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Deficiency in mammalian STN1 promotes colon cancer
development via inhibiting DNA repair
Dinh Duc Nguyen1†, Eugene Kim1†, Nhat Thong Le2, Xianzhong Ding3, Rishi Kumar Jaiswal1,
Raymond Joseph Kostlan1, Thi Ngoc Thanh Nguyen1, Olga Shiva4, Minh Thong Le2,
Weihang Chai1*

Despite the high lethality of colorectal cancers (CRCs), only a limited number of genetic risk factors are identi-
fied. The mammalian ssDNA-binding protein complex CTC1-STN1-TEN1 protects genome stability, yet its role in
tumorigenesis is unknown. Here, we show that attenuated CTC1/STN1 expression is common in CRCs. We gen-
erated an inducible STN1 knockout mouse model and found that STN1 deficiency in young adult mice increased
CRC incidence, tumor size, and tumor load. CRC tumors exhibited enhanced proliferation, reduced apoptosis,
and elevated DNA damage and replication stress. We found that STN1 deficiency down-regulated multiple DNA
glycosylases, resulting in defective base excision repair (BER) and accumulation of oxidative damage. Collective-
ly, this study identifies STN1 deficiency as a risk factor for CRC and implicates the previously unknown STN1-BER
axis in protecting colon tissues from oxidative damage, therefore providing insights into the CRC tumor–sup-
pressing mechanism.
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INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer and one
of themost lethal cancers worldwide (1). CRC cases are escalating in
young adults (2), underscoring the need to understand its etiologic
causes. CRC may take more than a decade to develop in continuous
stages from polyps to adenocarcinoma (3). This long progression
provides an intervention opportunity to prevent it from developing
into advanced cancer. Identifying CRC risk factors and understand-
ing the mechanism of CRC development are crucial to CRC treat-
ment and prevention.

Both genetic and environmental factors are strongly associated
with increased risks for CRC, albeit not fully understood (4, 5). In-
dividuals having healthy lifestyles can still develop CRCs, suggesting
that genetic factors play a substantial role in CRC susceptibility.
While ~30% of CRC patients have a family history of the disease,
only ~5% harbor germline mutations, including mismatch repair
(MMR) gene mutations in Lynch syndrome patients, APC muta-
tions in familial adenomatous polyposis, MUTYH mutations in
MUTYH-associated polyposis, BRCA1/2 mutations, and others.
The remaining 25% of patients have unidentified genetic conditions
(6).

Genomic instability appears to be a key molecular and pathogen-
ic factor that occurs in the initiation process of CRCs (7–9). Al-
though recent studies using The Cancer Genome Atlas (TCGA)
database have identified mutations associated with DNA damage
response/repair genes in CRC and putative driver mutations have
been identified (10–12), very few are validated with in vivo
studies. The mechanism that influences genomic stability in CRC
is unclear and remains to be determined.

STN1, also known as OBFC1 (oligonucleotide/oligosaccharide-
binding fold containing 1) or AAF44, is a component of the trimeric
CTC1-STN1-TEN1 (CST) complex. CST is an RPA-like single-
stranded DNA (ssDNA)–binding protein complex that plays an im-
portant role in multiple genome maintenance pathways (13–22).
Dysfunctional mutations in CTC1 and STN1 cause Coats plus syn-
drome, an autosomal recessive disorder characterized by bilateral
exudative retinopathy, retinal telangiectasias, growth retardation,
intracranial calcifications, bone abnormalities, gastrointestinal vas-
cular ectasias, accompanied by common early-aging pathological
features (23–25), and Dyskeratosis congenita, a rare genetic
disease characterized by progressive bone marrow failure, skin hy-
perpigmentation, nail dystrophy, and oral leukoplakia (25, 26).
CTC1 and STN1 enhance DNA polymerase α (POLα)–primase ac-
tivity (27), and they were initially discovered as POLα accessory
factor (AAF) AAF132 and AAF44, respectively (28, 29). CST
binds to telomeric ssDNA and is involved in lagging strand telomere
synthesis and C-strand fill-in at telomere ends (15, 17, 30–33). CST
also restricts excessive telomerase extension of telomeres (13).
Recent studies have revealed the crucial role of CST in maintaining
genome stability when replication is perturbed. CST antagonizes
unscheduled MRE11-mediated nascent strand DNA degradation
at stalled replication forks, thereby protecting global genome stabil-
ity under replication stress (20, 34). In response to hydroxyurea
treatment, CST colocalizes with RAD51 and is recruited to stalled
replication forks. CST physically interacts with RAD51 and facili-
tates RAD51 recruitment to RPA-bound ssDNA and stalled forks
(21, 34, 35). In addition, CST is recruited to DNA double-strand
breaks (DSBs) by the shieldin complex (SHLD1-SHLD2-SHLD3-
REV7) to promote nonhomologous end joining. Removal of CST
promotes end resection, restoring homologous recombination in
BRCA1-deficient cells and thus leading to Poly (ADP-ribose) poly-
merase (PARP) inhibitors resistance (36–39).

