTP
depletion by downregulating TYMS, DHEFR, and FPGS. The depletion of UNG does not significantly contribute
to the increased cytotoxicity observed with combined PMX->MS275 treatment. Instead, we propose that
ribonucleotide misincorporation, especially UMP, plays a central role in PMX-induced DNA damage and
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cytotoxicity. MS275 likely aggravates this by inhibiting ribonucleotide repair in both nuclear and mitochondrial
DNA.

Methods

Cell culture and preparation of extracts

HeLa and A549 (lung carcinoma) cell lines were purchased from the American Type Culture Collection (ATCC).
HeLa cells were grown in Dulbecco’s modified Eagles medium, A549 was grown in Ham’s F12K and Dulbecco’s
Modified Eagle Medium (DMEM), all media were supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 2.5 pg/ml amphotericin B, 0.1 mg/ml gentamicin. Experiments were conducted with dialyzed FBS,
if not indicated otherwise. FBS dialysis was performed overnight against PBS using a 6-8 kDa cutoff membrane.
Cell lines were cultured at 37 °C at 5% CO,.

Whole cell extracts were prepared after trypsin detachment, washing twice with ice cold PBS and
centrifugation at 0.4x 10 g for 5 min. Cell pellets were resuspended in 2xPCV (packed cell volume) of lysis
buffer (10 mM HEPES pH 7.9, 100 mM KCl, phosphatase inhibitor cocktail 2 and 3 (Sigma), Complete protease
inhibitor (Roche), 10 uM MG132, 2 uM SAHA, and subjected to horizontal rolling for 1 h at 4 °C. Cells were
then centrifuged for 10 min at 1.6 x 10* g, and supernatants collected. Protein concentrations were measured by
the Bradford assay (Bio-Rad) using bovine serum albumin as standard, and the extracts snap frozen in liquid
nitrogen and stored at—80 °C.

Flow cytometric analysis of cell cycle

To analyze the cell cycle, cells were harvested and washed as described above, then fixed in ice-cold methanol at
a concentration of 10*-10° cells/ml. Following fixation, cells were washed with PBS and incubated with 200 pl
RNaseA solution (100 ug/ml in PBS) at 37 °C for 30 min. DNA was then stained by adding 200 pl of propidium
iodide (PI, 50 pg/ml, Sigma) and incubating at 37 °C for 30 min. Flow cytometry was conducted using a BD
FACS Canto flow cytometer (BD Biosciences) with PI fluorescence excited by a 488 nm blue laser and detected
in the phycoerythrin (PE) channel (578 nm). Data were analyzed using Flow]JoR version 10 software.

Electrophoresis and western analysis

Protein extracts were prepared by dissolving them in NuPAGE LDS sample buffer (Thermo Fisher Scientific) and
heating at 70 °C for 10 min. Proteins were separated by electrophoresis using 10% NuPage Novex Bis-Tris gels
with MOPS running buffer. After electrophoresis, proteins were transferred to PVDF membranes (Immobilon)
by electroblotting. Immunostaining was carried out at room temperature, beginning with a 1 h blocking step
in PBST (PBS, 0.1% Tween) containing 5% nonfat dry milk. Membranes were then incubated with the primary
antibody diluted in blocking buffer for 1 h. Following three 10-min washes in PBST, membranes were incubated
with secondary antibodies diluted in in PBST for 1 h. For yH2AX antibody staining, TBS(T) was used in place of
PBS(T). Membranes probed with HRP-conjugated secondary antibodies were washed three times for 10 min in
PBST, treated with SuperSignal West Femto substrate (Thermo Fisher Scientific) and visualized using the Kodak
Image station 4000R.

Antibodies and reagents

Primary antibodies: MAb 2¢12 (0.5 pg/ml) (OriGene TA503563) recognizing the common catalytic domain
of UNG1/2, mAb beta-Actin (Abcam Ab8226), pAb p21 (abcam Ab18209), pAb YH2AX (Abcam ab2893),
pAb cleaved PARP (Abcam Ab4830). Secondary antibodies: Swine anti-rabbit, HRP (Dako Chemicals), rabbit
anti-mouse, HRP (Dako Chemicals), rabbit anti-goat, HRP (Dako Chemicals). Vorinostat (SAHA) (CAYMAN
chemicals Cat#10009929), Entinostat (MS275) (Selleck S1053), Alimta/Pemetrexed (Active Biochem A-2002),
4-AN (Sigma A0966).

