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APE1 promotes lung adenocarcinoma through G4-
mediated transcriptional reprogramming of urea
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SUMMARY

Lung adenocarcinoma (LUAD) remains the leading cause of cancer deaths worldwide. Apurinic/apyrimidinic
endonuclease 1 (APE1), an enzyme integral to DNA repair and redox signaling, is notably upregulated in
LUAD. Here we reveal that APE1 amplification, primarily via allele duplication, strongly correlates with
poor prognosis in LUAD patients. Using human LUAD cell lines and a KRAS-driven mouse model, we showed
that APE1 deletion hampered cell proliferation and tumor growth, highlighting its role in tumorigenesis. Mech-
anistically, APE1 promoted the transcription of urea cycle genes CPS1 and ARG2 by modulating the presence
of G-quadruplex (G4) structures in their promoter regions. APE1 loss disrupted the urea cycle and pyrimidine
metabolism, inducing metabolic reprogramming and growth arrest, which could be rescued by CPS1 or py-
rimidine restoration. These findings uncover APE1’s role in transcriptional regulation of urea cycle metabolic
reprogramming via G4 structure, providing a potential therapeutic target LUAD patients with elevated APE1

expression.

INTRODUCTION

Lung cancer remains as the leading cause of cancer-related
mortality worldwide, accounting for 21% of all cancer deaths in
2023, and exhibits high incidence and high mortality with a
10%-15% 5-year survival rate." Non-small-cell lung cancer
(NSCLC) comprises approximately 85% of all lung cancer cases,
with lung adenocarcinoma (LUAD) emerging as the predominant
histologic subtype.? Multiple oncogenic driver mutations have
been identified in LUAD, including KRAS, EGFR, and BRAF mu-
tations. Notably, KRAS mutations are prevalent, accounting for a
large proportion (32%) of LUAD cases, with a majority of muta-
tions occurring at codon 12 (85%).>* Considering the allele
specificity and pivotal roles of KRAS mutants in various cellular
processes, novel strategies in a KRAS allele-dependent manner
are still required.

Over the past two decades, although chemotherapy and tar-
geted treatments have significantly improved patient prognosis,
the emergence of acquired drug resistance remains a significant
barrier to cancer treatment.” An elevated DNA repair capacity in
cancer cells is thought to contribute to the development of resis-

tance against radiation and platinum-based chemotherapy.®’
Notably, human apurinic/apyrimidinic endonuclease 1 (APE1)
has been observed with elevated expression level in various can-
cers, including bladder cancer,® non-small cell lung carci-
noma,®'° glioma,'" pancreatic cancer,’® cervical cancer,'®'
prostate cancer,’ and ovarian cancer.'® The blockade of
APE1 activity by inhibitors has been proven to induce lethality
in breast cancer susceptibility (BRCA) and ataxia telangiectasia
mutated (ATM) deficient cells.'® Moreover, elevated APE1 level
are associated with increased resistance to chemotherapy and
radiotherapy, leading to poor clinical outcomes,'”'® and
silencing APE1 expression can sensitize cancer cells to chemo-
therapy and radiation treatment.’®?° Consequently, APE1 is
considered a promising prognostic cancer biomarker and a po-
tential therapeutic target.

APE1 was originally identified as an apurinic/apyrimidinic (AP)
endonuclease.?’ Inmammalian cells, APE1 dominates the cleav-
age of over 95% of AP site lesions, playing a vital role in protect-
ing cells from DNA damage caused by internal or external fac-
tors.?? The conserved Asn212 residue (Asn211 in mice) is
indispensable for the enzymatic activity of APE1.?>?* Besides
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its role in DNA repair, APE1 also functions as a redox signaling
hub regulating critical transcription factors (TFs), including
Egr1, nuclear factor kB (NF-kB), p53, and HIF1a.?>?® Through
thiol/sulfide exchange on cysteine residue, APE1 reduces
oxidized TFs to their active forms, enabling these activated TFs
to bind to DNA.?” This redox activity endows APE1 with the ca-
pacity to modulate gene expression and participate in many
cellular processes, including growth, inflammation, and angio-
genesis.”’®?° The redox activity of APE1 primarily relies on
Cys65, a cysteine residue located in its N-terminal tail, and oper-
ates independently of APE1’s DNA repair function.*° Recent
studies have revealed an additional role of APE1 in controlling
the formation of higher-order DNA secondary G-quadruplex
(G4) structures to regulate transcription.®" Specifically, APE1
plays critical roles in stabilizing G4 structures and promoting
KRAS expression in pancreatic ductal adenocarcinoma
(PDAC).*? These discoveries have suggested the diverse func-
tions of APE1, expanding its role beyond just DNA repair
to include transcriptional regulation and modulation of G4
structures.

Although emerging evidence has established a correlation be-
tween elevated APE1 expression and unfavorable outcomes,
such as poor prognosis, invasion, and chemo-resistance,* the
specific function and precise mechanism of APE1 in the progres-
sion of LUAD tumors remain elusive. In this study, we elucidate
the role of APE1 in the malignant progression of LUAD through
the transcriptional regulation of urea cycle genes, offering poten-
tial therapeutic strategies for LUAD patients.

RESULTS

Elevated APE1 expression correlates with malignancy in
human LUAD

Analyses of cBioPortal database showed that about 2.5%
NSCLS patients harbored genomic alterations in APET1, with
80% of these alterations being allele amplification (Figure 1A).
Correspondingly, the transcriptional level of APE71 was signifi-
cantly higher in LUAD tumor tissues compared to normal tissues
(Figure 1B). Notably, high APE1 expression was evidently linked
with poor patient survival (Figure 1C). LUAD exhibits KRAS mu-
tation in approximately 32% of cases.>* We then employed
CRISPR-Cas9-mediated APE71 knockout in two KRAS-mutant
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human LUAD cell lines, A549 and H1944 cells, to examine the ef-
fect of APE1 loss (APE1~/7). The deletion of APE1 was confirmed
at both DNA and protein levels (Figures S1A-S1D). We found that
APE1 deletion significantly inhibited cell proliferation of A549 and
H1944 cells (Figure 1D). These findings indicate that APE1 might
play an oncogenic role in LUAD.

APE1 transcriptionally reprogramed the urea cycle and
pyrimidine metabolism in LUAD

As APE1 has been demonstrated to regulate KRAS transcrip-
tion in PDAC,*? we investigated the involvement of APE1 in
the regulation of KRAS expression in LUAD. In contrast to
its role in PDAC, APE1 deletion did not affect KRAS expression
at either mRNA or protein levels in A549 cells (Figures S1E and
S1F), consistent with previously published RNA sequencing
(RNA-seq) data (Figure S1G). This observation suggests that
APE1 regulation may be specific to the type of cancer. To un-
cover the mechanism underlying the anti-tumor effect of
APE1 deletion, we performed RNA-seq analysis on APE1-
deleted cells. Principal-component analysis (PCA) revealed
the clear clustering of A549 and H1944 cells based on their
genotypes (Figures S2A and S2C). Remarkably, Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis of the
differentially expressed genes (DEGs) showed significant en-
richments in terms related to the biosynthesis of amino acids,
particularly arginine biosynthesis in A549 and H1944 cell lines
(Figures 1E and S2D). Gene set enrichment analysis (GSEA)
further confirmed the dysregulation of biosynthesis and activa-
tion of amino acid pathways (Figure S2B). Many cancer cells
exhibit dysregulated expression of urea cycle enzymes,®®
including carbamoyl phosphate synthetase 1 (CPS1), arginino-
succinate synthase (ASS1), argininosuccinate lyase (ASL), argi-
nase 1 (ARG1), and arginase 2 (ARG2) (Figure S2E). Of note,
the expression of CPS71 and ARG2 was downregulated
in both A549 and H1944 cells with APE1 deletion, as evidenced
by RT-gPCR results (Figures 1F and S2F). Next, we performed
untargeted metabolomics analysis to assess the metabolic
alterations in APE1~'~ A549 cells by UHPLC-MS/MS.
KEGG analysis indeed revealed the enrichment of altered
metabolites in amino acid and nucleoside metabolism path-
ways (Figures 1G, S2G and S2H). Notably, the urea cycle me-
tabolites, including citrulline, arginine, and ornithine, were

Figure 1. APE1 amplification drives urea cycle reprogramming and promotes tumor progression in LUAD
(A) Global view of the somatic genome alterations in APE1 in pan-cancer. This figure is adapted from an OncoPrint figure generated by cBioPortal.
(B) Boxplots showing APET mRNA expression levels in LUAD compared with normal adjacent tissues. Clinical expression data of APET mRNA were derived from

GEPIA.

