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Unveiling FRG1's DNA repair role
in breast cancer

Shubhanjali Shubhanjali®2, Talina Mohapatra®?, Rehan Khan®? & Manjusha Dixit®%2*

The FRG1(FSHD region gene 1) gene has emerged as a pivotal tumor suppressor in both breast and
prostate cancer. HPF1 (Histone PARylation Factor 1), a gene crucial in the base excision repair (BER)
mechanism for single-stranded DNA (ssDNA) lesions, showcases a robust correlation with FRG1.

This implies that FRG1 might have the capacity to influence BER via HPF1, potentially playing a

role in tumorigenesis. Using a comprehensive approach that integrates in-silico analyses involving
differential gene expression, KEGG (Kyoto Encyclopedia of Genes and Genomes), GO (Gene Ontology),
and STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) databases, we unravelled
the intricate network of genes and pathways influenced by FRG1, which includes BER. Our linear
regression analysis unveiled a positive relationship between FRG1 and key genes crucial for BER.
Notably, breast cancer patients with low FRG1 expression exhibited a significantly higher frequency
of mutation in TP53. To enhance the accuracy of our analysis, we conducted qRT-PCR assays, which
demonstrated that FRG1 affects the transcription of DNA base excision repair genes, showing
differential expression in breast cancer cells. Moreover, through the Alkaline Comet Assay, a technique
that quantifies DNA damage at the single-cell level, we observed diminished DNA repair capabilities
when FRG1 levels are low. Risk scores were calculated using the Cox regression coefficients, and we
found notable differences in Overall Survival (OS) and mRNA expression of DEGs in the low and high-
risk groups. In summary, our findings shed light on the pivotal role of FRG1 in maintaining DNA repair
efficiency within breast cancer cells.

Abbreviations

FRG1 FSHD region gene 1

SSB Single-stranded break

BER Base excision repair

HPF1 Histone PARylation factor 1

KEGG Kyoto Encyclopedia of genes and genomes

GO Gene ontology

STRING Search tool for retrieval of interacting genes/proteins
DEG Differentially expressed genes

GDC Genomic data commons

TCGA BRCA  The cancer genome atlas breast invasive carcinoma
COSMIC Catalogue of somatic mutations in cancer

DAVID Database for annotation, visualization and integrated discovery
KM plot Kaplan-Meier plot

ChIP Chromatin immunoprecipitation

(N Overall survival

FSHD Region Gene 1 (FRG1) has been identified as a tumor suppressor due to its reduced expression in various
cancer types, including colorectal, oral, prostate, breast, and gastric cancer?. The expression level of FRG1 has
a significant impact on crucial cancer-related processes such as angiogenesis, cell proliferation, invasion, and
migration in different cancer cell lines**. In MCF7, MDA-MB-231, DU145, and PC3 cells, a decrease in FRG1
expression led to an increase in cell migration and tumor progression'*. In breast cancer cells, FRG1 has been
established as a transcriptional repressor of GM-CSE, affecting the MEK-ERK pathway and downstream markers
associated with epithelial-mesenchymal transition, including Snail, Slug, and Twist?.
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Remarkably, a recent study spanning seven cancer types revealed that HPF1, RPL34, and EXOSC9 were the
most commonly found genes in pathways associated with FRG16. Further analysis of TCGA datasets demon-
strated that HPF1 exhibits the strongest correlation with FRG1 in various cancers, including breast, prostate, lung,
liver, colorectal, stomach, cervix uteri, and many others (Table 1). This suggests the possibility of a direct or indi-
rect regulatory relationship between FRG1 and HPF1. HPF1 plays a vital role in repairing single-stranded DNA
lesions, and the absence of HPF1 sensitizes cells to DNA-damaging agents”-'. Both exogenous and endogenous
damaging agents pose a threat to cellular DNA, causing single-stranded breaks that are recognized by the PARP1-
HPF1 complex and other repair genes, ultimately corrected through the base excision repair pathway''**. If dam-
aged DNA is left unrepaired, the resulting genomic abnormalities can be passed on to subsequent generations,
potentially leading to harmful mutations and the development of cancer'*-'”. Consequently, we hypothesized
that changes in FRG1 expression might affect HPF1 and, by extension, the DNA single-strand repair pathway.

In this study, we have identified differentially expressed genes (DEGs) in groups with high and low FRG1
expression levels. Subsequently, we have conducted an in-depth analysis of the pathways in which these DEGs
are involved. Our findings have been further checked in tissue samples from GTEx to find the correlation
between FRG1 and DNA repair genes. To validate the findings of the in-silico analysis, we performed qRT-PCR
and Chromatin immunoprecipitation (ChIP)-qRT-PCR experiments. Additionally, we evaluated the impact
of FRGI expression on DNA repair using the alkaline comet assay. In summary, our study has elucidated the
critical role of FRGI in the DNA repair pathway and has explored its influence on the transcript levels of repair
genes in breast cancer cells.