Targeted quantitative proteomics

Whole cell extracts (50 pg protein) were treated with 5 mM tris(2-carboxyethyl)phosphine (TCEP) for 30 min to
reduce disulfide bonds, followed by alkylation with iodoacetamide (1 pmol/mg protein) for 30 min in the dark.
Proteins were precipitated using methanol-chloroform as previously described’?, with a subsequent round of
reduction and alkylation prior to overnight digestion with trypsin (Promega) at 1:50 enzyme-to protein ratio
(w/w) at 37 °C. The resulting tryptic peptides were dried, resuspended in 0.1% formic acid (FA), and equal
quantities from each sample were subjected to analysis on a QExactive mass spectrometer (Thermo Fisher
Scientific) coupled to an Easy-nLC 1000 UHPLC system (Thermo Fisher Scientific /Proxeon). Samples (2 pg
peptides) were injected onto an Acclaim PepMap100 C-18 trap column (75 um i.d. x 2 cm, C18, 3 um particle size,
100 A pore size) (Thermo Fisher Scientific) and separated on an Acclaim PepMap100 C-18 analytical column
(75 pm i.d. x50 cm, C18, 2 um particle size, 100 A pore size) (Thermo Fisher Scientific). Peptides were resolved
using a 115 min gradient at a flow rate of 250 nl/min, starting with 100% buffer A (0.1% FA) increasing to 5%
buffer B (100% Acetonitrile, 0.1% FA) within 2 min, then gradually to 35% buffer B over 98 min, followed by a
rapid rise to 100% buffer B over 6 min, and then held for 9 min. Eluting peptides were ionized via a nanospray
ESIion source (Proxeon, Odense) and analyzed in positive ion mode using 1.9 kV electrospray voltage and HCD
fragmentation. MS/MS scans were performed at 35 000 FWHM resolution, using a normalized collision energy
(NCE) of 28, automatic gain control (AGC) target of 2 x 10°, maximum injection time of 120 ms, and a 2 m/z
isolation window. Targeted parallel reaction monitoring (PRM) methods were designed, analyzed, and conducted
in Skyline software (v3.1.0.7382)°. Proteotypic peptides were selected in silico using the Homo sapiens reference
proteome from UniProt. Non-unique, frequently modified, and peptides containing continuous sequences of
R and K (e.g., KR, RK, KK or RR) were excluded when possible. In cases where these were unavoidable, both
unmodified and modified forms, as well as peptides with missed cleavages, were analyzed. Details of peptides
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used are provided in Supplementary Table S1. Synthetic peptides (Thermo Fisher Scientific) and tryptic digests
from recombinant proteins were analyzed to determine retention times and fragmentation patterns for the most
intense tryptic peptides (2+ or 3+ charge states). These data were used to create a scheduled method with a 4 min
retention time window for quantification of peptides in the cell lysate samples. Quantitative analysis utilized a
minimum of two peptides per protein, with peptide abundance calculated by summing the integrated peak areas
of the top four most intense fragments. Protein abundance was determined by combining peptide-level data. All
experiments were performed with three biological replicates.

Label-free quantitative proteomics

Three biological replicates were analyzed in triplicate, resulting in nine runs per sample group. Peptides were
prepared via tryptic digestion as described for targeted mass spectrometry. Desalting of peptides was performed
using C18 spin columns (Thermo Fisher Scientific) according to the manufacturer’s instructions. After elution
from the C18 columns, peptides were dried and reconstituted in 0.1% FA. LC-MS/MS was conducted on a
timsTOF Pro instrument (Bruker Daltonics) coupled to a nanoElute HPLC system (Bruker Daltonics). Peptides
were separated on a Brukerl5 column (75 um x 15 cm) with a gradient elution using buffer A (0.1% FA) and
buffer B (0.1% FA in acetonitrile), transitioning from 0 to 37% buffer B over 100 min. The timsTOF instrument
operated in data-dependent acquisition (DDA) with parallel accumulation serial fragmentation (PASEF)
acquiring 10 PASEF scans per cycle with 100 ms accumulation and ramp times. Target intensity was set to
20,000, with dynamic exclusion activated and set to 0.4 min. Quadrupole isolation widths were set to 2 Th for
m/z< 700 and 3 Th for m/z>800.

Data were processed using open workflow’® to determine optimal search parameters for MaxQuant’’
(v2.0.3.0). Alongside default settings, deamidation of asparagine and glutamine were included as dynamic
post-translational modifications. The search was conducted against the Human proteome including isoforms
downloaded from UniProt (https://www.uniprot.org) in June 2021 and MaxQuants built-in contaminants
database, using the Andromeda search engine integrated into MaxQuant. The match-between-runs (MBR)
feature was enabled to minimize missing values, allowing peptide signals present in one sample but absent
in another to be identified by leveraging high mass precision and a restricted retention time window (1 min
alignment with a 2 min sliding window). Signals detected through MBR were annotated as ‘By matching’
rather than ‘By MS/MS’ in the output. Both protein and peptide group identifications were filtered to a 1% false
discovery rate (FDR). Only unique peptides with high-confidence identifications were included for final protein
group assignments. Intensity values for each protein group were normalized using label-free quantification
(LFQ) algorithm’®, requiring at least one unique peptide per protein group.

Bioinformatic analyses

Log, transformation was applied to the LFQ value to generate log2-LFQ data. The median log2-LFQ value
of technical replicates was used to represent each biological replicate, and the median of the three biological
replicates was taken as the log2-LFQ value for each protein in the group. Two-sided Student’s t-tests’® were
conducted over log2-LFQ values representing biological replicates using Excel and p-values were calculated.
To account for multiple testing, p-values were ranked and adjusted using the Benjamini-Hochberg method®’,
yielding false discovery rate (q-value) estimates. Proteins detected in all control replicates but in none of the
treated samples, were assigned an LFQ ratio of—100 and a g-value of 0.0. Similarly, proteins absent in the
controls but present in every treated sample replicate, were assigned an LFQ ratio of 100 and both p- and g-value
set to 0.0.

Biological pathway analyses were performed using Ingenuity® Pathway Analysis (IPA) (Ingenuity Systems,
www.ingenuity.com)®!, the PANTHER overrepresentation test (Release 20221013, GO Ontology database,
released 2022-07-01)82%% and ShinyGO (http://bioinformatics.sdstate.edu/go/). Background was set to the
entire Supplementary Table S2 and significance threshold at p-value=0.05 throughout the pathway analyses.