(C) Kaplan-Meier curves showing overall survival of LUAD patients stratified by APET mRNA levels. Source data can be found from GEPIA.
(D) Cell growth curve of human cancer cell lines A549 and H1944 with APET deletion (APE7~'7) or not (APE1*/*). Two independent knockout clones in each cell

line are presented.

(E) KEGG pathway analysis of the differentially expressed genes (DEGs) in A549 cells upon APE1 knockout. DEGs are defined by 1.5-fold change and adjusted p

value <0.05. The number of genes in each category is indicated.

(F) RT-gPCR analysis of urea cycle genes in APE7** and APE1~/~ A549 cells. Data are presented as mean + SEM from four biological replicates.

(G) KEGG pathway analysis of metabolites with aberrant levels in APE1 ~/~ A549 cells. KEGG enrichment pathways are defined by adjusted p value <0.05.
(H and 1) Relative abundance of urea cycle intermediates arginine, ornithine, and citrulline (H) and pyrimidines (1) in APE7*"* and APET1~/~ A549 cells measured by
UHPLC-MS/MS. UDP, uridine 5’'-diphosphate; UMP, uridine 5’-monophosphate. Data are presented as mean + SEM from five or six biological replicates.

(J) Ammonia/ammonium levels of APET** and APE1~/~ A549 cells with or without restoration of APE1. Data are presented as mean + SEM from four biological
replicates. The expression levels were normalized to GAPDH, and then compared to the APE1** control, which was set to 1.0.

Statistical significance was assessed using two-sided log rank test (C), two-way ANOVA (D), and two-tailed unpaired Student’s t test (F, H-J). ns, not significant.
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Figure 2. CPS1 restoration alleviates DNA damage and proliferation defects of APE1”- LUAD
(A) Kaplan-Meier curves showing overall survival of CPS1-high (the highest 25%) or CPS7-low (the remaining 75%) LUAD patients classified based on CPS1

mRNA levels. The source data is accessible through GEPIA.

(B) Western blot analysis of CPS1 and yH2AX in wildtype (APE1*/*), APE1 knockout (APE71~'~) and APE1 knockout with the restoration of CPS1 (APET1~/~ + CPS1)

A549 cells. ACTB was detected as a loading control.

(C) Representative immunofluorescence images of A549 cells with the indicated genotypes stained with anti-yH2AX (green) and DAPI (blue) from two inde-

pendent experiments. Scale bar indicates 20 um.

(D) Percentage of cells with greater than 10 YH2AX foci in APE1** and APE1~/~ A549 cells with or without restoration of CPS1. Five representative images for
APE** and ten representative images for APET =/~ or APE1T~'~ + CPS1 group form two independent experiments were counted, respectively.

(E) Cell growth curves of APET1~/~ A549 cells with or without restoration of CPS1.

(F) Effect of supplementing uridine and thymidine (UT) or adenosine (A) on cell proliferation rate in APET~/~ A549 cells.

Datain (E) and (F) presented as mean + SEM from three biological replicates. The data in (B) and (E) are derived from two independent CRISPR clones. Statistical
significance was assessed using two-sided log rank test (A), two-tailed unpaired Student’s t test (D), or two-way ANOVA (E and F). ns, not significant.

decreased (Figure 1H). Moreover, the level of pyrimidine
decreased along with an increase in purine levels (Figures 1l
and S2I). To determine how urea cycle metabolism affects tu-
mor growth, we measured ammonia level in A549 cells with or
without APE1. Our data showed that APE1 deletion promoted
ammonia accumulation, which could be reversed by APE1
overexpression (Figure 1J). Taken together, these data suggest
that APE1 deletion affects lung cancer cell proliferation poten-
tially through reprogramming the urea cycle metabolism.

4 iScience 28, 112275, May 16, 2025

CPS1 restoration alleviates DNA damage and
proliferation defects of APE1/~ LUAD

Interestingly, we found that abundant CPS7 mRNA correlated
with poor prognosis in LUAD (Figure 2A), suggesting a potential
pivotal role for CPS1 in the progression of LUAD malignancy.
Indeed, CPS1 expression was reduced at the protein level in
APE1~/~ A549 cells (Figure 2B). CPS1, a rate-limiting enzyme
within the urea cycle, is necessary to maintain pyrimidine pools
and DNA synthesis in lung cancer cells.*® Consistently, we
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observed significant cell-cycle arrest in the GO/G1 phase (Fig-
ure S2J) and increased double-strand DNA breaks (DSBs) in
APE1~'~ cells (Figures 2C and 2D). To confirm the role of
CPS1 in LUAD malignancy, we restored CPS1 expression or
supplemented exogenous uridine (U) and thymidine (T) in
APE1~'~ A549 cells and observed a reduction in DNA damage
and restoration of cell proliferation (Figures 2B-2F). These find-
ings provide compelling evidence that the decreased expression
of CPS1 contributes to DNA damage and proliferation defects in
APE1~" cells.

APE1 is required to sustain Kras®'?P-induced LUAD
development in mice

To verify the functional importance of APE1 in LUAD develop-
ment in vivo, we utilized the Kras-driven autochthonous geneti-
cally engineered mouse model (GEMM) (Figure S3A) and gener-
ated the Ape1 conditional knockout and N211A mutant mice. To
establish a conditional knockout mouse model for Ape1, we in-
serted two loxP sites flanking exon 2 and exon 3 of the Ape1
gene (Figures S3B-S3D). Additionally, considering the impor-
tance of Asn211 for the AP endonuclease activity of mouse
APE1 protein,®>?* we generated the N211A mutant mice
through CRISPR-Cas9-mediated homologous recombination
(Figures S3E and S3F). We obtained the following four
cohorts: KrasLSL'G12D/+, KraSLSL—G12D/+; Ape1ﬂ°"/+, KraSLSL-G12D/+;
Ape1f/ox/ﬂox’ and KraSLSL—G12D/+; Ape1f/ox/N217A_ In these models,
the induction of Ape1 deletion and the expression of oncogenic
Kras®"?P in lung epithelial cells to initiate lung tumorigenesis
were achieved through intranasal infection with a Cre-express-
ing adenovirus under the control of CMV promoter (Ad-CMV-
Cre) (Figure S3G) as previously reported.®*

Consistent with our findings in human cancer cell lines, Ape1
deletion in mice reduced tumor burden by 80% compared to
wild-type (Ape?**) and Apel heterozygotes (Ape?*’”) at
17 weeks post Ad-Cre instillation (Figures 3A and 3B), further
confirming the promotive role of APE1 in LUAD development.
Notably, the inhibition of tumor progression in Ape1-knockout
mice was dependent on the AP endonuclease activity of
Apel, as Ape1™N2""W~ mice phenocopied the Apel KO mice
(Figures 3A and 3B). To further confirm the oncogenic role of
APE1, and validate the role of its AP endonuclease activity in
LUAD development in vivo, we generated lentiviruses expressing

iScience

both Cre recombinase and either wild-type (WT) Ape1, which
could mimic Ape1 allele amplification, or the N211A mutant for
administration into Kras"St"672P+ mice (Figure S4A). We found
that, the expression of WT APE1, but not the N211A mutant,
strongly potentiated Kras®'?P-driven LUAD development
(Figures S4B and S4C). Thus, these results demonstrate that
the AP endonuclease activity of Apel is required to promote
LUAD development.

Next, we sorted tdTomato*/EPCAM*/DAPI~/CD45 /CD31~
lung epithelial cells 12 weeks after Ad-Cre instillation and per-
formed RNA-seq to profile transcriptional changes. Although
the number of DEGs in Ape?™?""~ versus Ape1*’~ cells was
smaller than that in Ape? ™~ versus Apel*’~ cells (Figure 3B),
both groups showed significant enrichment of pathways related
to amino acid biosynthesis (Figures 3C-3F). Furthermore, we
confirmed the decreased expression of Arg2 in Ape1l KO and
N211A mutant lung tumor sections through immunohistochem-
istry (Figure 3G). Together, these findings pointed to the critical
roles of urea cycle in sustaining tumor progression and a func-
tional interplay between APE1 and urea cycle reprograming in
LUAD development.