Materials and methods

Plasmid constructs

The vectors for the knockdown of FRG1 (pLKO.1-FRG1sh) and its control (pLKO.1-FRG1-Sc) were purchased
from Sigma, USA. The vector amount was amplified in E. coli-DH5a and isolated using Plasmid Mini Kit (Qia-
gen, USA) following the manufacturer’s protocol. The purity of plasmids was checked using NanoDrop one
spectrophotometer (Thermo Fisher Scientific, USA).

Cell culture, cell lines, and transfection

MCF7 and T47D cell lines were procured from National Centre for Cell Science (NCCS), India. Cells were
grown in DMEM and RPMI (Himedia, India), both with 10% Fetal Bovine Serum (Himedia, India) and 1X PSA
(Penicillium-Streptomycin-Amphotericin) at 37 °C with 5% CO,. FRG1 knockdown vector and control vector
were transfected into the MCF7 cells in a 12-well plate (Biofil, Canada) using Lipofectamine 3000 (Invitrogen,
USA) to carry out transfection following the manufacturer’s guidelines. After 48 h of transfection, MCF7 cells
were selected using 1 pg/ml puromycin antibiotic. Single cell-derived colonies were picked, and a reduction in
FRGI level was confirmed using Western blot and qRT-PCR!®. T47D cells were seeded in a 6-well plate (Biofil,
Canada) and transfected with FRG1 knockdown vector and control vectors using Lipofectamine 3000 (Invit-
rogen, USA) according to the manufacturer’s instructions. Seventy-two hours post-transfection, the cells were
harvested for experimentation.

Acquisition of RNA-Seq data

The gene expression data for breast cancer were acquired from the Genomic Data Commons (GDC) Data Por-
tal on 31-01-2023'. Data sets were obtained using the following selection criteria; Primary site: Cancer Type
(Breast), Program: TCGA, Data Category: Transcriptome Profiling, Experimental Strategy: RNA-Seq, Data type:
Gene Expression Quantification, Workflow: STAR—Counts FPKM-Unstranded. Adjacent normal and tumor
samples were separated and downloaded with clinical information for further analysis. The Genotype-Tissue
Expression (GTEx) data portal was accessed on 25-07-23 and was used to obtain RNA-Seq data of multiple
tissues in TPMs?.

Differential gene expression analysis
The gene expression data acquired from the GDC were segregated into tumor and adjacent normal tissue sam-
ples. Outliers were excluded from the dataset (Interquartile Range Method); subsequently, the samples were

Cancer types | Spearman’s correlation
Breast 0.526
CNS/Brain 0.805
Cervix Uteri 0.689
Lung 0.683
Liver 0.605
Kidney 0.647
Stomach 0.637
Prostate 0.641

Table 1. Correlation values of HPF1 with FRG1 among tissue types.
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divided into two groups based on their levels of FRG1 expression. This division was achieved through percentile
calculations, leading to the selection of samples in the top 5th percentile, which exhibited higher FRG1 levels
(FRG1H8), and those in the bottom 5th percentile, indicating lower FRG1 levels (FRG1'°%). Henceforth, this
cohort will be termed as FRG1g"- FRG1"*" TCGA BRCA dataset. These selected samples were then subjected
to further analysis for Differentially Expressed Genes (DEGs). DEG analysis was performed using “limma” and
“edgeR” package in R (R version 4.2.2, https://www.r-project. org/.)*'-**. We used |log2FC| > 0.5 and P<0.05 as
a cutoff to assign differentially expressed genes. Ebayes (Empirical Bayes Statistics for Differential Expression)
was applied along with Benjamini & Hochberg (BH) correction method for the false discovery rate. Heatmap
was generated using Morpheus web tool (https://software broadinstitute.org/morpheus/)>.

Functional enrichment analysis and protein-protein interaction network

The Database for Annotation, Visualization, and Integrated Discovery (DAVID) was used to delineate the func-
tional biological role of DEGs*. Enriched Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was conducted and visualized using Metascape, and Microsoft Excel?”**>7%8, Pathways
enriched by minimum n=2 (genes) and p-value <0.05 were selected. Metascape (http://metascape.org/) was
used to plot GO-enriched pathways?. The search tool for the Retrieval of Interacting Genes/Proteins (STRING)
was used to perform a protein-protein interaction network between genes involved in the base excision repair
pathway?’.