Dose response assay

Freely cycling cells were harvested with trypsin and resuspended in fresh medium. After counting in a Countess
automated cell counter (Thermo Fisher Scientific) 2000 cells/well were seeded in 96 well plates. Medium
containing drug was added after 12 and/or 24 h. After drug treatment (for 48 h and/or 60 h), 20 pl 2.5 mM
resazurin (Sigma 199303, sterile filtered) per 100 pl culture volume was added and fluorescence measured in a
FLUOstar Omega plate reader (BMG Labtech) after 2-4 h of incubation. Background with cell free medium and
resazurin was subtracted from every sample.

CRISPR/Cas9 clones

UNG2 and UNG1+2 gene knockouts of A549 and HeLa cells were made by lentiviral transduction according to
the Zang lab protocol®®, with details and guide RNA DNA oligos as described previously®. Vectors expressing no
gRNA (Ctrl) and gRNA targeting UNG intron 2 (Int), UNG exon 1A (UNG2 KO), and UNG exon 1B (UNG1+2
KO), were used to generate two independent clones (A, B) of each genotype. Control cells (Ctr) were made with
the pGIPZ vector encoding GFP and puromycin resistance but with no guide RNA. Clones were subsequently
screened by western blot analysis.

Data availability

Mass spectrometry data can be downloaded from the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD051824. (https://www.ebi.ac.uk/pride/archive/projects/PXD051824,
Username: reviewer_pxd051824@ebi.ac.uk Password: ITq7Z8ii).

Scientific Reports |

(2025) 15:2082 | https://doi.org/10.1038/s41598-025-86007-w nature portfolio


https://www.uniprot.org
http://www.ingenuity.com
http://bioinformatics.sdstate.edu/go/
https://www.ebi.ac.uk/pride/archive/projects/PXD051824
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Received: 28 October 2024; Accepted: 7 January 2025
Published online: 15 January 2025

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gandhi, L. et al. Pembrolizumab plus chemotherapy in metastatic non-small-cell lung cancer. N. Engl. J. Med. 378, 2078-2092.
https://doi.org/10.1056/NEJMo0al801005 (2018).

Chen, C. Y. et al. Thymidylate synthase and dihydrofolate reductase expression in non-small cell lung carcinoma: the association
with treatment efficacy of pemetrexed. Lung Cancer 74, 132-138. https://doi.org/10.1016/j.lungcan.2011.01.024 (2011).

Wu, M. E et al. Genetic determinants of pemetrexed responsiveness and nonresponsiveness in non-small cell lung cancer cells. J.
Thorac. Oncol. 5, 1143-1151. https://doi.org/10.1097/JTO.0b013e3181e0b954 (2010).

. Zhang, D. et al. Establishment of pemetrexed-resistant non-small cell lung cancer cell lines. Cancer Lett. 309, 228-235. https://doi

.0rg/10.1016/j.canlet.2011.06.006 (2011).

. Liang, J., Lu, T, Chen, Z., Zhan, C. & Wang, Q. Mechanisms of resistance to pemetrexed in non-small cell lung cancer. Transl. Lung

Cancer Res. 8, 1107-1118. https://doi.org/10.21037/tlcr.2019.10.14 (2019).

. Mullen, N. J. & Singh, P. K. Nucleotide metabolism: a pan-cancer metabolic dependency. Nat. Rev. Cancer 23, 275-294. https://do

i.org/10.1038/s41568-023-00557-7 (2023).

. Wilson, P. M., LaBonte, M. J., Lenz, H. J., Mack, P. C. & Ladner, R. D. Inhibition of dUTPase induces synthetic lethality with

thymidylate synthase-targeted therapies in non-small cell lung cancer. Mol. Cancer Ther. 11, 616-628. https://doi.org/10.1158/153
5-7163.MCT-11-0781 (2012).

. Krokan, H. E,, Slupphaug, G. & Kavli, B. The Base Excision Repair Pathway 13-62 (World Scientific, 2017).
. Nilsen, H. et al. Nuclear and mitochondrial uracil-DNA glycosylases are generated by alternative splicing and transcription from

different positions in the UNG gene. Nucleic Acids Res. 25, 750-755. https://doi.org/10.1093/nar/25.4.750 (1997).

Hayran, A. B. et al. RPA guides UNG to uracil in ssDNA to facilitate antibody class switching and repair of mutagenic uracil at the
replication fork. Nucleic Acids Res. 52, 784-800. https://doi.org/10.1093/nar/gkad1115 (2024).

Otterlei, M. et al. Post-replicative base excision repair in replication foci. EMBO J. 18, 3834-3844. https://doi.org/10.1093/emboj/
18.13.3834 (1999).

Bulgar, A. D. et al. Removal of uracil by uracil DNA glycosylase limits pemetrexed cytotoxicity: overriding the limit with
methoxyamine to inhibit base excision repair. Cell Death Dis. 3, €252. https://doi.org/10.1038/cddis.2011.135 (2012).
Christenson, E. S. et al. Inhibition of human uracil DNA glycosylase sensitizes a large fraction of colorectal cancer cells to
5-fluorodeoxyuridine and raltitrexed but not fluorouracil. Mol. Pharmacol. 99, 412-425. https://doi.org/10.1124/molpharm.120.0
00191 (2021).