Recent TCGA Pan-Cancer analyses show that down-regulation
of CST genes is associated with poor outcomes of patients in
various cancers, identifying CTC1 and STN1 as the protective
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factors in several types of cancers (40, 41). Similarly, genome-wide
association studies analyses have shown that STN1 variants are as-
sociated with increased risks of melanoma, leukemia, ovarian,
colon, and liver cancers (42–47). These observations suggest that
CTC1 or STN1 may suppress the development of cancers in
humans. However, this has not been tested in vivo. In this study,
we analyzed the TCGA Pan-Cancer database and found that
CTC1/STN1 expression is attenuated in CRC tumors compared
to normal tissues. Consistently, we observed that human colon ad-
enocarcinoma shows reduced STN1 levels thanmatched normal ad-
jacent tissue. CRCs with CTC1 or STN1 alterations show a higher
tumor mutation burden and poorer survival. These observations
suggest that CTC1/STN1may play an important role in suppressing
CRC tumor formation. To determine the role of STN1 deficiency in
tumorigenesis in vivo, we generated an inducible STN1 knockout
mouse model. We found that STN1-deficient mice showed en-
hanced tumor development and higher tumor volume in the
murine colon in the azoxymethane (AOM)–induced CRC mouse
model. CRC tumors developed from STN1-deficient mice displayed
elevated levels of c-MYC, COX-2 (cyclooxygenase 2), and β-
catenin, enhanced cell proliferation, reduced apoptosis, and in-
creased γH2AX signal. In addition, STN1 reduction slowed down
replication fork speed and accumulated ssDNA in mouse embryon-
ic fibroblast (MEF) cells. Furthermore, STN1 reduction suppressed
the expression of multiple DNA glycosylase genes in the base exci-
sion repair (BER) pathway, resulting in increased oxidative damage
and rendering cells sensitive to oxidation-inducing agent. We also
found that STN1 expression positively correlates with the expres-
sion of various DNA glycosylase genes in human and mouse
tissues. Last, we found that STN1 defective colon cancer cells
showed an increased level of DNA alkylation and were sensitive
to DNA alkylating agents. Together, our study identifies that mam-
malian STN1 suppresses colorectal tumorigenesis, likely by regulat-
ing the expression of DNA glycosylase genes and preserving the
function of BER to prevent the accumulation of oxidative
damage. These results highlight the importance of CST inmaintain-
ing genome stability and suppressing tumor formation. In addition,
our findings uncover a previously unidentified genetic condition
promoting CRC development and provide insights into the CRC
tumor suppression mechanism.

RESULTS
CTC1/STN1 expression is commonly reduced in CRC, and
this decrease correlates with poor prognosis
To investigate the potential role of CST in cancer, we analyzed
CTC1 and STN1 genetic alterations (including mutations, amplifi-
cations, deep deletions, and structural variants) and expression
using the TCGA database via cBioPortal (48). Colorectal adenocar-
cinoma is among the cancer types with the highest CTC1 and STN1
alteration frequencies (Fig. 1A and fig. S1). Mutations and deep de-
letions of CTC1 and STN1 are predominant in CRCs (Fig. 1A),
whereas TEN1 alterations more commonly show amplifications
(fig. S1). In addition, the CTC1 and STN1 altered groups contain
higher mutation counts than the unaltered group in the CRC
TCGA Pan-Cancer datasets (Fig. 1B). Furthermore, both CTC1
and STN1 mRNA expression are down-regulated in tumor
samples compared to that in normal tissues in TCGA colon and
rectum cancer datasets (Fig. 1, C to F), but not TEN1 (fig. S2A).

We thus focused on analyzing CTC1 and STN1 in our study. We
then detected STN1 protein expression using human tissue arrays
containing 62 pairs of colon adenocarcinoma andmatched adjacent
normal tissue samples. Consistent with the TCGA mRNA down-
regulation, the overall STN1 protein level was also reduced in
tumors compared to normal tissue (Fig. 1G). We also tested
several commercially available CTC1 antibodies but found that
none were able to specifically detect CTC1 in human tissues, pre-
venting us from measuring CTC1 protein levels in human
samples. CTC1/STN1 alteration is associated with poor overall sur-
vival (Fig. 1H).We also found that, while altered CTC1 + STN1 (CS)
mRNA expression shows no obvious association with the overall
survival in TCGA CRCs (P = 0.124), unaltered expression of
STN1 is beneficial for disease-free survival (P = 0.0186), suggesting
that STN1 expression could be a survival biomarker for CRC pa-
tients (Fig. 1I). Altered expression of CTC1 is not significantly as-
sociated with overall or disease-free survival in TCGA CRCs
(fig. S2B).

STN1-deficient mice increased CRC incidence, tumor
burden, and tumor size upon AOM treatment
To investigate the potential role of STN1 in CRC initiation and de-
velopment, we sought to develop an in vivo mouse model in which
STN1 could be deleted. However, we could not simply generate a
complete STN1 knockout, since STN1 is required for efficient
global DNA replication and cell proliferation. Mutations in STN1
lead to Coats plus syndrome in humans, an autosomal genetic dis-
order whose patients exhibit intrauterine growth retardation, pre-
mature aging, hypocellular bone marrow, and recurring
gastrointestinal hemorrhaging (24). A complete STN1 deletion is
expected to cause embryonic lethality or premature death due to
proliferation failure as observed in the CTC1 knockout mice (17).
Consistent with this notion, we failed to obtain STN1 knockout
clones when using CRISPR-Cas9 to delete STN1 in human cancer
cell lines. Thus, we used the Cre-loxP system to generate STN1 con-
ditional knockout (cko). The mouse STN1 locus contains 10 exons,
with the ATG start codon residing in exon 2 (Fig. 2A). When loxP
insertion sites were initially designed, the most convenient ap-
proach to delete murine STN1 appeared to be deleting exons 5
and 6, which would create a frameshift and generate a truncated
STN1 protein. However, a long noncoding RNA (lncRNA) with
unknown function is present in this region. To avoid affecting
this lncRNA, we targeted the upstream regions of the STN1 gene
by inserting two loxP sites upstream of the promoter region and
downstream of the ATG start codon in exon 2 (Fig. 2A). Cre expres-
sion resulted in the deletion of the promoter sequence and the
translation start site, thereby inhibiting both transcription and
translation of the gene (Fig. 2A). Deleting the promoter region
would also eliminate the possible complications caused by a trun-
cated protein that could be synthesized from a downstream ATG
codon. The resulting STN1Flox/Flox (STN1F/F) mice were then bred
with Cre-ERT2 mice, producing Cre-ERT2; STN1F/F mice, which
were then confirmed by tail snip genotyping. Initial pilot experi-
ments were performed to determine the efficiency of Cre recombi-
nation using large intestine tissues and primary MEFs isolated from
Cre-ERT2; STN1F/F animals. Tamoxifen treatment largely removed
STN1 protein expression in MEFs, suggesting that STN1 was effec-
tively reduced by Cre induction (Fig. 2B). However, residual STN1
protein was visible in large intestine tissues after Cre induction (fig.
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Fig. 1. Lower expression of STN1 and CTC1 in CRC tumor and its correlation with poor prognosis. (A) TCGA data analysis shows a high alteration frequency of CTC1
and STN1 in CRC Pan-Cancers. (B) TCGA Pan-Cancer analysis shows that tumor mutation burden in STN1- and CTC1-altered tumors is higher than in CRC tumors with
unaltered STN1/CTC1. P = 0.0018. (C to F) mRNA expression levels of STN1 (C and D) and CTC1 (E and F) in tumors are lower than those of normal tissues in both colon (C
and E) and rectum cancers (D and F) from TCGA Pan-Cancers. (G) Representative IHC staining of STN1 protein in human colon adenocarcinoma and matched normal
adjacent tissue (NAT). Scale bars, 100 μm. STN1 protein level from a total of 62 tumor and matched normal pairs was measured and graphed. P values: two-tailed paired t
tests. Error bars: SEM. (H) Genetic alterations of STN1 and CTC1, including mutation, amplification, deep deletion, and structural variants, are correlated with poor overall
survival (OS) in TCGA CRC. (I) Association of altered STN1 mRNA expression with poor disease-free survival in TCGA CRC, whereas there is no significant association
with OS.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Nguyen et al., Sci. Adv. 9, eadd8023 (2023) 10 May 2023 3 of 20