Acquisition of mutation profiles of TCGA-BRCA patient samples and survival analysis of a dis-
tinct set of genes in base excision repair pathway

The Catalogue of Somatic Mutations (COSMIC) database was used to list the most frequently mutated genes in
breast cancer®’. Mutation data for the selected cohort (FRG1%&"-FRG1** TCGA BRCA, Firehose Legacy dataset)
were acquired from cBioPortal on 26-07-23%%,

A Kaplan-Meier plot was generated to compare the overall survival of patients with breast cancer in the
TCGA-BRCA cohort. R package “DESeq2”, “survminer” and “survival” was used*. A log-rank test was used to
calculate the statistical significance of the difference in survival between the two groups. KM plots were made
using ggsurvplot() function. We used the surv_cutpoint() function and plotted using plot() to determine the
optimal cut-off point of FRG1, HPF1, and other DNA repair gene expressions for the KM plot.

Alkaline comet assay

Bleomycin was used to induce DNA damage in MCF7 and T47D cells, respectively. Cells were washed and
resuspended in phosphate-buffered saline and mixed with low melting agarose (LMPA). The cell suspension
was placed above the microscope slides previously precoated with normal melting agarose. Lysis of cells was
performed by the incubation of slides overnight in the lysis buffer (pH 10, 2.5 M NaCl, 100 mM EDTA, 10 mM
Trizma base, and 1% sodium lauroyl sarcosnite). Alkaline denaturation was performed by dipping slides in
alkaline electrophoresis buffer at 4 °C. Electrophoresis was done in 300 mM NaOH with 1 mM EDTA buffer at
25 V. A neutralization buffer (0.4 M Tris, pH 7.5) was used to neutralize the slides. Comet samples were stained
with 2 pg/ml Ethidium Bromide (EtBr). Evaluation of comet slides was done using a fluorescence microscope
(Olympus). Comets were analysed using OpenComet software and Image)*>*.

RNA isolation and quantitative real-time PCR

Total RNA from the cells was extracted following the manufacturer’s guidelines provided in RNeasy Mini Kit
(Qiagen, USA). We measured the concentration using NanoDrop one spectrophotometer (Thermo Fisher Scien-
tific, USA). Using Primer-BLAST, RT-PCR primers were designed for selected genes (supplementary table 1)¥.
cDNA was prepared with one ug of RNA using a Verso cDNA synthesis kit (Thermo Scientific, USA). gRT-PCR
was performed using required primers with 20 ng of cDNA, and Fast Start Universal 2 x SYBR Green PCR Master
Mix (Thermo Fisher Scientific, USA) in ABI 7500 system (Applied Biosystems, USA). GAPDH was used as an
internal control, and AACt method was used to calculate the fold change.

Western blot

Cell lysates were prepared from MCF7 FRG1-KD and Control-Sc cell lines using RIPA buffer mixed with a
protease-phosphatase inhibitor (Thermo Scientific, USA). We loaded and resolved 30 pg of protein on a 10% SDS-
PAGE. The proteins were then transferred onto a PVDF membrane (Millipore, Germany) using a wet transfer
electrophoresis system. Blocking was performed with 5% BSA (MP Biomedicals, India), followed by primary
antibody incubation for 12 h. Detection was carried out using an HRP-conjugated anti-mouse IgG secondary
antibody (Abgenex, India) and chemiluminescence with SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Scientific, USA). The signals were visualized using a Chemidoc XRS + (Bio-Rad, USA).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed using the ChIP kit (Abcam, USA) following the manu-
facturer’s protocol. MCF7 wild-type cells were plated in a 100 mm cell culture dish, and 3 million cells were har-
vested. The cells were resuspended in the provided BufferA/Formaldehyde/PBS mix. To halt the reaction, glycine
was added, and the cell pellet was washed with ice-cold PBS. After washing, the cells were lysed with a solution
containing PMSF and protease inhibitors to isolate the nuclei. The DNA was sheared to an optimal fragment
size of 200-1000 bp using a sonicator. Following reverse cross-linking of the sonicated chromatin, an agarose
gel was used to measure the DNA fragment sizes. The samples were then diluted with ChIP Dilution Buffer
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and incubated overnight at 4 °C with normal rabbit IgG (Cell Signaling Technology, USA) and FRG1 (Abcam,
USA). After pelleting, the antibody/chromatin samples were incubated with protein A beads. Subsequently, the
antibody, chromatin, and beads were washed, and the DNA was purified using the ChIP kits DNA purifying
slurry. Finally, 2 ul of the purified DNA from MCF?7 cells was used for qRT-PCR analysis with promoter-specific
primers for BER genes.