APE1 is involved in G4-mediated transcription of CPS1
and ARG2

Analysis of the human LUAD datasets from The Cancer Genome
Atlas (TCGA) database revealed that both CPS7 and ARG2 posi-
tively correlated with APET expression (Figure S5A), consistent
with the trends observed in our experiments (Figures 1 and 3).
Given that APE1 is involved in G4-mediated gene expression,®’
we then investigated whether the promoter regions (TSS +/— 1
kb) of CPS1 and ARG2 harbored putative quadruplex sequence
(PQS) with a web-based server G4Hunter. Using standard pa-
rameters for the G4Hunter search algorithm (window size of 25
and G4HS > 1.2), we identified four and six PQSs in CPS7
and ARG2 promoter, respectively (Figure 4A). Importantly, these
potential G4s at the promoter of CPS1 and ARG2 do appear in
the G4-seq human datasets previously published (Figure 4B),
providing additional physical evidence to support our computa-
tional predictions. To investigate the influence of APE1 on the
genome-wide distribution of G4s in vivo, we performed cleavage
under targets and tagmentation (CUT&Tag) in APE7** and
APE1~/~ A549 and H1944 cells using BG4, a well-characterized

Figure 3. APE1 is required to sustain KRAS®"?-induced LUAD development in mice

(A) Hematoxylin and eosin (H&E)-staining of tumor-bearing lungs from indicated genetically engineered mouse models (GEMMs). Lung tissues were collected at
17 weeks after Ad-CMV-Cre intranasal inhalation. Right panel showed the quantification of tumor burdens. For each mouse lung sample, the largest cross-
section of the lung was selected as a representative for tumor quantification. n = 7 tissue sections from seven mice. Scale bars indicate 2 mm. Statistical sig-
nificance was assessed using two-tailed unpaired Student’s t test.

(B) Scatterplot showing the DEGs in Ape1 knockout (left) or Ape1 N211A mutant (right) early-stage cancer cells versus Ape1*’~ ones. Mice were intranasally
administered with Ad-CMV-Cre. After 12 weeks, lungs were collected to sort tdTomato*/EPCAM*/DAPI~/CD45 /CD31~ epithelial cells for RNA-seq analysis.
n = 4 mice for Ape1*/~, Kras®'?° genotype; n = 3 mice for Ape1~/~, Kras®'2P or Ape1™2""", Kras®'2P genotype. nCount represents the mean of counts
normalized by DESeq2. The dashed lines indicate the 2-fold change threshold for defining DEGs. Red and blue dots depict significantly changed genes (log2(fold
change) > 1 or < —1 and p value <0.05) and gray dots depict genes without significant changes. The number of DEGs is indicated.

(C and D) KEGG pathways analysis of DEGs in Ape1-deficient (C) or Apel N211A mutant (D) early-stage cancer cells. Pathways involved in amino acid
biosynthesis and pyrimidine metabolism are indicated in red.

(E and F) Gene set enrichment analysis (GSEA) plots showing pathway involved in biosynthesis of amino acids in Ape1-deficient (E) or Ape1 N211A mutant
(F) early-stage cancer cells. NES, normalized enrichment score.

(G) Representative immunohistochemistry (IHC) images for Arg2 in lung tumor tissues from indicated GEMMs. Lung tissues were collected at 17 weeks after Ad-
CMVR-Cre infection. Scale bars indicate 200 um (top) or 20 um (bottom). All the data are presented as mean + SEM.
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Figure 4. APE1 knockout hinders the presence of G4 structures in the CPS1 and ARG2 promoters

(A) Promoter sequences of CPS1 (top) and ARG2 (bottom) identified by G4Hunter using a window of 20 nucleotides and a threshold of 1.25 with their corre-
sponding score on both forward and reverse strands. The shaded boxes indicate the G4-forming sequences used in Figure 5.

(B) Genome browser representation of G4 structures and Observed-G4s (OGs) at the promoters of CPS1 (top) and ARG2 (bottom) in human cells. Data of G4P
ChIP-Seq and G4-seq are from GSE133379 and GSE63874, respectively.
(C) Reduced G4 signals in A549 cells upon APE1 deletion. Plot profile (top) and heatmaps (bottom) showing enrichment of G4 (RPGC, reads per genome
coverage) in APET** and APE1~/~ A549 cells. The signal is plotted in a 6 kb window flanking the transcriptional start sites (TSS).

(D) Genome browser representation of G4 structures, H3K4me3 and chromatin accessibility at the promoters of CPS1 (top) and ARG2 (bottom). The shaded
boxes highlight G4 structures co-occurring in the promoter regions enriched in H3K4me3.
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Figure 5. APE1 shows strong binding affinity to G4 structures in CPS1 and ARG2 promoters

(A and B) Schematic diagram of G4, non-G4 (control) regions and G4-mutated sequences at the CPS1 (A) and ARG2 (B) promoters. The underlined sequences
denote G4-forming oligo containing the G4 motif or non-G4-forming oligo in which G residues are substituted with A (Mut, in blue). The location and length of each
DNA fragment amplified in the real-time ChIP-PCR experiments (Figure 5E) are indicated. Arrows represent the positions of the primers. Red letters indicate the
positions critical for G4 formation. TSS, transcription start site.

(C) Binding curves illustrating the association and dissociation of recombinant APE1 protein to the immobilized, biotinylated ssDNA oligonucleotide containing the
CPS1 (left) and ARG2 (right) G4 by biolayer interferometry (BLI) analysis. Apparent KD for the most abundant population is indicated.

(D) BLI assay for non-G4-forming (MUT) oligonucleotides of CPS1 (left) and ARG2 (right).

(E) Enrichment of APE1 on the CPST (left) and ARG2 (right) promoters in knock-in A549 cells with HA-tagged APE1 (HA-APE1"") and in APE1 /= expressing
transgenic FLAG-tagged APE1N212A (FLAG-APE1N2124), ChIP-qPCR was performed, with control regions located within the gene body lacking G4-forming ability
(Figure 5A). Data are presented as mean + SEM from four biological replicates. Statistical significance was assessed using two-tailed unpaired Student’s t test (E).
ns, not significant.

G4-structure-specific scFv antibody. The metaplot displayed a
reduction of G4 coverage in whole genome upon APE1 deletion
(Figure 4C), suggesting the important role of APE1 in facilitating
G4 formation in vivo. Consistent with previous studies,®” we
found that G4 structures were enriched in the promoters, 5’ un-
translated regions (UTRs), and gene bodies (Figure S5B). To
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examine whether APE1 is involved in the formation of G4s in
CPS1 and ARG2 promoter regions, we compared BG4 enrich-
ment at these regions between APET** and APE1~~ cells. A
significant enrichment of G4 signals in CPS7 and ARG2 pro-
moter regions was observed in APET*"* A549 cells. However,
this enrichment showed a striking decrease in APE1~/~ A549
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cells compared to WT cells (Figure 4D), with the same results
observed in the H1944 cell line (Figure S5C). Additionally, our
ATAC-seq data showed that there was significant reduction in
the chromatin accessibility at the CPS7 and ARG2 loci following
APE1 knockout (Figure 4D). However, no significant changes
were detected in H3K4me3 levels. Taken together, our data indi-
cate that APE1 is involved in G4-mediated transcription of CPS1
and ARG2.