Fischer, J. A., Muller-Weeks, S. & Caradonna, S. J. Fluorodeoxyuridine modulates cellular expression of the DNA base excision
repair enzyme uracil-DNA glycosylase. Cancer Res. 66, 8829-8837. https://doi.org/10.1158/0008-5472.CAN-06-0540 (2006).
Grogan, B. C,, Parker, J. B., Guminski, A. F. & Stivers, J. T. Effect of the thymidylate synthase inhibitors on dUTP and TTP pool
levels and the activities of DNA repair glycosylases on uracil and 5-fluorouracil in DNA. Biochemistry 50, 618-627. https://doi.org
/10.1021/bi102046h (2011).

Luo, Y., Walla, M. & Wyatt, M. D. Uracil incorporation into genomic DNA does not predict toxicity caused by chemotherapeutic
inhibition of thymidylate synthase. DNA Repair 7, 162—169. https://doi.org/10.1016/j.dnarep.2007.09.001 (2008).

Pettersen, H. S. et al. UNG-initiated base excision repair is the major repair route for 5-fluorouracil in DNA, but 5-fluorouracil
cytotoxicity depends mainly on RNA incorporation. Nucleic Acids Res. 39, 8430-8444. https://doi.org/10.1093/nar/gkr563 (2011).
Weeks, L. D., Fu, P. & Gerson, S. L. Uracil-DNA glycosylase expression determines human lung cancer cell sensitivity to pemetrexed.
Mol. Cancer Ther. 12, 2248-2260. https://doi.org/10.1158/1535-7163.MCT-13-0172 (2013).

Weeks, L. D., Zentner, G. E., Scacheri, P. C. & Gerson, S. L. Uracil DNA glycosylase (UNG) loss enhances DNA double strand break
formation in human cancer cells exposed to pemetrexed. Cell Death Dis. 5, €1045. https://doi.org/10.1038/cddis.2013.477 (2014).
Welsh, S. J., Hobbs, S. & Aherne, G. W. Expression of uracil DNA glycosylase (UDG) does not affect cellular sensitivity to
thymidylate synthase (TS) inhibition. Eur. J. Cancer 39, 378-387 https://doi.org/10.1016/s0959-8049(02)00610-x (2003).

Yan, Y. et al. Inhibition of uracil DNA glycosylase sensitizes cancer cells to 5-fluorodeoxyuridine through replication fork collapse-
induced DNA damage. Oncotarget 7, 59299-59313. https://doi.org/10.18632/oncotarget.11151 (2016).

Yan, Y., Qing, Y., Pink, J. J. & Gerson, S. L. Loss of uracil DNA glycosylase selectively resensitizes p53-mutant and -deficient cells
to 5-FdU. Mol. Cancer Res. https://doi.org/10.1158/1541-7786.MCR-17-0215 (2017).

Kavli, B. et al. RPA2 winged-helix domain facilitates UNG-mediated removal of uracil from ssDNA; implications for repair of
mutagenic uracil at the replication fork. Nucleic Acids Res. 49, 3948-3966. https://doi.org/10.1093/nar/gkab195 (2021).
Rua-Fernandez, J. et al. Self-reversal facilitates the resolution of HMCES DNA-protein crosslinks in cells. Cell Rep. 42, 113427.
https://doi.org/10.1016/j.celrep.2023.113427 (2023).

Srivastava, M. et al. HMCES safeguards replication from oxidative stress and ensures error-free repair. EMBO Rep. 21, e49123.
https://doi.org/10.15252/embr.201949123 (2020).

Chen, H. P, Zhao, Y. T. & Zhao, T. C. Histone deacetylases and mechanisms of regulation of gene expression. Crit. Rev. Oncog. 20,
35-47. https://doi.org/10.1615/critrevoncog.2015012997 (2015).

Iveland, T. S. et al. HDACi mediate UNG2 depletion, dysregulated genomic uracil and altered expression of oncoproteins and
tumor suppressors in B- and T-cell lines. J. Transl. Med. 18, 159. https://doi.org/10.1186/s12967-020-02318-8 (2020).

Kelly, W. K. et al. Phase I study of an oral histone deacetylase inhibitor, suberoylanilide hydroxamic acid, in patients with advanced
cancer. J. Clin. Oncol. 23, 3923-3931. https://doi.org/10.1200/JC0O.2005.14.167 (2005).

Ryan, Q. C. et al. Phase I and pharmacokinetic study of MS-275, a histone deacetylase inhibitor, in patients with advanced and
refractory solid tumors or lymphoma. J. Clin. Oncol. 23, 3912-3922. https://doi.org/10.1200/]JCO.2005.02.188 (2005).

Hagen, L. et al. Cell cycle-specific UNG2 phosphorylations regulate protein turnover, activity and association with RPA. EMBO J.
27, 51-61. https://doi.org/10.1038/sj.embo;j.7601958 (2008).

Peterson, A. C., Russell, ]. D., Bailey, D. J., Westphall, M. S. & Coon, J. J. Parallel reaction monitoring for high resolution and high
mass accuracy quantitative, targeted proteomics. Mol. Cell. Proteom. 11, 1475-1488. https://doi.org/10.1074/mcp.0112.020131
(2012).

Chen, Y. et al. Pemetrexed induces ROS generation and cellular senescence by attenuating TS-mediated thymidylate metabolism
to reverse gefitinib resistance in NSCLC. J. Cell. Mol. Med. 27, 2032-2044. https://doi.org/10.1111/jcmm.17799 (2023).