Correlation and survival analysis

Differentially expressed genes of base excision repair pathways were selected to check their expression values
from GTEx to perform Pearson’s correlation analysis using SPSS software® and Microsoft Excel. The correlation
between overall survival (OS) and gene expression was analyzed by using multivariate Cox regression in the
TCGA BRCA dataset in SPSS. Risk score was calculated as reported previously®.

Results

FRGa expression affects base excision repair pathway

We downloaded TCGA BRCA patient data from GDC and segregated them into two groups: high FRG1 expres-
sion (top 5th percentile) and low FRG1 expression (bottom 5th percentile). To conduct differential gene expres-
sion analysis, a comparison was made between FRG1%&" and FRG1'°" groups. Figure 1A illustrates the volcano
plot depicting the differentially expressed genes based on both their significance and the magnitude of change
in their expressions. Analysis showed 5485 significantly altered genes, where 2295 genes were upregulated, and
3190 were downregulated.

KEGG and GO enrichment analyses were conducted to gain insights into potential pathway and biological
function alterations caused by changes in FRG1 expression. Figure 1B summarizes the KEGG pathways, revealing
alterations in multiple pathways and biological functions, including the base excision repair pathway. The DEGs
in the BER pathway (Fig. 1C) include several genes having roles in the critical steps of base excision repair, includ-
ing PARP ADP ribosylation (HPF1) and DNA glycosylation (MPG, NTHL1, and NEIL2). APEX, PNKP, PCNA,
NEIL2, and XRCC1 help in downstream steps associated with the short and long-patch BER'***%. Additionally,
Metascape analysis of DEGs (Fig. 1D) revealed many GO biological terms for DNA repair or related processes
(GO terms: DNA damage response, cellular response to chemical stress, regulation of intrinsic apoptotic signal-
ling pathway, positive regulation of cell death), which strengthens the possibility of FRG1’s role in BER.

Base excision repair pathway genes show a positive correlation with FRG1 across tissue types
Our initial investigation revealed distinct changes in the expression of numerous genes associated with the BER
pathway, including HPF1, when comparing high and low FRG1 groups. To substantiate our findings, we procured
mRNA expression data for various tissue types in the GTEx database to investigate the relationship between FRG1
and the differentially expressed genes within the BER pathway. We have shown the levels of FRG1 expression
in different tissue in the heatmap (Fig. 2A). Breast (33.00 TPM), colon (31.15 TPM), and ovary (35.09 TPM)
showed elevated levels of FRG1 as compared to brain (13.16 TPM), heart (10.30 TPM), liver (9.38 TPM), lung
(25.86 TPM), muscle (12.54 TPM), kidney (14.47 TPM), and prostate tissue (22.70 TPM). Figure 2B illustrates
the results of correlation analysis across multiple tissues using a heatmap. The outcomes of this analysis revealed
a substantial positive correlation between FRGI and these genes across tissue types, which was strongest in the
brain, heart, and kidney tissues. This finding provides strong support for our theory that FRGI likely impacts
multiple genes within the BER pathway. As a result, it is plausible that FRG1 plays a role in the repair of DNA
single-stranded breaks.

Decreased FRG1 expression reduces transcript levels of BER pathway genes

We employed gRT-PCR to validate our discoveries, aiming to assess how FRG1 influences the transcriptional
control of DEGs identified in the BER pathway. To carry out the experiment, we established stable cell lines of
MCF?7 with reduced FRG1 levels. Subsequent qRT-PCR and Western blot analyses effectively verified the reduc-
tion in FRG1 levels (Supplementary Fig. 1).

Upon knocking down FRG1, we observed a significant decrease in transcript levels for the majority of genes
(HPFI1, PCNA, PARP4, PNKP, NTHL1) associated with the BER pathway (Fig. 3). However, the degree of reduc-
tion exhibited variation among these genes. A decrease in gene expression was also observed in other genes
(ADPRS, MPG, POLL, NEIL2, APEX, XRCC1, POLE4), but it was not statistically significant. These observations
collectively suggest the possibility of FRG1 functioning as a transcriptional regulator for these genes, potentially
operating through either direct or indirect mechanisms.