APE1 shows strong binding affinity to G4 structures in
CPS1 and ARG2 promoters

To validate the presence of G4 structures within the promoters of
CPS1 and ARG2, we synthesized a 25-mer oligonucleotide cor-
responding to the CPS1 G4-proximal motif (named as CPS7 G4
oligo) and a 29-mer oligonucleotide for ARG2 (ARG2 G4 oligo)
(Figures 5A and 5B). Their mutants, designated as CPS7 MUT
oligo and ARG2 MUT oligo, were generated to completely abro-
gate the formation of G4 structures (Figures 5A and 5B). G4
folding in the G4 oligonucleotides and their mutants was
confirmed by circular dichroism spectroscopy (CD) and thermal
difference UV/Vis spectroscopy (TDS). CD spectra confirmed
that CPS1 oligos formed parallel G4 structures, characterized
by a strong positive ellipticity peak at 265 nm and a negative
peak near 240 nm—typical signatures of G4 structures (Fig-
ure S6A). ARG2 oligos formed antiparallel G4 structures, with a
positive ellipticity band at 295 nm and a negative one at
260 nm (Figure S6A). TDS further confirmed the formation of
G4 structures in both genes (Figures S6D and S6E). In contrast,
CD and TDS analyses of the mutated CPS7 and ARG2 oligos,
with several G residues replaced, showed a complete abroga-
tion of G4 formation (Figures S6A-S6E). These findings indicate
that the promoter regions of CPS7 and ARG2 can indeed form
G4 structures in vitro.

To investigate the direct interaction between APE1 and G4
structures in vitro, we used bio-layer interferometry (BLI) to
monitor real-time binding of APE1 to biotin-labeled CPS7 and
ARG2 G4 oligonucleotides. APE1 showed selective binding to
single-stranded CPS1 G4 (Kp = 14.80 nM) and ARG2 G4 (Kp =
22.22 nM) (Figure 5C), with negligible binding to the correspond-
ing duplex DNA (Figure S6F) and over fifteen times weaker bind-
ing to single-stranded MUT oligos (Figure 5D). To further confirm
APE1’s direct binding to the G4 regions in the promoters of CPS1
and ARG2, we performed chromatin immunoprecipitation as-
says followed by quantitative PCR (ChIP-gPCR) in A549 cells ex-
pressing C-terminally HA-tagged WT APE1 using HA antibodies
(Figures S7A and S7B). WT APE1 directly bound to the G4 re-
gions of CPS1 and ARG2, while the catalytically inactive
N212A mutant showed no promoter binding (Figure 5E). These
findings demonstrate that APE1 selectively binds to G4 struc-
tures in the CPS1 and ARG2 promoters, and this interaction is
dependent on its enzymatic activity.

G4 structure positively regulates transcription of urea
cycle enzymes

We next explore how APE1 loss reduces expression of CPS1
and ARG2. Using CRISPR-Cas9 system,*® we targeted G4-
forming sequences within the endogenous CPS7 and ARG2 lo-
cus in A549 cells (Figure S7D). The first approach involved
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mutating these G4 sequences in A549 cells (validated previously
as MUT oligos) to disrupt G4 structure formation, referred to as
CPS1MYT and ARG2YY" (Figures 5A and 5B). G4 CUT&Tag
with BG4 showed a drop of G4 signal in the CPSTMYT and
ARG2MUT cells compared to APET** cells (Figure 6A). Notably,
RT-gPCR revealed a significant reduction in RNA levels for
both genes (Figure 6B).

To evaluate whether the sequence itself or G4 structure is
important for transcription, we then replaced the mutated
CPS1 and ARG2 G4 motif with a well-characterized G4
sequence from the MYC locus (Figure S7E).*° As previously re-
ported,®” APE1 exhibits high affinity for the MYC G4 (Kp =
10.01 nM, Figures S7F and S7G). Remarkably, after replacing
the CPS71 and ARG2 G4 regions with the MYC G4 sequence,
their expression levels were restored to those in wild-type cells
(Figure 6C). Overall, these results indicate that a folded G4 struc-
ture, rather than the specific sequence, promotes CPS7 and
ARG2 expression through APE1 binding.

APE1-dependent G4 structure and AP site formation
drive CPS1 and ARG2 transcriptional regulation

We further confirmed the crucial role of APE1 in the formation
of G4 structures using Gé4-stabilizing ligand pyridostatin
(PDS). Upon treatment with PDS, we observed a significant
upregulation of CPS1 and ARG2 expression in WT A549 cells,
with no effect on KRAS expression (Figures 6D and S7H).
Conversely, the same treatment in the APE1~'~ cells failed to
increase CPS1 and ARG2 expression (Figure 6D). Additionally,
ectopically expression of WT APE1, but not the catalytically
inactive N212A mutant, restored CPS7 and ARG2 expression
in APE1~'~ cells (Figure 6E), again without affecting KRAS
levels (Figure S7I). Taken together, these results highlight the
role of APE1 in regulating CPS7 and ARG2 expression via G4
structures.

To further explore the mechanism behind this regulation, we
examined whether AP site formation by 8-oxoguanine DNA gly-
cosylase 1 (OGG1) is essential for G4-mediated transcriptional
control of CPS1 and ARG2. Treatment with a well-character-
ized OGG1 inhibitor TH5487 reduced CPS7 and ARG2 expres-
sion in WT but not APE1~'~ cells (Figure 6F). Additionally,
TH5487 inhibited the proliferation of WT cells but had no effect
on APE1~'~ cells, reinforcing the notion that APE1 is crucial for
regulating the urea cycle and cell growth (Figure 6G). These ob-
servations aligned with previous findings that absence of
OGG1 abolished the formation of most genomic G4s in cells,*
suggesting the OGG1 inhibitor as a potential drug for LUAD.
Together, these findings demonstrate that AP sites may be
important for APE1-mediated transcriptional regulation of
CPS1 and ARG2.

DISCUSSION

APE1 is a versatile protein with functions in DNA damage repair’
and transcriptional regulation.?® Mounting evidence shows the
elevated expression of APE1 in various cancers and its correla-
tion with malignancy, making it a promising prognostic cancer
biomarker and a potential therapeutic target. Inhibition of APE1
induces DNA damage, apoptosis, pyroptosis, and necroptosis,
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Figure 6. APE1 regulates the transcription of CPS1 and ARG2 by facilitating G4 structure formation

(A) BG4 CUT&Tag sequencing profiles for the G4 edited sites at the promoters of CPS1 (upper) or ARG2 (bottom) and the STAT3 control site.

(B) RT-gPCR analysis of CPS7 in CPSTVY (top) and ARG2 in ARG2MYT (bottom) A549 cells. “MUT” denotes that the G4 sequence in the promoter of the
respective genes was mutated by gene editing.
(C) RT-gPCR analysis of CPS1 in CPS1MYC &4 (top) and ARG2 in ARG2MYC &4 (bottom) A549 cells. “MYC G4” denotes that the native G4 sequence in the promoter
of the respective genes was replaced by MYC G4 sequence.
(D) RT-gPCR analysis of CPS7 and ARG2 in APE1*"* and APE1~/~ A549 cells treated with G4-stabilizing ligand PDS (5 mM) for 2 h.

(E) RT-gPCR analysis of CPS1 and ARG2 in APE1~/~ A549 cells with restoration of either APE1 WT or N212A mutant.

(F) RT-gPCR analysis of CPS1 and ARG2 in APE1** and APE1~/~ A549 cells treated with OGG1 inhibitor TH5487 (5 uM) for 2 h.

(G) The proliferation of APET**+ and APE1~/~ A549 cells treated with OGG1 inhibitor TH5487 for 24 h. Cells were counted using the CCK8 assay. The expression
levels were normalized to GAPDH, and then compared to the untreated APE 1*/* control, which was set to 1.0.

Data in (B-G) are presented as mean + SEM from three (G) or four (B-F) biological replicates. The data presented in (B-D) and (F and G) are derived from four
independent CRISPR clones. Statistical significance was assessed using two-tailed unpaired Student’s t test. ns, not significant.

thereby effectively inhibiting tumor growth.“®*" However, the
precise mechanism underlying how APE1 deletion inhibits tumor
growth remains unclear.

The most striking finding of our study is the discovery of
APE1’s role in the activation of urea cycle genes through modu-
lating the presence of G4 structures. As illustrated in graphical
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abstract, APE1 binds to AP sites generated by OGG1, facilitating
the formation of G4 structures at the promoters of CPS7 and
ARG2. This ensures proper transcription of these urea cycle
genes, which are essential for tumor progression. Correspond-
ingly, APE1 deletion disrupts this process, leading to reprogram-
ming of urea cycle metabolism, characterized by ammonia
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accumulation and an imbalance in amino acid biosynthesis and
pyrimidine metabolism.