Khong, A. et al. The stress granule transcriptome reveals principles of mRNA accumulation in stress granules. Mol. Cell 68, 808—
820. https://doi.org/10.1016/j.molcel.2017.10.015 (2017).

Luhnsdorf, B., Epe, B. & Khobta, A. Excision of uracil from transcribed DNA negatively affects gene expression. J. Biol. Chem. 289,
22008-22018. https://doi.org/10.1074/jbc.M113.521807 (2014).

Bepler, G. et al. Clinical efficacy and predictive molecular markers of neoadjuvant gemcitabine and pemetrexed in resectable non-
small cell lung cancer. J. Thorac. Oncol. 3, 1112-1118. https://doi.org/10.1097/JTO.0b013e3181874936 (2008).

Tchigvintsev, A. et al. Biochemical and structural studies of conserved Maf proteins revealed nucleotide pyrophosphatases with a
preference for modified nucleotides. Chem. Biol. 20, 1386-1398. https://doi.org/10.1016/j.chembiol.2013.09.011 (2013).

Scientific Reports |

(2025) 15:2082

| https://doi.org/10.1038/s41598-025-86007-w nature portfolio


https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1016/j.lungcan.2011.01.024
https://doi.org/10.1097/JTO.0b013e3181e0b954
https://doi.org/10.1016/j.canlet.2011.06.006
https://doi.org/10.1016/j.canlet.2011.06.006
https://doi.org/10.21037/tlcr.2019.10.14
https://doi.org/10.1038/s41568-023-00557-7
https://doi.org/10.1038/s41568-023-00557-7
https://doi.org/10.1158/1535-7163.MCT-11-0781
https://doi.org/10.1158/1535-7163.MCT-11-0781
https://doi.org/10.1093/nar/25.4.750
https://doi.org/10.1093/nar/gkad1115
https://doi.org/10.1093/emboj/18.13.3834
https://doi.org/10.1093/emboj/18.13.3834
https://doi.org/10.1038/cddis.2011.135
https://doi.org/10.1124/molpharm.120.000191
https://doi.org/10.1124/molpharm.120.000191
https://doi.org/10.1158/0008-5472.CAN-06-0540
https://doi.org/10.1021/bi102046h
https://doi.org/10.1021/bi102046h
https://doi.org/10.1016/j.dnarep.2007.09.001
https://doi.org/10.1093/nar/gkr563
https://doi.org/10.1158/1535-7163.MCT-13-0172
https://doi.org/10.1038/cddis.2013.477
https://doi.org/10.1016/s0959-8049(02)00610-x
https://doi.org/10.18632/oncotarget.11151
https://doi.org/10.1158/1541-7786.MCR-17-0215
https://doi.org/10.1093/nar/gkab195
https://doi.org/10.1016/j.celrep.2023.113427
https://doi.org/10.15252/embr.201949123
https://doi.org/10.1615/critrevoncog.2015012997
https://doi.org/10.1186/s12967-020-02318-8
https://doi.org/10.1200/JCO.2005.14.167
https://doi.org/10.1200/JCO.2005.02.188
https://doi.org/10.1038/sj.emboj.7601958
https://doi.org/10.1074/mcp.O112.020131
https://doi.org/10.1111/jcmm.17799
https://doi.org/10.1016/j.molcel.2017.10.015
https://doi.org/10.1074/jbc.M113.521807
https://doi.org/10.1097/JTO.0b013e3181874936
https://doi.org/10.1016/j.chembiol.2013.09.011
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

. Felip, E. et al. Modulation of DNA damage response by SAM and HD domain containing deoxynucleoside triphosphate
triphosphohydrolase (SAMHD1) determines prognosis and treatment efficacy in different solid tumor types. Cancers https://doi.
org/10.3390/cancers14030641 (2022).

Coquel, F. et al. SAMHDI] acts at stalled replication forks to prevent interferon induction. Nature 557, 57-61. https://doi.org/10.1
038/s41586-018-0050-1 (2018).

Mijelle, R. et al. Cell cycle regulation of human DNA repair and chromatin remodeling genes. DNA Repair 30, 53-67. https://doi.o
rg/10.1016/j.dnarep.2015.03.007 (2015).

Tung, C. L. et al. Down-regulation of MSH2 expression by an Hsp90 inhibitor enhances pemetrexed-induced cytotoxicity in
human non-small-cell lung cancer cells. Exp. Cell Res. 322, 345-354. https://doi.org/10.1016/j.yexcr.2014.02.002 (2014).

Alcon, P. et al. FANCD2-FANCI surveys DNA and recognizes double- to single-stranded junctions. Nature https://doi.org/10.103
8/541586-024-07770-w (2024).

Shen, M. et al. Met is involved in TIGAR-regulated metastasis of non-small-cell lung cancer. Mol. Cancer 17, 88. https://doi.org/1
0.1186/s12943-018-0839-4 (2018).

Kellner, V. & Luke, B. Molecular and physiological consequences of faulty eukaryotic ribonucleotide excision repair. EMBO J. 39,
€102309. https://doi.org/10.15252/embj.2019102309 (2020).

Ahadi, M. S. et al. Switch/sucrose-non-fermentable (SWI/SNF) complex (SMARCA4, SMARCA2, INI1/SMARCBI)-deficient
colorectal carcinomas are strongly associated with microsatellite instability: an incidence study in 4508 colorectal carcinomas.
Histopathology 80, 906-921. https://doi.org/10.1111/his.14612 (2022).