Mutation analysis in the TCGA-BRCA cohort reveals a higher frequency of TP53 mutations in
FRG1 low samples
If the expression of FRGI has an impact on the transcription levels of genes involved in the BER pathway;, it
could potentially influence the efficiency of the repair process and subsequently affect the mutation rate. To
substantiate this hypothesis, we conducted a comparative analysis of mutation frequencies in the top 20 genes
that are commonly mutated in breast tissue carcinoma in FRG1'*" and FRG1%#" groups. These mutated genes
were PIK3CA (29%), TP53 (27%), CDH1 (12%), ESR1 (8%), GATA3 (11%), KMT2C (12%), MAP3K1 (9%),
PTEN (6%), LRP1B (19%), ERBB4 (7%), ZFHX3 (12%), ERBB2 (5%), NF1 (6%), ARID1A (6%), PTPRT (9%),
ALK (6%), AKT1 (4%), RUNX1 (5%), GRIN2A (8%), and NCOR1 (6%).

Further, we identified mutation frequency in these 20 genes in our study cohort. Breast cancer samples in the
FRGI1'" group had 54 mutations compared to 40 mutations in the FRG1™¢" group. Notably, the FRG1*¥ group
showed a strikingly high TP53 mutation frequency compared to the FRG1"¢" group (Fig. 4). No mutations were
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Figure 1. Identification of DEGs and pathway enrichment analysis. (A) Volcano plot of significantly altered
genes, each dot represents a gene. Significantly altered genes are shown in blue dots arranged according to the
|log2FC| values. Gene having |log2FC| > 0.5 are upregulated and those having |log2 FC| < 0.5 are downregulated.
(B) KEGG**"* pathway analysis of DEGs between FRG1 High and low expression groups showing significantly
enriched pathways. X-axis represents the number of genes in each of the altered pathways and Y-axis represents
the significantly altered pathways. (C) Heatmap of differentially expressed genes (DEGs) in the base excision
repair pathway, with Log2FC values indicated on the scale bar. (D) GO analysis of upregulated DEGs between
FRG1 high and low expression groups shows enrichment of DNA repair pathway.

present in ESR1, PTPRT, ALK, and AKT1 genes. These findings strongly suggest a potential association between
FRG1 levels and mutation rates. However, further investigation is imperative to establish a more comprehensive
understanding of these observed effects.
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Figure 2. Levels of FRGI expression in different tissue types and correlation of differentially expressed genes of
BER pathway with FRGI across these tissue types. (A) Heatmap shows the transcripts per million (TPM) values
of FRGI expression levels in different tissue types from GTEx. (B) Heatmap shows the Pearson’s correlation
values between FRG1 and the DNA repair genes in various organs [brain (n=252), breast (n=252), colon
(n=373), lung (n=>578), liver (n=226), kidney (n=285), prostate (n=245), ovary (n=180)].
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Figure 3. Validation of expression profiling data using qRT-PCR. qRT-PCR expression data of BER DEGs in
MCEF?7 cells with FRG1 knockdown (FRG1_KD) versus control (Control_Sc). Here, Y-axis shows fold change,
X-axis shows the genes. GAPDH was used as an internal control. The experiment was performed in triplicate.
Results are presented as mean + SD. Ns—nonsignificant, *, P<0.05.

Protein—protein interaction network reveals multiple pathways associated with genes
involved in the Base excision repair pathway

To find out the possible network by which FRG1 might be regulating transcript levels of BER DEGs, we used
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) where all the BER DEGs along with
FRG1 were used as input. To increase network size, we also manually included reported genes connected with
FRG1(based on a literature search in PubMed using the terms “Breast cancer” and “FRG1”). A total of 30 genes
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Figure 4. Mutation frequency analysis in FRG1°* and FRG1"#" breast cancer samples. The bar graph shows
mutations in the top 20 mutated genes of breast cancer in the FRG1¢"-FRG1'°¥ TCGA-BRCA dataset. X axis
represents the genes, and y axis shows the number of mutations.

were provided in the input. PPI network showed the connection of FRG1 with Base-excision repair (gap-filling,
AP site formation), Regulation of protein ADP-ribosylation (HPF1, XRCC1, PNKP), Telomere maintenance via
semi-conservative replication (UPF1, PCNA), Nuclear-transcribed mRNA catabolic process, nonsense-mediated
decay (UPF1, UPF3B, CASC3), RNA localization and mRNA transport (YY1, RBM8A, CASC3, UPF1, UPF3B,
MAGOHB), mRNA splicing, via spliceosome (PNN, RBM8A, CASC3, MAGOHB), and Regulation of protein and
RNA metabolic processes (YY1, SP1, DUX4, HPF1, EXOSC9, XRCC1, UPF1) (Fig. 5). FRG1 showed direct physi-
cal connections with genes HPF1, EXOSC9, RBM8A, DUX4, YY1, and UFSP2, but all of these are not part of the
same pathway, which shows as transcriptional regulator FRG1 might affect multiple pathways/cellular functions.
Moreover, in BER, FRG1 was mainly connected with HPF1, and HPF1 was connected with other BER genes.