G-quadruplex, a noncanonical tetrahelical nucleic acid struc-
ture that arises from the self-stacking of two or more guanine
quartets into a planar array of four guanine residues coordinated
through Hoogsteen hydrogen bonding.***® While G4 structures
have been recognized as an epigenetic mechanism involved in
the transcriptional inhibition of various oncogenes, including
MYC,** VEGF,* BCL2,"° and KIT,"” we find that by modulating
the presence of G4 structures, APE1 promotes the expression
of CPS1 and ARG2 in LUAD. Deletion of APE1 or removal of
the G4-forming sequences on their promoters significantly re-
duces their transcription levels. This presents new evidence for
G4’s role in transcription activation.

It is worth mentioning that the cell lines and mouse model used
in our study are KRAS mutant-driven models. Previous studies
have demonstrated the role of APE1 in regulating stable G4 for-
mation and KRAS expression in PDAC.®"*? However, in our
LUAD models, we observed that APE1 deletion had no effect
on KRAS expression (Figures S1G and S1H), consistent with
the findings from BG4 ChlP-seq data in GSE142284.°" Addition-
ally, treatment with PDS did not affect KRAS expression either
(Figure S6D). Recent studies have showed that G4s appear to
form under certain conditions, such as in response to specific
stress stimuli, during specific stages of the cell cycle, or in a
cell type-specific manner.*®**° It remains possible that the
discrepancy between these results may arise from the diverse
regulation of KRAS in different tumor models. Understanding
the regulation of G4 formation in a cellular context remains a
fundamental and critical question for future investigations.

APE1 contains two major domains: a redox domain and a DNA
repair domain, corresponding to its redox and endonuclease ac-
tivities, respectively. Inhibitors targeting both activities have
shown potential efficacy in cancer therapeutics.”® Nevertheless,
their molecular mechanisms for inhibiting tumor growth differ. In-
hibition of the redox function prevents the cancer-associated
TFs from being activated and subsequently affects the transcrip-
tome. In contrast, our study reveals that APE1 regulates tumor
progression through G4-mediated transcriptional regulation of
urea cycle genes in an AP endonuclease activity dependent
manner. The catalytically inactive N211A mutant phenocopies
APE1 knockout in the mouse LUAD model, characterized by
dysregulated urea cycles. Furthermore, overexpression of the
N212A mutant in APE1 KO cells fails to upregulate CPS1 and
ARG?2, further highlighting the critical role of APE1’s enzymatic
activity in tumor growth through its regulation of the urea cycle.

Considering the elevated expression of APE1 in LUAD patients
and its correlation with poor prognosis, APE1 has been identified
as a potential target for cancer therapy. While several APE1 inhib-
itors have been developed, only APX3330 has successfully
completed the phase 1 clinical trials. So far, no drug has reached
the market due to unfavorable drug-like properties or lack of suc-
cess in in vivo studies.”' What’s more, the limited specificity and
considerable cytotoxicity of APE1 inhibitors have discouraged
us from conducting experiments involving these inhibitors. There-
fore, it is crucial to identify specific scenarios where APE1 inhibi-
tors can be effectively utilized or explore alternative strategies,
such as targeting metabolic pathway regulators or exploiting syn-
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thetic lethal effects with APE1, to enhance treatment response.
Several studies have demonstrated that APE1 and CPS1
contribute to resistance against radiation and platinum-based
chemotherapy.®>°® Therefore, targeting APE1 and CPS1 with in-
hibitors in combination may hold promise as a therapeutic strat-
egy. Additionally, our findings have suggested a negative correla-
tion between ARG2 expression and disease-free survival in LUAD
patients with high APE1 expression (Figure S8). LUAD cell lines
with elevated ARG2 expression have showed heightened sensi-
tivity to APE1 inhibitors (data not shown), also presenting a poten-
tial therapeutic opportunity for these patients.

In summary, our study has uncovered a novel mechanism by
which APE1 promotes tumor progression through transcriptional
reprogramming of urea cycle metabolism by modulating the
presence of G4 structures. This adds another layer of complexity
to the functions of APE1 and opens up avenues for further explo-
ration to understand its role in diseases and explore potential
therapeutic interventions. Targeting CPS1, ARG2, or related
components may hold promise for LUAD patients with elevated
APE1 expression.

Limitations of the study

This study unveils the pivotal role of APE1 in LUAD, providing
crucial insights for potential therapeutic interventions, yet it has
several limitations. Primarily, the research is focused on KRAS-
mutant LUAD models, raising questions about the applicability
of our findings to LUAD with different genetic profiles or other can-
cer types. Expanding this research to include a diverse range of
genetic backgrounds in LUAD and other malignancies is crucial
for broader applicability. Furthermore, while we have elucidated
APE1’s involvement in regulating CPS1 and ARG2 expression
via G4 structure formation, the detailed molecular mechanisms
and the specific transcription factors interacting with APE1 in
this pathway remain to be fully explored. Additionally, the low
abundance and unique biological properties of APE1 present
technical challenges for CUT&Tag experiments, limiting our ability
to fully characterize its chromatin binding and highlighting the
need for further methodological refinement. Another key aspect
that requires attention is the translation of these findings into clin-
ical practice. Although our results lay a promising groundwork, the
clinical efficacy and safety of targeting APE1 and its associated
pathways in human lung cancer remain to be validated. This ne-
cessitates rigorous clinical trials and translational research to
establish whether interventions targeting APE1 can be a viable
and safe therapeutic approach for LUAD patients.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-APE1 Abcam Cat# ab194; RRID: AB_302694

anti-CPS1 ABclonal Cat# A4214; RRID: AB_2863210

anti-HA Cell Signalling Technology Cat# 3724; RRID: 9

anti-FLAG Sigma-Aldrich Cat# F1804; RRID: AB_262044

anti-KRAS Sigma-Aldrich Cat# WH0003845M1; RRID: AB_1842235

anti-ARG2 Cell Signalling Technology Cat# 55003; RRID: D951N

anti-p-actin ABclonal Cat# AC026; RRID: AB_2768234

HRP conjugated goat anti-mouse IgG Jackson Cat# 115-035-003; RRID: 116816

goat anti-rabbit IgG Jackson Cat# 111-035-003; RRID: 118822

anti-Phospho-Histone H2A.X (Ser139)
(20E3)

Cy3 goat anti-rabbit IgG

Cell Signalling Technology

Jackson ImmunoResearch

Cat# 9718; RRID: AB_2118009

Cat# 111-165-144; RRID: AB_2338006

anti-CD45 APC BioLegend Cat# 103112; RRID: B363792
anti-CD31 APC BioLegend Cat# 102510; RRID: B417515
anti-CD326 (EPCAM) APC/Cy7 BioLegend Cat# 118218; RRID: B393333
DAPI BBI Cat# E607303; RRID: J214FA0002
anti-H3K4me3 Abcam Cat# ab8580; RRID: 1083744-1
Bacterial and virus strains

Trans5a Chemically Competent Cell Trans-gene Cat# CD201-01

Chemicals, peptides, and recombinant proteins

DMEM medium Gibco Cat# 11965118; RRID: 2902921
Fetal Bovine Serum (FBS) ExCell Cat# FSP500; RRID: 12B259
RPMI1640 Gibco Cat# 11875119; RRID: 2902871
0.25% Trypsin-EDTA Gibco Cat# 25200056; RRID: 2764719
sodium pyruvate Gibco Cat# 11360070; RRID: 2813888
penicillin and streptomycin Gibco Cat# 15140122; RRID: 227766
Dextran sodium sulfate (SDS) Diamond Cat# A100227; RRID: H706BA0008
HEPES pH 7.3 ABCONE Cat# H33755; RRID: AOB101941
Tween 20 Diamand Cat# A100777; RRID: G309BA0013
EDTA pH8.0 Sigma-Aldrich Cat# E6758; RRID: WXBD5250V
Tris-base ABCONE Cat# T15033; RRID: AOB101975
KCI Shanghai Experiment Reagent Co., Ltd Cat# 167690; RRID: 20220309
NaCl Hushi Laboratorial Co., Ltd Cat# 10019318; RRID: 20240119
LiCl Hushi Laboratorial Co., Ltd Cat# 80074718; RRID: 20230112
MgCl Sinopharm Chemical Reagent Co., Ltd Cat# 7791-18-6; RRID: 20150921
Igepal CA-630 Sigma-Aldrich Cat# 18896; RRID: MKCD3510
LiCacodylate Sigma-Aldrich Cat# 20835; RRID: BCC52636
Uridine Sigma-Aldrich Cat# U3003; RRID: BCCD9057
thymidine Sigma-Aldrich Cat# T1895; RRID: WXBD8981V
adenosine Sigma-Aldrich Cat# A4036; RRID: SLCP3777
G4-ligand PDS MCE Cat# HY-15176A; RRID: 84340
TH5487 MCE Cat# HY-125276; RRID: 50214

purified human APE1 protein

Cytosinlab Therapeutics

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Cell Counting Kit 8 Dojindo Cat# CK04
SuperPico ECL Chemiluminescence Kit Vazyme Cat# E422
Pharmingen™ FITC BrdU Flow Kit BD Cat# 559619
VAHTS mRNA-seq V3 Library Prep Kit for Vazyme Cat# NR611
lllumina