Fig. 2. STN1-deficient mice showed increased CRC development upon AOM treatment. (A) STN1 allele in themouse genome and the scheme for STN1 cko. Open box:
noncoding exon 1. Filled boxes: coding exons. The ATG start codon is located in exon 2 (red). Triangles: loxP sites. (B) Western blots showing STN1 depletion in primary
MEFs after tamoxifen (TAM)-induced Cre expression. (C) Scheme for TAM and AOM treatment. (D) Percentage body weight change after TAM treatment of STN1+/+ (n = 21)
and STN1−/− (n = 19) mice. Data are presented as weekly % of mean body weight change ± SEM. Statistical analysis was performed using two-tailed Welch’s unequal
variances t tests. (E) Representative colons harvested from AOM-treated STN1+/+ (top) and STN1−/− (bottom) mice at 26 weeks after TAM treatment. Red arrows point to
tumors. Distal to proximal colon was oriented from left to right. (F) Percentage of animals developed CRC polyps in STN1+/+ and STN1−/− groups. (G) Average CRC tumor
number per mouse. (H) Mean tumor volume per mouse. (I) No significant differences in colon length between STN1+/+ and STN1−/− mice. (J) Position of CRC polyps in
STN1+/+ and STN1−/−mice. Relative polyp position was calculated by the ratio of polyp distance (to anus)/colon length. (K) Representative hematoxylin and eosin staining
of colon adenoma (top) and adenocarcinoma (bottom) from AOM-treated STN1+/+ (left) and STN1−/− (right) mice. Scale bars, 100 μm. (L) Quantification of (K) showing that
there aremore high-grade tumors (adenocarcinomas) in STN1−/−mice compared to STN1+/+mice. P values in (G) to (J) were calculated using two-tailed t tests in GraphPad
Prism. Error bars represent ±SEM.
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S3), indicating that STN1 depletion was less robust in the heteroge-
neous colon tissue.

Several animal models have been developed to investigate the
mechanism and preventive/therapeutic approaches for CRC in
mice (49, 50). Among them, the AOM-induced CRC model has
been shown to be effective and is widely used (51–53). AOM is con-
sidered a colon-specific tumor initiator. AOM treatment predomi-
nantly induces tumors in the distal to the middle colon (54).
Previously, AOM has been used to investigate the roles of DNA
damage response proteins in CRC development and progression
(55, 56). AOM-induced murine tumors display several features of
human CRC including mutations in KRAS (57), altered subcellular
localization of β-catenin (58, 59), or defective transforming growth
factor–β (TGF-β) (60). The pathogenesis of AOM treatment in mice
makes it an advantageous model to study genetic alterations in CRC
development.

We treated the mice with AOM after Cre induction by tamoxifen
administration and monitored CRC development after AOM treat-
ment. Mice were sacrificed within 30 weeks following tamoxifen ad-
ministration for tumor evaluation and tissue collection (Fig. 2C). In
this study, both Cre-ERT2; STN1+/+ and STN1F/F (with no Cre)
animals were used as controls and were referred as STN1+/+,
whileCre-ERT2; STN1F/F animals were referred as STN1−/−. Physical
signs including body weight, bloody diarrhea, and behavioral ab-
normalities were recorded, and STN1+/+ and STN1−/− groups did
not show significant differences. As expected, body weights were
slightly decreased after AOM injection in both groups, but there
was no significant difference between the two groups (Fig. 2D).

CRC development was evaluated at the endpoint of the experi-
ment. Typical colon polyps were formed exclusively in the distal half
of the colon in both groups (Fig. 2E). More STN1−/− animals devel-
oped CRC polyps than the control group (Fig. 2F), but no gender
difference in polyp formation was observed. In addition, the average
tumor number per animal was notably greater in the STN1−/− group
(Fig. 2G). Consistent with the increased tumor burden, the average
polyp size per animal was also increased in the STN1−/− group
(Fig. 2H). However, the average colon length and distance from
tumors to the anus were similar between the two groups (Fig. 2, I
and J). Furthermore, histopathological examination showed a
higher percentage of adenocarcinoma in STN1−/− mice compared
to STN1+/+ mice (Fig. 2, K and L). Together, AOM-treated STN1−/−

mice showed an increased CRC incidence, greater tumor burden,
and elevated malignancy, suggesting that mammalian STN1 plays
an important role in inhibiting the development of chemically
induced CRC.

Increased DNA damage, cell proliferation, and decreased
apoptosis in STN1−/− mouse colon
AOM is a genotoxic agent that induces DNA methylation and ox-
idative damage in the colon. Given the vital role of STN1 in protect-
ing genome integrity in human cells (34, 35, 61), STN1 may protect
genome stability against AOM-induced DNA damage in colon
tissues. To assess this possibility, sections of the colon from
STN1−/− and STN1+/+ mice were immunostained with anti-
γH2AX to detect DNA damage. We observed stronger γH2AX im-
munohistochemical (IHC) staining signals in STN1−/− mice relative
to STN1+/+ mice (Fig. 3A).