Naito, T. et al. Non-small cell lung cancer with loss of expression of the SWI/SNF complex is associated with aggressive
clinicopathological features, PD-L1-positive status, and high tumor mutation burden. Lung Cancer 138, 35-42. https://doi.org/10
.1016/j.lungcan.2019.10.009 (2019).

Liani, E. et al. Loss of folylpoly-gamma-glutamate synthetase activity is a dominant mechanism of resistance to polyglutamylation-
dependent novel antifolates in multiple human leukemia sublines. Int. J. Cancer 103, 587-599. https://doi.org/10.1002/ijc.10829
(2003).

Christoph, D. C. et al. Folylpoly-glutamate synthetase expression is associated with tumor response and outcome from pemetrexed-
based chemotherapy in malignant pleural mesothelioma. J. Thorac. Oncol. 7, 1440-1448. https://doi.org/10.1097/JTO.0b013e3182
60deaa (2012).

Fukuda, S. et al. A folylpoly-gamma-glutamate synthase single nucleotide polymorphism associated with response to pemetrexed
treatment combined with platinum for non-small cell lung cancer. Lung Cancer 102, 15-20. https://doi.org/10.1016/j.lungcan.201
6.10.006 (2016).

Boohaker, R. J. & Xu, B. The versatile functions of ATM kinase. Biomed. J. 37, 3-9. https://doi.org/10.4103/2319-4170.125655
(2014).

Ricciuti, B. et al. Clinicopathologic, genomic, and immunophenotypic landscape of ATM mutations in non-small cell lung cancer.
Clin. Cancer Res. 29, 2540-2550. https://doi.org/10.1158/1078-0432.CCR-22-3413 (2023).

Caswell, D. R. et al. The role of APOBEC3B in lung tumor evolution and targeted cancer therapy resistance. Nat. Genet. 56, 60-73.
https://doi.org/10.1038/s41588-023-01592-8 (2024).

Cui, J. et al. HDAC inhibitor ITF2357 reduces resistance of mutant-KRAS non-small cell lung cancer to pemetrexed through a
HDAC2/miR-130a-3p-dependent mechanism. J. Transl. Med. 21, 125. https://doi.org/10.1186/s12967-023-03973-3 (2023).

Del Bufalo, D. et al. Histone deacetylase inhibition synergistically enhances pemetrexed cytotoxicity through induction of
apoptosis and autophagy in non-small cell lung cancer. Mol. Cancer 13, 230. https://doi.org/10.1186/1476-4598-13-230 (2014).
Di Gennaro, E. et al. Vorinostat synergises with capecitabine through upregulation of thymidine phosphorylase. Br. J. Cancer 103,
1680-1691. https://doi.org/10.1038/sj.bjc.6605969 (2010).

Wallace, B. D. & Williams, R. S. Ribonucleotide triggered DNA damage and RNA-DNA damage responses. RNA Biol. 11, 1340-
1346. https://doi.org/10.4161/15476286.2014.992283 (2014).

Goksenin, A. Y. et al. Human DNA polymerase epsilon is able to efficiently extend from multiple consecutive ribonucleotides. J.
Biol. Chem. 287, 42675-42684. https://doi.org/10.1074/jbc.M112.422733 (2012).

Cerritelli, S. M. et al. High density of unrepaired genomic ribonucleotides leads to topoisomerase 1-mediated severe growth
defects in absence of ribonucleotide reductase. Nucleic Acids Res. 48, 4274-4297. https://doi.org/10.1093/nar/gkaal03 (2020).
Wanrooij, P. H. et al. Ribonucleotides incorporated by the yeast mitochondrial DNA polymerase are not repaired. Proc. Natl. Acad.
Sci. U. S. A. 114, 12466-12471. https://doi.org/10.1073/pnas.1713085114 (2017).

Diehl, E. E et al. Nucleotide imbalance decouples cell growth from cell proliferation. Nat. Cell. Biol. 24, 1252-1264. https://doi.org
/10.1038/541556-022-00965-1 (2022).

Wang, C. et al. Genome-wide CRISPR screens reveal synthetic lethality of RNASEH2 deficiency and ATR inhibition. Oncogene 38,
2451-2463. https://doi.org/10.1038/s41388-018-0606-4 (2019).

Williams, J. S., Lujan, S. A. & Kunkel, T. A. Processing ribonucleotides incorporated during eukaryotic DNA replication. Nat. Rev.
Mol. Cell. Biol. 17, 350-363. https://doi.org/10.1038/nrm.2016.37 (2016).

Mackenzie, K. J. et al. Ribonuclease H2 mutations induce a cGAS/STING-dependent innate immune response. EMBO J. 35, 831-
844. https://doi.org/10.15252/embj.201593339 (2016).

Yu, J. et al. Sequential administration of pemetrexed and cisplatin reprograms tumor immune microenvironment and potentiates
PD-1/PD-L1 treatment in a lung cancer model. J. Investig. Med. 70, 792-799. https://doi.org/10.1136/jim-2021-002159 (2022).
Liao, Z. Y. et al. A novel polypyrimidine antitumor agent FAUMP[10] induces thymineless death with topoisomerase I-DNA
complexes. Cancer Res. 65, 4844-4851. https://doi.org/10.1158/0008-5472.CAN-04-1302 (2005).

Takahata, C. et al. Repair synthesis step involving ERCC1-XPF participates in DNA repair of the Topl-DNA damage complex.
Carcinogenesis 36, 841-851. https://doi.org/10.1093/carcin/bgv078 (2015).