TruePrep DNA Library Prep Kit V2 for Vazyme Cat# TD503
lllumina

PrimeScript RT reagent Kit Takara Cat# RR0O47A
ammonium assay kit Sigma-Aldrich Cat# MAK310
ProteinExt Mammalian Total Protein Transgen Cat# DE101
Extraction Kit

Hyperactive Universal CUT&Tag Assay Kit Vazyme Cat# TD904
protocol

Deposited data

Raw and analyzed data This paper GEO: GSE245168, GSE245172,

Human reference genome NCBI build 38,
GRCh38

Mouse reference genome NCBI build 38,
GRCm38

BG4 ChIP-seq data

RNA-seq in WT and shAPE1 A549 cells

G4P ChIP-Seq

Observed-G4s (OGs)-seq

RNA-seq (Figures 2A, 3B-3F and S2A-S2D)

BG4 CUT&Tag (Figures 4C, 4D, 6A, S5B
and S5C)

ATAC-seq (Figure 4D)

Genome Reference Consortium

Genome Reference Consortium

Genome-wide mapping of AP sites, binding
of repair proteins and G4 structure
formation

Genome-wide mapping of AP sites, binding
of repair proteins and G4 structure
formation

Detection of genomic G-quadruplexes in
living cells using a small artificial protein
High-throughput sequencing of DNA
G-quadruplex structures in the human
genome

This paper

This paper

This paper

GSE245167, GSE271726
https://www.ncbi.nlm.nih.gov/grc/human

https://www.ncbi.nIm.nih.gov/grc/mouse

GEO: GSE142284

GEO: GSE142284

GEO: GSE133379

GEO: GSE63874

GEO: GSE245168 and GSE245172

GEO: GSE245167

GEO: GSE271726

Experimental models: Cell lines

A549

NCI-H1944

293T

National Collection of Authenticated Cell
Cultures
National Collection of Authenticated Cell
Cultures
National Collection of Authenticated Cell
Cultures

Cat# SCSP-503; CSTR:
19375.09.3101HUMSCSP503

Cat# SCSP-596; CSTR:
19375.09.3101HUMSCSP596

Cat# SCSP-502;

CSTR: 19375.09.3101HUMSCSP502

Experimental models: Organisms/strains

Kras LSL-G12D/+ mice

Rosa26 LSL-tdTomato/+ mice

Jackson Laboratory [JAX]
Jackson Laboratory [JAX]

stock No. 008179
stock No. 007909

Oligonucleotides

sgRNA for editing APE1 using CRISPR/
Cas9, see Table S1

Primers for gPCR and ChIP-gPCR, see
Table S2
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides for CD, TDS and BLI, see This paper N/A

Methods

Recombinant DNA

pX330-U6-Chimeric-BB-CBh-hSpCas9
pCDH-CMV-MCS-EF1-copGFP

pCDH-CMV-3xflag-MCS-EF1-Cre

pLVX-2Flag-MCS-IRES-mCherry

Howard Hughes Medical Institute

Center for Excellence in Molecular Cell
Science

Center for Excellence in Molecular Cell
Science

Fudan University

Laboratory of Feng Zhang
Laboratory of Hongbin Ji

Laboratory of Hongbin Ji

Laboratory of Zhigang Lu

Software and algorithms

FlowdJo v10.0.7
Bowtie2 v2.3.1

Picard MarkDuplicates
deepTools 3.3.0
Trim Galore v0.5.0

Hisat2 v2.1.0
featureCounts v1.6.4

Leonard Herzenberg
Langmead and Salzberg™

Broad Institute
Ramirez et al.>®

Felix Krueger

Sirén, Valimaki and Makinen®®

Liao et al.>”

https://www.flowjo.com/

https://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

https://github.com/metabrainz/picard
https://github.com/deeptools/deepTools

https://github.com/FelixKrueger/
TrimGalore

https://daehwankimlab.github.io/hisat2/
https://github.com/ShiLab-Bioinformatics/

subread

Sherman et al.*®

Database for Annotation, Visualization and
Integrated 6.7 Discovery (DAVID)

clusterProfiler

https://david.ncifcrf.gov

Xu et al.>® https://github.com/YuLab-SMU/

clusterProfiler

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells and cell culture

HEK293T (TaKaRa), A549 (NCACC) cell lines were cultured in DMEM (Gibco, 11965-118) media supplemented with 10% FBS (ExCell,
FSP500). H1944 (NCACC) cell line was cultured in RPMI1640 (Gibco, 11875-119) supplemented with 10% FBS and 1 mM sodium
pyruvate (Gibco, 11360070). All media were supplemented with penicillin and streptomycin (Gibco, 15140-122). Cells were cultured
at 37°C with 5% CO,, and were periodically tested and shown to be mycoplasma negative.

Mice and animal procedures

All animal experiments were performed under strict compliance with the Institutional Animal Care and Use Committee (IACUC) of
CAS Center for Excellence in Molecular Cell Science, Shanghai Institute of Biochemistry and Cell Biology (SIBCB), Chinese Academy
of Sciences. All animal studies were performed according to protocols approved by the IACUC (Protocols: SIBCB-NAF-15-003-
s202-013) and in accordance with the guidelines and ethical regulations of the IACUC.

Kras-St-G72D/+ mice (the Jackson Laboratory [JAX] stock No. 008179)°° and Rosa26-Stt97emato/+ mice (JAX stock No. 007909)°"
have been described previously. The schematic illustration of targeted disruption of Ape1 in mice is shown in Figure S3C. Ape1 con-
ditional knockout mice were crossed with Kras-St-G72P/+ or KrastSt-G12D/+; RosgoptSt-idTematol+ mice to generate the mouse cohorts
with desired genotypes used in this study. Mice were housed in the specific pathogen-free (SPF) animal facilities in a climate-
controlled clean room with humidity range of 40-70% and temperature range of 20-26°C, with a 12-h light/dark cycle and fed
with regular chow and water by the facility staff. All mice were maintained on C57BL/6 genetic background and adult mice were
used in all studies. Both male and female mice were used in this study, and no significant influence of sex on the results was observed.

METHOD DETAILS
Generation and validation of CRISPR-KO/KI cell lines
We mainly followed the published protocol for CRISPR knockout using one or two distinct sgRNAs via transient transfection of

pX330-mCherry vectors.®® Following FACS sorting, mCherry positive single cells were plated into 96-well plate until knockout single
clones emerged. The deletion of the sgRNA targeted region was validated by Sanger sequencing and all edited cell lines were further
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validated for knockout efficiency by Western blotting. For knockin experiments, pX330-mCherry plasmid and repair dsDNA template
amplified from the donor plasmid were transfected together. Gene name, sgRNA number and sequence are listed in Table S1.

Cell viability assay

The cell viability at each individual time point was assessed with Cell Counting Kit 8 (Dojindo, CK04) according to the manufacturer’s
instruction. The absorbance at 450 nm was measured using the microplate reader (BioTek SynergyNEO). Three parallel wells were
used per treatment and per time point.