Using the cell proliferation marker protein Ki67, we detected
higher Ki67 expression in the colon tissue from the STN1−/−

group than in the STN1+/+ group (Fig. 3B). In addition, terminal
deoxynucleotidyl transferase–mediated deoxyuridine triphosphate
nick end labeling (TUNEL) analysis detected a reduction in apopto-
sis in STN1−/− tumors (Fig. 3C). These results indicate that tumors
developed in STN1−/− mice are highly proliferative, and STN1 likely
maintains the balance between proliferation and apoptosis in the
colon in AOM-treated mice.

STN1 deficiency increased tumor markers in AOM-treated
mouse colon
The occurrence of AOM-induced CRC is a complex process, includ-
ing the activation of multiple signaling pathways relating to DNA
damage and inflammation. The administration of AOM causes
APC mutations, activating its downstream pathways including the
nuclear factor κB (NF-κB) and WNT/β-catenin signaling pathways
(62, 63). In addition, overexpression of COX-2 is a frequent event in
CRC, and it has been shown that p53-mediated induction of COX-2
prevents apoptosis after DNA damage (64). Our IHC analysis
showed enhanced staining of COX-2 and β-catenin in STN1−/−

colon tissues (Fig. 3, D and E). Consistently, c-MYC, which is
downstream of the WNT signaling pathway, also showed a higher
expression in the STN1−/− colon tissue (Fig. 3F). All together, these
results suggest that STN1 deficiency enhances the survival of cancer
cells and promotes hyperproliferation by increasing COX-2 expres-
sion and activating the WNT/β-catenin signaling.

STN1 deficiency elevated genome instability in human
colon cancer cells and MEFs
An unstable genome is a tumor-initiating factor driving tumor de-
velopment (8, 65, 66), although it is still debatable whether genome
instability is the cause of cancer or the consequence of tumor cell
growth. To elucidate the mechanism underlying the increased
CRC formation in STN1-deficient mice, we tested whether STN1
deficiency affected genome stability using both the human colon
cancer cell line and MEFs isolated from STN1−/− mice. Historically,
AOM treatment was primarily conducted in vivo and limited infor-
mation is available on AOM treatment in cells. Thus, we first tested
AOM treatment condition in the human colon cancer cell line
HCT116. HCT116 cells were treated with a range of AOM concen-
trations from 0.05 to 5 μg/ml for 30 min and then grown overnight
for cell survival measurements (fig. S4). A sublethal concentration
of AOM (1.25 μg/ml) was chosen for the following in vitro
experiments.

Using comet assays, we observed that depletion of STN1 in both
HCT116 and MEFs led to an increased percentage of tail DNA
(Fig. 4A), suggesting an increase in intrinsic DNA damage upon
STN1 depletion. As expected, AOM treatment increased the per-
centage of tail DNA in both the control and STN1-depleted
HCT116 cells and MEFs (Fig. 4A). Likewise, we observed an in-
crease in γH2AX staining in STN1−/− MEFs with or without
AOM treatment (Fig. 4B). These results were consistent with previ-
ous reports that STN1 deficiency induces DNA damage in various
human cell lines including HeLa, U2OS, and HCT116 (30, 67, 68).
Since studies have found the crucial function of STN1 and the CST
complex in telomere maintenance (15, 17, 30–33), we measured
telomere dysfunction–induced DNA damage (TIFs) using γH2AX
staining combined with telomere fluorescence in situ hybridization
(FISH). While we observed an increase in telomere DNA damage,
the number of TIFs was low (less than five TIFs per cell) (fig. S5).
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Fig. 3. Effects of STN1 deficiency on CRC tumor markers, cell proliferation, apoptosis, and DNA damage in mouse colon tissue. (A) Representative IHC staining of
γH2AX showed a higher DNA damage level in STN1−/− mice. Boxed areas are magnified to show staining details. (B) IHC staining with Ki67 showed a higher cell pro-
liferation level in STN1−/− mice. (C) TUNEL assay showed that STN1−/− mouse colon tumor displayed reduced cell apoptosis. Red arrows point to apoptotic cells. Data are
shown as the relative average number of apoptotic cells per image. Scale bars, 20 μm. (D to F) IHC staining showed higher expression of tumor markers β-catenin (D),
Cox-2 (E), and c-Myc (F) in STN1−/− mice. For all IHC staining and TUNEL assays, the paraffin-embedded distal colon tissues from four pairs of mice [STN1+/+ (n = 4) versus
STN1−/− (n = 4)] were processed for staining. In all IHC images, scale bars are 100 μm. IHC signals were quantified using ImageJ. At least 5000 cells were measured in each
group. All signals were normalized to the STN1+/+ group, and relative intensities were graphed. Statistical analysis: two-tailed t tests. Error bars: SEM.
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Fig. 4. STN1 deficiency induced genome instability and reduced replication fork speed in human and mouse cells. (A) Representative comet images from HCT116
cells and MEFs. Western blotting showed effective depletion of STN1 in HCT116 cells after knockdown and in CreERT2;STN1F/F MEFs after 48 hours of 4-OHT treatment,
respectively. Cells were then treated with or without 1.25 μM AOM for 30 min. Alkaline comet assay was performed to detect damaged DNA. Relative percentage of tail
DNA and tail moment per nucleus was presented. Two independent experiments were performed, and the result from one experiment is shown. In each experiment, at
least 100 cells per sample were selected from random fields for comet analysis. (B) Representative γH2AX IF images in immortalized MEF cells and HCT116 after STN1
depletion. Relative intensity of γH2AX fluorescence per nucleus was measured using ImageJ. Two independent experiments were performed, and the result from one
experiment is shown. Scale bars, 10 μm. In each experiment, >100 cells were analyzed per sample. (C) Scheme of DNA fiber assay and representative DNA fiber images.
Following STN1 depletion in immortalized MEF cells by 48 hours of 4-OHT treatment, cells were sequentially labeled with CldU and IdU ± AOM. Two independent ex-
periments were performed, and the result from one experiment is shown. In each experiment, >200 fibers were measured per sample. (D) Representative images from
RPA32 immunostaining in immortalized MEF cells. Following 48 hours of 4-OHT treatment to induce Cre expression, MEF cells were treated ± AOM for 30 min, fixed on
slides, and then immunostained with RPA32. In each experiment, >100 cells were analyzed per sample. Relative intensity of RPA32 fluorescence per nucleus was mea-
sured using ImageJ. Scale bars, 10 μm. One-way analysis of variance (ANOVA) tests were performed to calculate P values in all figures. Error bar: ±SEM.
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Notably, the vast majority of γH2AX foci were formed outside telo-
meres (fig. S5), consistent with previous observations that CST de-
ficiency causes genomic damage (20, 35, 69). Our observations were
also in agreement with previous reports that the human CST
complex does not present a telomere capping function (30, 68,
70). We think that the global genome instability plays an important
role in CRC tumorigenesis, and telomere instability may further de-
stabilize the genome and contributes to CRC tumorigenesis.