In another set of STRING analyses, in addition to the above-mentioned genes, we also included the top 20
mutated genes (mentioned in the previous section) to figure out the connection of FRG1 leading to the gene
mutation via BER genes. Notably, mutated genes TP53, PIK3CA, LRP1B, and KMT2C were directly connected
with FRG1. GO terms displayed multiple enriched biological pathways, which included Positive regulation of the
nucleobase-containing compound metabolic process, Positive regulation of RNA metabolic process, Regulation
of DNA metabolic process, Base-excision repair, AP site formation, mRNA metabolic process, Phosphatidylino-
sitol 3-kinase signaling, Nucleocytoplasmic transport, Response to endogenous stimulus, Response to stress,
and Stem cell proliferation.

3 PO\
‘\9"
%@m

W /X

Figure 5. The STRING PPI network analysis of the BER DEGs. (a) DEGs of the BER pathway and the genes
previously found associated with FRG1 were given as input (b) DEGs of the BER pathway, the genes previously
found associated with FRG1 along with the top 20 mutated genes in breast cancer were given as input. These
diagrams are prepared by using the freely available STRING database, version 11.0 *°.

Scientific Reports|  (2024) 14:19371 | https://doi.org/10.1038/s41598-024-70368-9 nature portfolio



www.nature.com/scientificreports/

These results illustrate that FRG1 is associated with numerous biological pathways via transcriptional regula-
tion of multiple genes. Moreover, it can affect mutation frequency by affecting the transcript levels of repair genes.

Alkaline comet assay unveils impaired DNA single-stranded break repair due to reduced FRG1
levels

To substantiate the potential influence of FRG1 on single-stranded DNA damage and repair processes, we
conducted an Alkaline Comet Assay*'~*3. Our results show that MCF7 and T47D cells with FRG1 knock-down
have significantly longer tail lengths compared to the control group, as illustrated in Fig. 6 (A,D). The data on
tail length and tail moment for both FRG1 knock-down and control samples are presented in Figs. 6 (B,C,E,F).
This elongated tail length is indicative of greater DNA damage and nicks within the cells, signifying a diminished
capacity for single-stranded DNA repair when FRG1 levels are reduced. The impaired DNA repair could be due
to a decrease in the transcriptional level of the genes involved in the pathway.

Direct binding of FRG1 to DNA repair gene promoters identified by ChIP-qRT-PCR

To investigate the direct binding of FRG1 to DNA repair gene promoters, we performed ChIP-qRT-PCR. Chro-
matin fragments were incubated with either an FRG1 antibody or an IgG antibody (as a negative control). We
found that the FRG1 antibody significantly enriched the promoter fragment of the BER gene, indicating FRG1
binding, whereas the IgG antibody did not show such enrichment. Figure 7 illustrates that the genomic region
around CTGGG was notably enriched for HPF1, XRCC1, and NTHL1. However, the enrichment for XRCCl1
(X-ray repair cross-complementing protein 1) and NTHLI (Nth Like DNA Glycosylase 1) was less pronounced
compared to HPF1, suggesting that FRGI has a higher binding specificity for HPF1. These results imply that
FRG1 may bind to the promoters of several DNA repair genes, including HPF1, XRCC1, and NTHLI, indicating
arole in the base excision repair pathway.

FRG1 and BER gene expression is high in low risk in breast cancer patients

Previously, low FRG1 has been associated with poor prognosis in breast cancer®. Here, we aimed to predict if
BER DEGs show a parallel effect on survival. Kaplan-Meir survival analysis was done for HPF1, PCNA, MPG,
NTHLI1, POLL, APEX1, NEIL2, PNKP, PARP4, XRCC1, POLE4, and ADPRS mRNA expression on the OS in
selected TCGA-BRCA samples. We found a better survival probability in the breast cancer patient group having
high levels of most of the above-mentioned genes, which is parallel to FRG1. But out of these genes, only ADPRS,
NTHLI1, PCNA, and XRCC1 showed statistically significant differences in survival. PNKP, POLE4, PARP4, and
MPG showed opposite trends for the survival association (Supplementary Fig. 2).

To investigate the combined impact of FRG1 and the correlated BER genes on the OS, Cox regression analysis
was performed on the entire TCGA-BRCA cohort (Table 2). Regression coefficients (B) were used to calculate
the risk score for each breast cancer patient. The patients were divided into low-risk (n=616) and high-risk
(n=615) groups based on the median risk score value (-4.45653). There was significantly higher FRG1 mRNA
expression in the low-risk group compared to the high-risk group. Most of the BER pathway genes also showed
parallel results (Fig. 8) except for HPF1, PARP4, and NEIL2. In sum this data suggests that FRG1 and some of
the BER genes may affect breast cancer prognosis negatively.