Cell-cycle analysis

Cells were collected and labeled using the BD Pharmingen™ FITC BrdU Flow Kit (BD, #559619). Both WT and APE1 knockout A549
cells were analyzed. For each sample, 10 cells were measured by flow cytometry using FACS Jazz (BD, Heidelberg, Germany). Al
experiments were repeated at least twice.

RNA-seq library preparation

For A549 cell line, RNA was extracted from 1 x 108 cells using TRIzol reagent (Invitrogen). 1 ug total RNA was used for the following
library preparation. RNA-seq libraries were prepared with VAHTS mRNA-seq V3 Library Prep Kit for lllumina (Vazyme, NR611) ac-
cording to the manufacturer’s instructions. Libraries were sequenced as 151-base pair paired-end reads using an lllumina Novaseq
6000 by Genergy Biotechnology.

For premalignant cells, lung tissues with hyperplasia were dissociated at 12 wk after adenoviral infection, and tdTomato*/EPCAM™*/
DAPI~/CD457/CD31~ cells were prepared and sorted as described below (see FACS analysis).>* Approximately 500 premalignant
cells were lysed, and the reverse-transcribed RNA was preamplified to obtain enough cDNA by a modified SMART-Seq?2 protocol.®®
cDNA was quantified by Qubit 4 (Invitrogen), and then 1 ng cDNA was used for DNA library construction with TruePrep DNA Library
Prep Kit V2 for lllumina (Vazyme, TD503).

RNA-seq data analysis

We mainly followed the published protocols for RNA-seq data analysis.>* RNA-seq data were processed by trimming adapters
and low-quality bases using Trim Galore (v0.5.0). Clean reads were mapped to the mouse mm10 or human hg38 genome using
Hisat2 (v2.1.0).°° Only uniquely mapped reads were retained. Gene count matrixes were calculated by featureCounts (v1.6.4)°”
and differential expression analysis was performed using DESeqg2 (P < 0.05, fold change > 2). Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment were conducted using Database for Annotation, Visualiza-
tion and Integrated Discovery (DAVID) 6.7,°® and gene set enrichment analysis (GSEA) was conducted using clusterProfiler
package.”’

Quantitative real-time PCR analysis

For quantitative real-time PCR (QRT-PCR), total RNA was isolated from cells using the TRIzol (Thermo Fisher Scientific) method.
1-5 x 10° cells were used for total RNA extraction and 1 g RNA from each sample was treated with DNase | and reverse-transcribed
into cDNA by PrimeScript RT reagent Kit (Takara, RR047A). Quantitative real-time PCR was performed using Bio-Rad CFX96 with
SYBR Premix Ex Taq (Takara, RR820). Fold change was calculated based on 2~24C method after normalization to the transcript level
of the housekeeping gene ACTB or GAPDH. Primers for RT-qPCR are listed in Table S2.

LC-MS sample preparation

The culture medium from the cultured cells (~107 cells per sample) was removed using pipette. Then the cells were washed with PBS
under room temperature and the PBS was removed. 1 ml of cold methanol/acetonitrile/water (2:2:1, v/v/v) was added to remove the
protein and extract the metabolites. The mixture was collected into a new centrifuge tube, and centrifuged at 14000 g for 5 min at 4°C
to collect the supernatant. The supernatant was dried in a vacuum centrifuge. For LC-MS analysis, the samples were re-dissolved in
100 pl acetonitrile/water (1:1, v/v) solvent.

LC-MS analysis

To identify and quantify the concentration of L-arginine, L-citrulline and L-ornithine in cells, the analyses were carried out by Multi-
reaction monitoring (VRM) mode of UPLC-QQQ-MS/MS (Agilent 1290/6495 tandem mass spectrum, Agilent USA). To identify these
metabolites, authentic metabolite standards were used. An Acquity UPLC, BEH Amide 1.7pm, 2.1*100mm (Waters) was used for LC
separation, using gradient elution with 0.1% formic acid acetonitrile as solvent A and 0.1% formic acid water as solvent B. The
gradient program is as follows: 0-1 min 95% A, 1-15 min 95% A to 30% A, 15-16 min 30% A to 95% A, 16-25 min 95% A. The
flow rate was set at 0.3 ml min-1, and the injection volume was 2 pl. A Jet Stream electrospray ESI ion source in positive ion
mode was used to detect these three kinds of amino acids. Nitrogen generator (PEAK Shanghai) was used for solvent removal
and atomization, and high purity nitrogen as colliding gas. Sheath Gas Temp is 280°C, Sheath Gas Flow flows at 11 L / min, Gas
Temp is 200°C and Gas Flow is 11 L /min. Capillary voltage is 3500 V, Nebulizing Gas is 25 psi, Nozzle Voltage is 500 V. Selected
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ions for ornithine, citrulline and arginine are described as following. Precursor ion (m/z): 133.1, 176.1 and 175.1; Products ion (m/z):
70.1, 159 and 70.2; Fragmentors: 80, 80 and 100; CE: 20, 5 and 25.

For untargeted metabolomics of polar metabolites, extracts were analyzed using a quadrupole time-of-flight mass spectrometer
(Sciex TripleTOF 6600) coupled to hydrophilic interaction chromatography via electrospray ionization in Shanghai Applied Protein
Technology Co. Ltd. (Shanghai, China). Metabolites with a variable importance in projection value >1 were evaluated using Student’s
t-test. p < 0.05 was considered to indicate statistically significant results.

Fluorometric measurement of cellular ammonium content

1 x 10° cells were harvested and then washed twice using UPLC water to remove any residual traces of ammonium. After the
second wash, the supernatant was discarded and pellets were snap frozen in liquid nitrogen and stored at —80°C until further
analysis. The extraction of ammonium was performed by resuspending the pellets in 200 ul of UPLC water, followed by expo-
sure to three freeze-thaw cycles. The lysate was centrifuged for 240 min at 3,000,000 g at 4°C and the supernatant was ali-
quoted for ammonium assay. The ammonium content was measured using ammonium assay kit (Sigma-Aldrich, MAK310) as
per the vendor’s instructions.

Western blotting analysis

Cells were collected and lysed by ProteinExt Mammalian Total Protein Extraction Kit (Transgen, DE101). The whole cell extracts
were heated at 100°C before loading to SDS-PAGE gels. Western blotting was performed as described previously.®* The blots
were detected with SuperPico ECL Chemiluminescence Kit (Vazyme, #E422) and images were obtained using MiniChemi® 580
Chemiluminescence Imaging System (SAGECREATION). The primary antibodies used in this study included anti-APE1 (Abcam,
ab194, 1:2,000), anti-CPS1 (ABclonal, A19978, 1:1,000), anti-FLAG (Sigma, F1804, 1:5,000), anti-HA (Cell Signalling Technology,
3724, 1:1,000), anti-KRAS (Sigma, WH0003845M1, 1:500), anti-B-actin (ABclonal, AC026, 1:10000). Secondary antibodies used
included HRP conjugated goat anti-mouse IgG (Jackson, 115-035-003, 1:10,000) and goat anti-rabbit IgG (Jackson, 111-035-
003, 1:10,000).

Generation of the Ape1 knockout and N211A mutant mice with CRISPR/Cas9-mediated gene editing technology

We mainly followed the published protocols for CRISPR/Cas9-mediated gene editing.®>°>"%” The Ape1 gene was inactivated by tar-
geting exons 2-3. For the generation of APE1 catalytically inactive mice, the Asn211 encoded by the fifth exon of the Ape1 gene is
mutated to Ala. The schematics of targeted disruption and N211A point mutation of Ape1 are shown in Figures S3C and S3E. The
sgRNA target sites and oligonucleotides are available in Table S1. For microinjection of one-cell embryos, B6D2F1 female mice
and ICR mice were used as embryo donors and foster mothers, respectively. The embryo-donor female mice were superovulated
and mated with wild-type male mice. One-cell-stage embryos were collected from oviducts and injected into the cytoplasm with
Cas9 mRNA (100 ng/ul), sgRNA (50 ng/ul) and oligo donors (50 ng/pul) in RNase-free water using an Eppendorf TransferMan NK2
micromanipulator. The injected embryos were cultured in KSOM at 37°C under 5% CO, until the 2-cell stage and transferred into
oviducts of pseudopregnant ICR females at 0.5 dpc. The genotyping of mice was performed as described previously,®” PCR primers
are listed in Table S83.