Next, we performed DNA fiber assays using MEFs with or
without AOM treatment. Following STN1 deletion by 48 hours of
Cre induction, MEF cells were sequentially pulse-labeled with thy-
midine analogs chlorodeoxyuridine (CldU) for 20 min and iodo-
deoxyuridine (IdU) for 40 min ± AOM to induce DNA damage
(Fig. 4C). IdU lengths in STN1−/− MEFs were substantially
shorter than those in STN1+/+ MEFs regardless of AOM treatment,
indicating that STN1 deficiency slowed down replication
speed (Fig. 4C).

In human cells, CST depletion leads to accumulation of ssDNA
in the telomeric region (13, 17, 30). Next, we examined the effect of
STN1 deficiency on ssDNA production in murine cells by measur-
ing RPA staining. STN1 reduction markedly increased the amount
of ssDNA in MEFs (Fig. 4D), suggesting that STN1 loss leads to ab-
errant ssDNA accumulation. Together with our observation that the
colon tissues from STN1−/− mice displayed more robust γH2AX
signals (Fig. 3A), these results suggest that STN1 deficiency led to
an intrinsic increase of DNA damage, and AOM treatment further
elevated the damage.

Mutational signatures associated with STN1-deficient
CRC tumors
The elevated genome instability observed in STN1−/− colon tissue
prompted us to hypothesize that STN1 deficiency led to genomic
changes that favored tumor development. To test this, we analyzed
somatic variants in CRC tumors developed in mice. Whole-exome
sequencing (WES) was performed on matched pairs of tumor-
normal tissue samples isolated from three STN1+/+ and three
STN1−/− pairs. An average coverage depth of 256× (minimum
151×) was reached. For each animal, we measured and normalized
somatic mutations in DNA isolated from tumor tissues to somatic
mutations present in adjacent normal tissues to remove the influ-
ence caused by genetic variations among individual animals. No
difference was observed in total mutation numbers or any kind of
high-effect genetic mutations such as frameshift mutations, mis-
sense variants, or stop/gain mutations (Fig. 5A and fig. S4A). We
also checked the mutation numbers of tumor markers for CRC to
determine whether STN1−/− would affect CRC marker genes. We
observed higher mutation numbers of Nras, Braf, and Ctnnb1 and
lower mutation numbers of Brca2, Smad4, and c-Myc in STN1−/−

tumors compared to the STN1+/+ group (fig. S4B). However,
because of the low number of samples, the differences were not stat-
istically significant between the two groups. Future studies with
more samples are needed for a conclusive result.

Somatic variants in cancer have been shown to target nucleotides
in specific sequence contexts, and they are referred to as mutational
signatures (71). Mutational signatures can be used to infer the un-
derlying cause of the mutations and have recently been used as a
powerful tool to identify the specific mutagenic events (such as ex-
posure to a chemical or environmental toxin, or a particular type of
DNA damage) that led to the cancer-causing mutations. They can

provide important insights into the etiology of cancer development.
We then examined whether the mutational signatures from our
mice were associated with mutational signature profiles in human
cancer (72). We performedmutational signature extraction from six
somatic mutation profiles from WES samples using the COSMIC
signature catalog. In total, six single-base substitution (SBS), four
double-base substitution (DBS), and two INDEL (ID) profiles
were extracted from COSMIC Signature Profiler (https://cancer.
sanger.ac.uk/signatures/). Extracted signatures from the COSMIC
catalog of both STN1−/− and STN1+/+ mice showed a strong associ-
ation with the SBS5 mutational signature, in which colorectal ade-
nocarcinoma profiles from the TCGA database expressed the
topmost mutation burden (Fig. 5B and fig. S4C). SBS5 is a clock-
like signature with a “featureless” mutation spectrum appearing in
most types of cancer samples, and the number of mutations seems
to correlate with the age of the individual (71). Rates of acquisition
of SBS5 mutations over time differ between different cancer types
and different normal cell types.While the proposed etiology of SBS5
is still under investigation, one proposed etiology for this signature
is high levels of oxidative stress (73), although this association still
needs experimental validation. In addition, STN1−/− mice also
showed higher mutational signature SBS25 (Fig. 5B) and reduced
mutational signatures SBS8 and SBS37 (Fig. 5B), all of which have
undefined etiology and unknown contributions to CRC develop-
ment. Because of the lack of experimental validation of many SBS
signatures, future genomic investigations are needed to determine
the significance and implication of these mutational signatures in
cancer etiology.

STN1 deficiency suppresses the expression of DNA
glycosylases, leading to elevated oxidative DNA damage
To further analyze somatic mutations caused by STN1 reduction,
we then used our WES data to investigate the effect of STN1 defi-
ciency on mutation rates within genes in the DNA repair pathways
(GO:0006281). After overlapping high-confidence somatic muta-
tions within genes that function in DNA repair, we found that
STN1−/− mice displayed higher mutation numbers in FANCF,
FANCG, and FANCI in the Fanconi anemia (FA) pathway; MSH3
in the MMR pathway; INO80, MRE11, and RAD52 in homologous
recombination repair (HR); and multiple genes in the BER pathway
includingOGG1, SMUG1,NEIL2, and POLΒ (table S1). A complete
list of DNA repair genes showing increased variations is provided in
table S1.