Lee, S. H. et al. Thymidylate synthase and ERCC1 as predictive markers in patients with pulmonary adenocarcinoma treated with
pemetrexed and cisplatin. Lung Cancer 81, 102-108. https://doi.org/10.1016/j.lungcan.2013.03.002 (2013).

Riva, V. et al. Novel alternative ribonucleotide excision repair pathways in human cells by DDX3X and specialized DNA
polymerases. Nucleic Acids Res. 48, 11551-11565. https://doi.org/10.1093/nar/gkaa948 (2020).

Carvalho, G., Repoles, B. M., Mendes, I. & Wanrooij, P. H. Mitochondrial DNA Instability in Mammalian Cells. Antioxid. Redox
Signal. 36, 885-905. https://doi.org/10.1089/ars.2021.0091 (2022).

Poburko, D., Santo-Domingo, J. & Demaurex, N. Dynamic regulation of the mitochondrial proton gradient during cytosolic
calcium elevations. J. Biol. Chem. 286, 11672-11684. https://doi.org/10.1074/jbc.M110.159962 (2011).

Allkanjari, K. & Baldock, R. A. Beyond base excision repair: an evolving picture of mitochondrial DNA repair. Biosci. Rep. https:/
/doi.org/10.1042/BSR20211320 (2021).

Gmeiner, W. H. Entrapment of DNA topoisomerase-DNA complexes by nucleotide/nucleoside analogs. Cancer Drug Resist. 2,
994-1001. https://doi.org/10.20517/cdr.2019.95 (2019).

Chen, J. K. et al. An RNA damage response network mediates the lethality of 5-FU in colorectal cancer. Cell Rep. Med. 5, 101778.
https://doi.org/10.1016/j.xcrm.2024.101778 (2024).

Bracht, K., Nicholls, A. M., Liu, Y. & Bodmer, W. E 5-Fluorouracil response in a large panel of colorectal cancer cell lines is
associated with mismatch repair deficiency. Br. J. Cancer 103, 340-346. https://doi.org/10.1038/sj.bjc.6605780 (2010).

Batth, T. S., Keasling, J. D. & Petzold, C. J. Targeted proteomics for metabolic pathway optimization. Methods Mol. Biol. 944,
237-249. https://doi.org/10.1007/978-1-62703-122-6_17 (2012).

Scientific Reports |

(2025) 15:208

2 | https://doi.org/10.1038/s41598-025-86007-w nature portfolio


https://doi.org/10.3390/cancers14030641
https://doi.org/10.3390/cancers14030641
https://doi.org/10.1038/s41586-018-0050-1
https://doi.org/10.1038/s41586-018-0050-1
https://doi.org/10.1016/j.dnarep.2015.03.007
https://doi.org/10.1016/j.dnarep.2015.03.007
https://doi.org/10.1016/j.yexcr.2014.02.002
https://doi.org/10.1038/s41586-024-07770-w
https://doi.org/10.1038/s41586-024-07770-w
https://doi.org/10.1186/s12943-018-0839-4
https://doi.org/10.1186/s12943-018-0839-4
https://doi.org/10.15252/embj.2019102309
https://doi.org/10.1111/his.14612
https://doi.org/10.1016/j.lungcan.2019.10.009
https://doi.org/10.1016/j.lungcan.2019.10.009
https://doi.org/10.1002/ijc.10829
https://doi.org/10.1097/JTO.0b013e318260deaa
https://doi.org/10.1097/JTO.0b013e318260deaa
https://doi.org/10.1016/j.lungcan.2016.10.006
https://doi.org/10.1016/j.lungcan.2016.10.006
https://doi.org/10.4103/2319-4170.125655
https://doi.org/10.1158/1078-0432.CCR-22-3413
https://doi.org/10.1038/s41588-023-01592-8
https://doi.org/10.1186/s12967-023-03973-3
https://doi.org/10.1186/1476-4598-13-230
https://doi.org/10.1038/sj.bjc.6605969
https://doi.org/10.4161/15476286.2014.992283
https://doi.org/10.1074/jbc.M112.422733
https://doi.org/10.1093/nar/gkaa103
https://doi.org/10.1073/pnas.1713085114
https://doi.org/10.1038/s41556-022-00965-1
https://doi.org/10.1038/s41556-022-00965-1
https://doi.org/10.1038/s41388-018-0606-4
https://doi.org/10.1038/nrm.2016.37
https://doi.org/10.15252/embj.201593339
https://doi.org/10.1136/jim-2021-002159
https://doi.org/10.1158/0008-5472.CAN-04-1302
https://doi.org/10.1093/carcin/bgv078
https://doi.org/10.1016/j.lungcan.2013.03.002
https://doi.org/10.1093/nar/gkaa948
https://doi.org/10.1089/ars.2021.0091
https://doi.org/10.1074/jbc.M110.159962
https://doi.org/10.1042/BSR20211320
https://doi.org/10.1042/BSR20211320
https://doi.org/10.20517/cdr.2019.95
https://doi.org/10.1016/j.xcrm.2024.101778
https://doi.org/10.1038/sj.bjc.6605780
https://doi.org/10.1007/978-1-62703-122-6_17
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

75. MacLean, B. et al. Skyline: an open source document editor for creating and analyzing targeted proteomics experiments.
Bioinformatics 26, 966-968. https://doi.org/10.1093/bioinformatics/btq054 (2010).