H&E staining, immunohistochemistry and immunofluorescence analysis

H&E staining and immunohistochemistry of paraffin-embedded tumor-bearing lung sections were performed following the published
protocol.>* Primary antibody against ARG2 (Cell Signaling, 55003, 1:2000) was used in this study. Histological slides were scanned
with a Zeiss Axio Zoom V16 stereoscope, and photomicrographs were captured on an Olympus BX51 microscope.

To stain cells in culture, cells were seeded on glass slides and cultured for 24 h. Then we performed immunostaining as described
previously.®* Primary antibody against Phospho-Histone H2A.X (Ser139) (20E3) (Cell Signaling, 9718, 1:400) and secondary antibody
Cy3 goat anti-rabbit IgG (Jackson ImmunoResearch, 111-165-144, 1:1,000) were used. Nuclei were counterstained with DAPI (BB,
E607303). Immunostained images were obtained using a confocal fluorescence microscope (Zeiss LSM880) with objective magni-
fication of x63.

FACS analysis

Mice with LUAD tumors were euthanized at 12 wk after adenoviral infection. LUAD cells were prepared following
the published protocol at 1 x 10%/100 pl.** To isolate primary LUAD cells from Kras-St-G72D/+  KrastSL-G12D/+. ppgiflox/+
KrastSL-G12D/+. ppg1fiox/ox gnd KrastSL-G12D/+; Ape1Tox/N211A tyumors, the cells were stained with the antibodies anti-CD45
APC (BioLegend, 103112, 1:100), anti-CD31 APC (BioLegend, 102510, 1:100), and anti-CD326 (EPCAM) APC/Cy7
(BioLegend, 118218, 1:100). DAPI as a viability dye (BD Bioscience, 564907) was added to each sample to identify dead cells
before FACS sorting. Single staining controls and fluorophore minus one control were included for each experiment. DAPI~/
CD45/CD31~ /tdTomato* live cells were sorted using a BD FACS Aria Special Order Research Product (SORP), and analysis
was done with FlowJo (v10.0.7).%%77°
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ChIP-qPCR

We performed ChIP-gPCR as described previously.®? Briefly, 2 x 107 A549 cells with HA-tagged Ape1 were collected, crosslinked
with 1% formaldehyde for 10 min at room temperature and quenched with 0.125 M glycine. The final DNA length was approximately
300 bp sonicated using a COVARIS S220. The sonicated chromatin supernatant was divided into two equal parts: one for HA and
FLAG antibody, the other for normal IgG to serve as a negative control. 1/10 of the supernatant was incubated with the anti-HA
(Cell Signalling Technology, 3724, 1:50), anti-FLAG (Sigma, F1804, 1:50) antibody at 4°C overnight and immunoprecipitation was
performed with Protein G magnetic beads. Immunoprecipitated chromatin (ChIP DNA) was eluted in TE buffer. For each sample,
input, ChIP DNA and IgG were used for gPCR to determine the enrichment of indicated genes. Primer sequences used for ChIP
qPCR are provided in Table S2.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were obtained on a Chirascan V100 CD spectrometer, equipped with 10 mm 3,500 pl one-piece stop-
pered cuvette. The instrument was controlled by Chirascan Control and Chirascan Viewer software. The Active Nitrogen Manage-
ment System (ANMS) for monitoring and control of nitrogen purging runs independently of the Chirascan software. Single-stranded
and double-stranded oligonucleotide solutions were annealed in 30 mM Tris-HCI (pH 7.5) with 15 mM KCI, 150 mM KCI or 150 mM
LiCl by heating at 95°C for 5 min followed by slow cooling to room temperature. Scans were performed over the range of 220 to
320 nm at 20°C in duplicate. The spectra were recorded in a 10 mm quartz cuvette at 20°C. The methods of scan and statistics
are performed as described previously.*”

Thermal difference spectra

TDS was performed essentially as described.® Thermal denaturation was performed with a Cary 100 Bio UV-Visible Spectrophotom-
eter and 1 cm path-length quartz cuvette. The UV spectra were measured over a 220-335 nm spectral range at a 1 nm data interval.
Spectra were recorded at 20°C, the sample was then heated to 90°C. Data was normalized and plotted vs. wavelength using
GraphPad Prism 10.

Cleavage under targets and tagmentation (CUT&Tag)
CUT&Tag was performed essentially as described,”’ with minor modifications according to the Hyperactive Universal CUT&Tag
Assay Kit protocol (Vazyme, TD904). APE1**, APE1™"", ARG2MUT and CPS1MYT A549/H1944 cells (1 x 10°%) were used for the CUT&-
Tag experiment, and cell counting was performed using a Luna Il (Logos Biosystems, Korea). The G4 antibody BG4 was kindly pro-
vided by Prof. Kaiwei Liang. The H3K4me3 antibody (Abcam, ab8580, 1:50) was used in this assay.

The CUT&Tag reads were mapped to the human genome (UCSC hg38) with Bowtie2 2.3.1.>* The duplicated reads were removed
with Picard MarkDuplicates, and the deduplicated BAM files were normalized to the total aligned reads (reads per genome coverage,
RPGC) with the bamCoverage command from deepTools 3.3.0.°°

ATAC-seq

ATAC-seq was performed as described,’? with minor modifications according to the TruePrepTM DNA Library Prep Kit V2 protocol
(Vazyme, Nanjing, China). ATAC-seq libraries were sequenced on lllumina HiSeg6000. The ATAC-seq reads were mapped to the hu-
man genome (UCSC hg38) with Bowtie2 2.3.1.%* The duplicated reads were removed with Picard MarkDuplicates, and the dedupli-
cated BAM files were normalized to the total aligned reads (reads per genome coverage, RPGC) with the bamCoverage command
from deepTools 3.3.0.°°

Bio-layer interferometry assay

Bio-layer interferometry assays were performed using a ForteBio Octed RED96 with protein, oligonucleotides, and streptavidin (SA)
biosensors (Octed, 18-5019). The purified human APE1 protein was kindly provided by Cytosinlab Therapeutics. Biotin-labeled CPS1
G4 oligonucleotide (5’-[Biotin] TTG TCC GGG TGG GTT AAG GGC CCT G-3'), CPS1 MUT oligonucleotide (5'-[Biotin] TTG TCC GAG
TGA GTT AAG AGC CCT G-3'), ARG2 G4 oligonucleotide (5'-[Biotin] GGG GGA CCG GGA GGC GAG GAG AGG ATG GG-3'), ARG2
MUT oligonucleotide (5'-[Biotin] GGA GTA CCG TGA GAC GAG TAG AGT ATG AG-3') and MYC G4 oligonucleotide (5'-[Biotin] TGA
GGG TGG GTA GGG TGG GTA-3') were synthesized by Sangon Biotech. Synthetic single-stranded DNA oligos were induced to form
G4 structures by incubating 10 uM oligos in annealing buffer (final volume: 100 pL) at 95°C for 5 minutes, followed by gradual cooling
to 37°C. For double-stranded DNA templates, 10 uM of each complementary strand was annealed under the same conditions. Ki-
netic titration series were performed in the interaction buffer (25 mM HEPES, pH 7.5, 1.25 mM MgCI2, 150 mM KClI, 0.1% v/v Igepal
CA-630, 1 mM DTT). Purified protein APE1 were serially diluted with the interaction buffer from 500 to 31.25 nM. The SA biosensors
were hydrated in the interaction buffer for 10 min at 25°C. Following the initial 60-s baseline, the SA biosensors were loaded with the
biotin-labeled G4 for 360 s. Redundant probes were removed by a 120-s baseline adjustment. To measure the interaction between
protein and G4s, the duration time of association and dissociation was set to 300 s. Sensorgrams and sensor signals were analyzed
by the Octet Data Analysis 9.0 software.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prismv.10.1.1. All data are represented as mean + SEM of individual data points
from three or four independent biological replicates. Two-tailed unpaired Student’s t test, %2 test, log-rank (Mantel-Cox) test, and
one-sided Fisher’s exact test were used to determine statistical significance. In all types of statistical analysis, values of P < 0.05
were considered significant. ns, not significant. N values and statistical method used in each experiment are indicated in the figure
legends or in the figure themselves.
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