The BER pathway is the major pathway for repairing oxidative
damage, and defective BER is expected to cause an increase in ox-
idative damage. Numerous studies have found the association
between oxidative stress with colorectal tumorigenesis (74–76). In
addition, BER has been shown to protect against AOM-induced
colon carcinogenesis (77). Given that multiple BER genes, in partic-
ular DNA glycosylase genes OGG1, SMUG1, and NEIL2, showed
highermutation numbers, we analyzed TCGAPan-Cancer CRC da-
tasets and found a higher frequency of BER gene alterations in CRC
tumors containing STN1 alterations (Fig. 6A). Using the TCGA
Pan-Cancer and Genotype-Tissue Expression (GTEx) datasets
(78), we also found that STN1 mRNA expression level positively
correlated with OGG1, SMUG1, NEIL2, MBD4, and MPG gene ex-
pression in human colon tumor tissues (Fig. 6B). Likewise, positive
correlations between mSTN1 mRNA expression and mOGG1,
mSMUG1, mNEIL2, mMBD4, and mMPG gene expression were
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also observed in the mouse gene expression dataset (79, 80)
(Fig. 6B). Next, we analyzed the effect of STN1 deficiency on the
expression of these genes in cells. As shown in Fig. 6C, STN1 deple-
tion reduced the mRNA expression of SMUG1 andNEIL2 in MEFs,
whereas mRNA level changes of OGG1, MBD4, and MPG were not
significant (Fig. 6C). Since mRNA levels are often poorly correlated
with protein expression, we then measured protein levels. We found
that mSMUG1 and mNEIL2 were markedly decreased in MEFs
upon STN1 reduction. We were unable to check mOGG1 expres-
sion in MEFs due to the failure of the OGG1 antibody detecting
murine OGG1. To determine whether STN1 deficiency induced a
similar reduction of glycosylase expression in human colon cells, we
depleted STN1 using RNA interference (RNAi) in HCT116 and
found that the protein expression of human OGG1, SMUG1, and
NEIL2 was also markedly reduced (Fig. 6D), while POLβ expression
was slighted increased (fig. S7A). Similarly, depleting CTC1 in
HCT116 led to reduced OGG1, SMUG1, and NEIL2 expres-
sion (Fig. 6D).

To determine whether STN1 deficiency altered the expression of
other DNA repair proteins in human colon cells, we depleted STN1
in HCT116 and measured protein levels usingWestern blotting. No
obvious change was observed in the protein expression of FANCG,
FANCI, INO80, RAD52, MRE11, and MSH3 that showed high
number of mutations in our WES analysis (fig. S7A). In addition,
STN1-deficient cells did not display sensitivity to mitomycin C
(MMC) or cisplatin, both of which induce intra- and interstrand

cross-links that can be repaired by the FA and HR pathways (fig.
S7B). These results suggest that these two pathways were unlikely
affected by STN1 deficiency, or perhaps other repair pathways
might have compensated for the defects. However, our results
cannot entirely discount the possibility that MMR may be affected
by STN1 deficiency, as it has been shown that MMR can also par-
ticipate in repairing oxidative damage (81).

STN1 deficiency leads to elevated oxidative DNA damage
and sensitivity to oxidative damaging agent
DNA glycosylases OGG1, SMUG1, and NEIL2 are mainly involved
in recognizing and excising oxidative DNA lesions. Defects in these
genes are expected to increase oxidative damage. We thus used a
modified comet assay known as the Fpg comet assay to detect un-
repaired oxidative DNA lesions in single cells using Fpg in conjunc-
tion with the comet assay (Fig. 6E). Fpg (formamidopyrimidine
[fapy]-DNA glycosylase, also known as 8-oxoguanine DNA glyco-
sylase) is a bifunctional DNA glycosylase with both N-glycosylase
and AP lyase activities. Its N-glycosylase activity converts
damaged purines to abasic sites (AP sites). Its AP lyase activity
then cleaves the AP site, creating an ssDNA break that can be de-
tected by an alkaline comet assay (Fig. 6E) (82, 83). MEF cells were
treated with 4-hydroxytamoxifen (4-OHT) to induce STN1 deletion
and then treated with or without AOM. Cells were then harvested,
immobilized in a layer of low melting point agarose on the comet
slide, gently lysed, and then treated with exogenous Fpg protein to

Fig. 5. WES profiles from colon tumors developed in STN1+/+ (n = 3) and STN1−/− (n = 3) mice. (A) Heatmap of top 50 genes with the highest variant number. Similar
enrichments among STN1+/+ and STN1−/−micewere observed. (B) CRC tumors developed in STN1−/−mice show an enrichment of SBS5 and SBS25 mutational signatures
and reduction of SBS8 and SBS37 signatures.
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Fig. 6. STN1 deficiency suppressed the expression of DNA glycosylases, leading to accumulation of oxidative DNA damage. (A) Alteration frequency of each DNA
glycosylase gene (left) and all five glycosylase genes as a group (right) from TCGA CRC Pan-Cancer data analysis in unaltered and altered STN1 samples. P values: two-
tailed t tests. (B) Expression correlation of STN1 and DNA glycosylase mRNA in human and mouse tissues. * indicates significant difference. (C) qPCR of various DNA
glycosylase gene mRNA expression in MEF cells. P values: two-tailed t tests. Error bars: ±SEM. (D) Western blot detecting the expression of various DNA glycosylases in
MEFs and HCT116 cells depleted of STN1 or CTC1. Mouse β-actin and human GAPDH were loading controls in MEFs and HCT116, respectively. For HCT116 cells treated
with siRNA, cells were collected 48 hours after siRNA transfection for Western blot analysis. * indicates the correct CTC1 band. (E) Alkaline comet assay plus Fpg treatment
usingMEF cells. STN1was depleted fromMEF cells with 48-hour 4-OHT treatment. Cells were then treated ± AOM for 30min, and alkaline comet assay plus Fpg treatment
were performed. P values: one-way ANOVA. Error bars: ±SEM. (F) Alkaline comet assay plus Fpg treatment using HCT116 cells after STN1 or CTC1 knockdown. HCT116 cells
expressing shSTN1 or shCTC1 were treated ± AOM for 30 min, and alkaline comet assay plus Fpg treatment were performed. P values: one-way ANOVA. Error bars: ±SEM.
(G) Colony formation assay of HCT116 cells with STN1 knockdown after H2O2 treatment. Error bars: ± SD.
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remove 8-oxoguanine. The slides were then immersed in an alkaline
solution to unwind the DNA strands, followed by gel electrophore-
sis. The denatured, cleaved DNA fragments migrate out of the cell
under the influence of an electric field, whereas undamaged super-
coiled DNA remains within the confines of the nuclear cell mem-
brane. Evaluation of the DNA “comet” tail shape and migration
pattern after staining with a fluorescent DNA intercalating dye
allows for assessment of the extent of DNA damage. We found
that STN1 deficiency in MEFs led to increased DNA breaks after
Fpg treatment, indicative of elevated oxidative DNA damage
(Fig. 6E). Knocking down STN1 or CTC1 in HCT116 cells pro-
duced a similar increase of oxidative damage (Fig. 6F).