Discussion

FRGI, originally associated with the muscle-related disease FSHD, has emerged as a significant player in can-
cer biology, particularly in breast cancer®**~*. In this study, we delved into the multifaceted role of FRG1 in
DNA repair pathways and its implications for breast cancer. Our previous research explored its impact on criti-
cal cancer-related processes, such as angiogenesis, invasion, migration, and cell proliferation, underscoring its
significance in cancer progression®. Notably, the downregulation of FRG1 resulted in increased expression of
GM-CSE PLGE CXCL1, PDGFA, and MMPs, crucial for cell migration and tumor advancement, and its role
as a transcriptional repressor of GM-CSF in breast cancer cells was highlighted®. Our previous study revealed
its strong correlation with HPF1, a nuclear-localized protein that interacts with PARP1 and is engaged in DNA
single-stranded repair via controlling PARP1 activity®*. In this study, we identified a substantial number of
differentially expressed genes in response to varying levels of FRG1 expression. The enrichment of DNA repair-
related biological processes and pathways among these DEGs underscores the significance of FRG1 in maintain-
ing genomic integrity. The significant genes playing a role in BER pathways are PARP1, HPF1, PCNA, POLL,
XRCC1, POLE4, etc.*3*. The altered expression of genes closely associated with critical steps in base excision
repair, such as PARP ADP ribosylation (HPF1), DNA glycosylation (MPG, NTHLI, and NEIL2), short and long
patch BER (XRCC1, PCNA) highlights the potential influence of FRG1 on the integrity of the genome®**!. Our
final model shows role of FRG1 in BER pathway (Fig. 9).

Most of the BER pathway genes showed positive log2Fc values except PARP4 when analyzed in the TGCA
BRCA dataset, but when we validated it by RT PCR, this gene also showed a positive effect of FRG1. This discrep-
ancy may be attributed to various factors, including potential sequencing artefacts inherent in RNA sequencing,
as well as the relatively modest size of the cohort. Overall, this study indicated the role of FRG1 in DNA dam-
age responses (DDR) via transcription regulation of multiple genes associated with the repair pathway, which
could be direct or indirect. Previous studies have identified the FRG1 binding site within the “CTGGG” motifs,
corroborating FRG1’s role as an hnRNP'S. Upon analysis of the promoter region, we observed the presence
of FRGI binding sites in the promoters of numerous (HPF1, XRCC1, PCNA, PNKP, NTHL1, ADPRS, MPG,
POLL, NEIL2, APEX, POLE4) BER DEGs™. This suggests the potential for FRG1 to directly influence BER genes’
expression. Moreover, it is plausible that FRG1 may also exert its regulatory influence on other transcription
factors such as ATF-1, STAT3, RFX1/EF-C, which are known to govern the expression of a significant portion
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Figure 6. Comet Assay showing DNA damage in samples with different FRG1 expression. (A) Fluorescent
microscopy images show comets in MCF7 cell lines with FRG1 knock-down (FRG_KD) versus control
(Control_Sc). (B) The bar graph compares comet tail lengths in both the sets, where the y-axis denotes length
in pixels. (C) The bar graph shows the tail moment in both the groups. (D) Fluorescent microscopy images
illustrating comet formations in T47D cell lines with transiently transfected FRG1 knockdown (FRG1_KD)
versus the control group (Control_Sc). (E) Bar graph comparing comet tail lengths between the two groups,
with the y-axis representing length in pixels. (F) Bar graph showing the tail moment for both groups. All the
experiments were conducted in triplicate, and results are presented as mean + SD. Statistical significance is
indicated as follows: ns—non significant, *, P<0.05.

of BER genes****. However, further experiments are warranted to ascertain whether the regulation of BER genes
by FRG1 is of a direct or indirect nature.

The expression of FRG1 potentially impacts the mutation frequency in genes via BER. Upon examining
mutation frequencies in the top 20 mutated genes associated with breast cancer, we observed a remarkably high
mutation frequency in the low FRG1 group. In a prior study? we elucidated how the reduction of FRG1 triggers
the activation of MEK/ERK through GM-CSE, ultimately leading to the inhibition of apoptosis by downregulating
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Figure 7. FRGI binds to the promoter of the DNA repair genes. The bar graph presents the results of a ChIP
assay conducted in MCF?7 cells, illustrating the enrichment levels (% input) for HPF1, XRCC1, and NTHLL1. IgG
served as a negative control.