76. Geiszler, D. J. et al. PTM-shepherd: Analysis and summarization of post-translational and chemical modifications from open
search results. Mol. Cell. Proteom. 20, 100018. https://doi.org/10.1074/mcp.TIR120.002216 (2021).

77. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-
wide protein quantification. Nat. Biotechnol. 26, 1367-1372. https://doi.org/10.1038/nbt.1511 (2008).

78. Cox, J. et al. Accurate proteome-wide label-free quantification by delayed normalization and maximal peptide ratio extraction,
termed MaxLFQ. Mol. Cell. Proteom. 13, 2513-2526. https://doi.org/10.1074/mcp.M113.031591 (2014).

79. Aldrich, J. On student’s 1908 article—“The probable error of a mean”—Comment. J. Am. Stat. Assoc. 103, 8-11. https://doi.org/10
.1198/016214508000000111 (2008).

80. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate—a practical and powerful approach to multiple testing. J. R. Stat.
Soc. B'57, 289-300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x (1995).

81. Kramer, A., Green, J., Pollard, J. Jr. & Tugendreich, S. Causal analysis approaches in ingenuity pathway analysis. Bioinformatics 30,
523-530. https://doi.org/10.1093/bioinformatics/btt703 (2014).

82. Thomas, P. D. et al. PANTHER: Making genome-scale phylogenetics accessible to all. Protein Sci. 31, 8-22. https://doi.org/10.100
2/pro.4218 (2022).

83. Mi, H. et al. Protocol Update for large-scale genome and gene function analysis with the PANTHER classification system (v.14.0).
Nat. Protoc. 14, 703-721. https://doi.org/10.1038/s41596-019-0128-8 (2019).

84. Ge, S. X, Jung, D. & Yao, R. ShinyGO: a graphical gene-set enrichment tool for animals and plants. Bioinformatics 36, 2628-2629.
https://doi.org/10.1093/bioinformatics/btz931 (2020).

85. Zhou, Y. et al. High-throughput screening of a CRISPR/Cas9 library for functional genomics in human cells. Nature 509, 487-491.
https://doi.org/10.1038/nature13166 (2014).

86. Sarno, A. et al. Uracil-DNA glycosylase UNG1 isoform variant supports class switch recombination and repairs nuclear genomic
uracil. Nucleic Acids Res. 47, 4569-4585. https://doi.org/10.1093/nar/gkz145 (2019).

Acknowledgements

The study was supported by grants from the Joint Research Committee between St. Olavs Hospital HF and
the Faculty of Medicine and Health, NTNU (#38882), and the Cancer Fund at St. Olavs Hospital, Trondheim.
PROMEC is funded by NTNU and the Liaison Committee for Education, Research and Innovation in Central
Norway. PROMEC is a member of the National Network of Advanced Proteomics Infrastructure (NAPI), which
is funded by the RCN INFRASTRUKTUR-program (#295910). Data storage and handling is supported under
the PRIDE and Norstore/Notur projects NN9036K/NS9036K, respectively.

Author contributions

The authors confirm contribution to the paper as follows: study conception and design: TSI, BK, GS; data collec-
tion: TSI, LH, MMLS, NBL, PAA; analysis and interpretation of results: TSI, LH, MMLS, PAA, AS, BK, GS; draft
manuscript preparation: TSI, LH, MMLS, NBL, PAA, AS, BK, GS; All authors reviewed the results and approved
the final version of the manuscript.

Funding
Open access funding provided by NTNU Norwegian University of Science and Technology (incl St. Olavs Hos-
pital - Trondheim University Hospital)

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-86007-w.

Correspondence and requests for materials should be addressed to B.K. or G.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:2082 | https://doi.org/10.1038/s41598-025-86007-w nature portfolio


https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1074/mcp.TIR120.002216
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1198/016214508000000111
https://doi.org/10.1198/016214508000000111
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/bioinformatics/btt703
https://doi.org/10.1002/pro.4218
https://doi.org/10.1002/pro.4218
https://doi.org/10.1038/s41596-019-0128-8
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1038/nature13166
https://doi.org/10.1093/nar/gkz145
https://doi.org/10.1038/s41598-025-86007-w
https://doi.org/10.1038/s41598-025-86007-w
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Cytotoxic mechanisms of pemetrexed and HDAC inhibition in non-small cell lung cancer cells involving ribonucleotides in DNA
	﻿Results
	﻿HDACi decreases PMX sensitivity of NSCLC cells when added prior to PMX
	﻿HDACi increases PMX sensitivity of NSCLC cells when added after PMX
	﻿PMX sensitivity is unaffected by CRISPR/Cas9-mediated UNG depletion
	﻿Most proteins affected by PMX and MS275 combinatorial treatment are downregulated
	﻿PMX upregulates mitochondrial electron transport and downregulates DNA replication and RNA splicing
	﻿Proteins involved in purine and pyrimidine metabolism are differentially affected by PMX and MS275
	﻿Pemetrexed and MS275 mediate downregulation of DNA repair and genome maintenance proteins
	﻿Targeted mass spectrometry corroborates the results from LFQ analysis

	﻿Discussion
	﻿Methods
	﻿Cell culture and preparation of extracts
	﻿Flow cytometric analysis of cell cycle
	﻿Electrophoresis and western analysis
	﻿Antibodies and reagents
	﻿Targeted quantitative proteomics
	﻿Label-free quantitative proteomics
	﻿Bioinformatic analyses
	﻿Dose response assay
	﻿CRISPR/Cas9 clones

	﻿References