Defective BER is expected to cause sensitivity to oxidative dam-
aging agents. We found that HCT116 cells with STN1 suppression
showed increased sensitivity to hydrogen peroxide (H2O2)
(Fig. 6G). Together, these results further support that the repair
of oxidative damage is defective in STN1-deficient cells.

STN1-deficient cells accumulate DNA alkylation and are
sensitive to DNA methylating agents
BER is also the primary pathway for repairing alkylating lesions.
Among the 11 DNA glycosylases, two glycosylases are responsible
for repairing alkylating DNA lesions. MPG (also known as MDG or
AAG) recognizes and cleaves alkylated bases, and TDG can remove
methylated cytosine. While we did not observe protein expression
changes in MPG (fig. S7A) or increased mutations in TDG (table
S1), it has been shown that NEIL2 is important for promoting
TDG’s activity in DNA demethylation (84). In addition, it has
been shown that increased oxidative DNA damage can cause
dynamic changes in DNA methylation (85). Thus, we measured
the accumulation of alkylating DNA damage in STN1-deficient
cells using a modified AAG-APE1 assay (86) combined with the
comet assay. Similar to the Fpg comet assay above, MEF cells
were embedded in low melting point agarose on the comet slide,
gently lysed, and then treated with exogenous AAG glycosylase to
cleave and remove the alkylated bases, followed by APE1 endonu-
clease treatment to cleave the DNA phosphodiester backbone, gen-
erating strand breaks that can be detected by the neutral comet assay
(Fig. 7A). Our result showed that upon STN1 loss, there is an in-
crease in alkylating DNA damage in the cells (Fig. 7A).

While persistent DNA damage is a major force driving carcino-
genesis, it can also be targeted for therapeutic purposes. DNA alkyl-
ation chemotherapy is one of the most widely used systemic
therapies for cancer, yet the therapeutic effectiveness is greatly
limited because of highly variable clinical responses and toxicities
among individuals. Specific targeting of BER defective cancer
cells can overcome these limitations because these cells are more
sensitive to alkylating agents due to the lack of efficient repair.
We thus treated HCT116 cells depleted of STN1 with the DNA al-
kylating agent methyl methanesulfonate (MMS) and a chemother-
apeutic alkylating agent temozolomide (TMZ). Down-regulation of
STN1 with two different short hairpin RNA (shRNA) sequences re-
sulted in MMS sensitivity (Fig. 7B), consistent with the previous
report (61). STN1-deficient cells also showed sensitivity to TMZ,
although milder than MMS (Fig. 7B).

DISCUSSION
With the rising cases of sporadic CRC in young adults, there is an
urgent need to identify new risk factors for CRC (2). Despite the fact
that one-third of CRC patients have a family history of the disease,
specific genetic conditions of ~80% of them have not been identi-
fied (6). The CST complex has emerged as an important player in
multiple genomic maintenance pathways including protecting rep-
lication fork stability under replication stress, DSB repair, and pro-
tecting telomere integrity (22). However, its role in carcinogenesis
has not been investigated. In this study, we identify that STN1, a
component of the CST complex, suppresses AOM-induced CRC
development. Our results show that the overall STN1 level is
lower in CRC tumor samples than in normal adjacent tissue
(Fig. 1G). We found that STN1 reduction in young adult mice
leads to increased CRC tumor incidence, tumor size, and tumor
burden, accompanied by elevated DNA damage and retarded
DNA replication progression. These results are in line with the ob-
servations that STN1 and CTC1 are often down-regulated in human
CRCs (Fig. 1, C to G) and CTC1/STN1 alteration is associated with
poor overall survival (Fig. 1H). Furthermore, higher expression of
STN1 is beneficial for disease-specific survival in CRCs (Fig. 1I).
We uncovered that both STN1 and CTC1 are required for robust
expression of a group of BER DNA repair genes. STN1 or CTC1
reduction attenuates the expression of OGG1, SMUG1, and NEIL2
glycosylases (Fig. 6D), which are responsible for recognizing and
excising oxidized DNA lesions to initiate the BER process that re-
stores the regular DNA structure with high accuracy. Consequently,
STN1 down-regulation led to increased oxidative DNA damage in
cells (Fig. 6, E and F). Oxidative damage plays an important role in
colorectal carcinogenesis, as demonstrated by hereditary syndromes
(MUTYH-associated polyposis and NTHL1-associated tumor syn-
drome) with high-penetrant risk factors for adenomatous polyposis
and CRC, where germline mutations cause loss of function in the
glycosylase MUTYH or NTHL1 (76). While our results cannot
completely rule out that other repair pathways are impaired by
STN1 deficiency, we propose that functional STN1 (and perhaps
the CST complex) is required for proper expression of a subset of
BER genes. STN1 deficiency attenuates the expression of DNA gly-
cosylases and causes accumulation of oxidative DNA damage and
DNA alkylation due to defective BER, leading to genome instability
that promotes colorectal tumorigenesis (model in Fig. 7C). Our
study shows that STN1 can influence proliferation, apoptosis, and
DNA repair in tumorigenesis in vivo and will help in uncovering
previously unknown genetic conditions beyond the currently
known germline mutations.

Unlike CTC1 and STN1, TEN1 mutations have not been report-
ed in Coats plus patients. In addition, TEN1 is often amplified in
various cancers as shown by TCGA analysis (fig. S1), and there
appears to be no association of TEN1 expression with CRC (fig.
S2A). The specific reason underlying the difference between
TEN1 and CTC1/STN1 is still unknown, and these observations
suggest that TEN1 likely has a function separate from CTC1 and
STN1. To date, studies on mammalian CST have been primarily
focused on analyzing CTC1 and, to a lesser degree, STN1. Further
investigations are needed to understand the biological functions of
TEN1 and its possible role in CRC pathogenesis if there is any.