Genes |B Sig | Exp(B), 95.0% CI for Exp(B)
HPF1 1.191 |0.065 |3.291(0.928,11.672)
ADPRS —0.754 |0.132 | 0.471(0.177,1.254)
POLE4 0.104 |0.799 |1.110 (0.499, 2.470)
POLL —0.005 |0.994 |0.995(0.329,3.012)
MPG —0.551 |0.332 |0.577(0.190, 1.752)
XRCC1 —1.147 |0.068 |0.318 (0.093, 1.086)
APEX1 -0.776 | 0.196 |0.460 (0.142, 1.491)
NEIL2 0.131 | 0.739 | 1.140 (0.529, 2.457)
NTHLI | 0717 |0.103 |2.049 (0.865, 4.855)
PNKP -0.360 | 0.536 | 0.697 (0.223,2.186)
PCNA -0.366 | 0.314 | 0.694 (0.340, 1.414)
PARP4 -0.178 | 0.647 | 0.837 (0.391, 1.793)
FRG1 -0.922 | 0.210 | 0.398 (0.094, 1.679)

Table 2. Covariates present in multivariate Cox regression model in breast cancer patients.
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Figure 8. Expression levels of FRG1 and BER in breast cancer patients from low and high-risk groups. Risk
scores were d Heatmap shows the transcripts per million (TPM) values of FRG1 expression levels in different
tissue types from GTEx. derived from Cox regression coefficients (calculated in the TCGA-BRCA dataset) based
on FRGI and BER DEGs. The bar graph shows the log of gene expression levels in high and low-risk groups. The
Y-axis represents the log of gene expression, and the X-axis shows the group and gene name. ns —-nonsignificant,
et P<0.00005.
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Figure 9. Hypothetical model showing the role of FRG1 in Base excision repair pathway.

TP53 in breast cancer. Furthermore, our research indicates that the FRG1" group exhibits a higher incidence
of mutations in TP53, suggesting a dual level effect of FRG1 on TP53.

In PPI analysis, most of the connections are based on co-expression of transcriptional regulation of FRG1.
No alternative pathway for linking FRG1 to BER genes was identified, aside from its role as a transcriptional
regulator. Previously, FRG1 has been shown to affect transcript levels of HPF1°. HPF1 is an important player in
the DDR as it facilitates the histone PARylation along with PARP1, thereby helping in the repair of damaged DNA
along with other repair genes®. The catalytic activity of HPF1-PARP1/2 is counteracted by ADPRS (ARH2), which
provides an additional layer of complexity to the ADP-ribosylation processes®. Also, HPF1-PARP1 activation
promotes LIG3-XRCCI1 mediated ligation of Okazaki fragments®. Literature suggests that HPF1 also regulates
other repair genes in multiple biological processes, which implies that FRG1 is regulating HPF1, and HPF1 might
be affecting others, but experimental validation is required.

The results of survival analysis revealed a less favourable prognosis among patients exhibiting low levels of
FRGI expression. This pattern was consistently observed across the majority of BER genes as well. An analysis
employing a risk score approach, which reflects the cumulative impact of all genes incorporated in a Cox regres-
sion analysis, revealed that samples categorized as low-risk exhibited elevated mRNA expression levels of FRG1
and several other BER DEGs. This finding suggests a potential protective function of FRG1 in OS, aligning with
its previously documented role as a tumor suppressor®. Interestingly, HPF1 levels were low in low-risk group.
Our extensive data analysis reveals a consistent and robust positive correlation between FRG1 and HPF1 across
various levels. We found a positive correlation between HPF1 and FRGI1 across cancer types. Moreover, normal
tissue samples from GTEx reflected higher HPF1 mRNA expression levels in samples with high FRG1 levels.
qRT-PCR data performed on MCEF7 cells with FRG1 knockdown showed a reduced level of HPF1 transcripts.
These results, along with ChIP qRT-PCR data, collectively underscore the strong relationship between FRG1 and
HPF1, both in healthy and cancer-related contexts. This contrast in outcomes may be attributed to the complex
interactions involving FRG1, HPF1, and various other genes involved in BER. To date, the distinct influence of
HPF1 in the development of tumors has not been thoroughly investigated. Consequently, additional research is
needed to uncover its contribution to overall survival. Furthermore, there is limited knowledge regarding other
factors that regulate HPF1 expression, which could provide valuable insights into its expression levels.

In conclusion, this study elucidated the role of FRG1 as a transcription factor, highlighting its significance
in the positive regulation of various base excision repair genes. These findings imply that diminished levels of
FRG1 may impact DNA repair mechanisms within breast cancer cells.

Data availability
The datasets used and/or analysed during the current study available are from the corresponding author on
reasonable request.
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