Although the CreERT2;Stn1F/F mice used in this study showed
partial STN1 deletion after tamoxifen administration, it generated
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the STN1 reduction model that more closely resembled the de-
creased STN1 expression observed in human CRC samples
(Fig. 1E). Thus, we consider that this mouse model is suitable for
studying the role of STN1 deficiency in promoting tumorigenesis.
Moreover, if STN1 had been efficiently deleted, it might have caused
proliferation failure resembling CTC1 deletion (17) that prevented
tumor formation. None of the Coats plus patients developed cancer,
likely because they suffered from serious chronic gastrointestinal
bleeding and did not survive long enough for cancer development.

The following possibilities may explain the incomplete depletion of
STN1 in our model. First, the distance between the two loxP sites is
~5.5 kb. Since the Cre recombination efficiency is inversely propor-
tional to the genetic distance between the loxP sites (87), it is pos-
sible that Cre recombination may be less robust in our system due to
the relatively large distance between the two loxP sites. Second, Cre
recombination is most effective in young mice <8 weeks old. Alter-
ation of the treatment regimen to an earlier age of 4 weeks may in-
crease the efficiency of deletion in vivo (88). Last, given the essential

Fig. 7. STN1 deficiency renders colon cancer cells sensitive to DNA alkylating agents. (A) AAG-APE1 comet assay. STN1 was depleted fromMEF cells with 48-hour 4-
OHT treatment. Cells were then treated ± AOM for 30 min, and the AAG-APE1 comet assay was performed. P values: one-way ANOVA. Error bars: ±SEM. (B) Colony
formation assays of HCT116 cells with STN1 knockdown after MMS or TMZ treatment. Western blot shows the STN1 knockdown level. Error bars: SD. (C) Model: STN1
plays a tumor suppression role by ensuring the robust expression of DNA glycosylase genes and preserving the BER pathway, thereby preventing genome instability and
suppressing CRC tumorigenesis.
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role of CST in global DNA replication, it is possible that cells with
efficient STN1 deletion halted growth and were outgrown by cells
with decreased STN1 expression during tumor development.

Our initial investigation into the expression profile of DNA
repair pathways in STN1−/− mice also showed high variation
levels in non-BER genes including those in the FA pathway
(FANCG, FANCI, and FANCF), MMR pathway (MSH3), and HR
repair (INO80, MRE11, and RAD52) (table S1). However, when we
tested their protein expression, these proteins were not down-regu-
lated in STN1-deficient cells (fig. S7A). No MMC or cisplatin sen-
sitivity was observed after STN1 depletion (fig. S7B), indicating that
FA and HR pathways were minimally affected by STN1 deficiency.
While we cannot exclude the possibility that other DNA repair
pathways may be affected by STN1 reduction, our results suggest
that the BER pathway was the most affected one. We also noticed
that POLβ seems to be slighted elevated after STN1 knockdown
(fig. S7A). The reason underlying this elevation is unknown.
Since CST is an ssDNA-binding protein, it remains possible that
CST might be involved in POLβ-mediated gap filling by binding
to the ssDNA gap. Further studies are needed to determine
whether STN1 deficiency could cause deregulation of gap filling.

Our finding that STN1 deficiency suppresses transcription of
multiple genes in human and mammalian cells is somewhat unex-
pected. While future studies are needed to understand the mecha-
nism underlying such regulation, our observation that STN1
deficiency slows down replication speed (Fig. 5C) leads us to
favor the model that the slowed replication induces instabilities at
the promoter regions of these genes that could adversely affect tran-
scription machinery binding and/or elongation. One cause of this
instability could be the transcription machinery collision with the
slowed DNA replication machinery, which leads to RNA polymer-
ase stalling and decreased transcription. Notably, previously, we
have found that ~75% STN1 chromatin immunoprecipitation se-
quencing (ChIP-seq) peaks overlap with CpG islands and these
sites are unstable under perturbed replication conditions (35). It
is possible that the transcription machinery stalls at these regions
upon STN1 deficiency. It has been reported that the budding
yeast Cdc13-Stn1-Ten1 complex physically interacts with the tran-
scription factor Spt5 and regulates RNA polymerase II transcription
(89). The authors proposed that yeast CST may synchronize tran-
scription with replication fork progression following head-on colli-
sion. Both our observation and the yeast findings suggest that CST
may play a role in preventing replication/transcription collision to
regulate gene expression.

Clinically, there has been much interest in telomere length and
telomerase activity and its association with malignant transforma-
tion (90, 91). Several studies indicated that CRCs display shorter
telomeres when compared with the surrounding mucosa, especially
in distant metastases (92–94). Telomere shortening can be acceler-
ated by oxidative stress due to 8-oxoguanine formation at telomeres
(95, 96). CST has three distinct roles in telomere maintenance. It
forms a complex with POT1-TPP1 (members of Shelterin) to
inhibit telomerase activity from overextending the G-strand (13);
it interacts with POLα during the late S-G2 phase to initiate C-
strand fill-in (30, 33, 97); it can directly melt G4 secondary struc-
tures that formed by tandem (TTAGGG)n repeats and thus prevents
replication fork stalling and DNA gaps or breaks caused by G4 (30,
98). Considering the role of CST in telomere maintenance along
with our finding that STN1 down-regulation promotes oxidative

stress, it is of interest to examine the effects of STN1 knockdown
at telomeres. Our result shows that STN1 depletion induces an in-
crease in telomere DNA damage; however, the level of telomere
damage is low (less than five TIFs per cell), and the majority of
DNA damage is at nontelomeric region (fig. S5). It is possible
that this could be due to partial STN1 depletion in our model, or
the effect on telomere shortening might require chronic exposure
to oxidative damage. Nevertheless, we think that the global
genome instability plays an important role in CRC tumorigenesis,
especially during the initial phases of CRC, and telomere instability
may further destabilize the genome and contribute to
tumorigenesis.

For our CRC model, we used the AOM model rather than the
more commonly used AOM/dextran sulfate sodium model of
colitis-associated cancer (CAC). The rationale for this was that
since STN1 reduction could potentially lead to bone marrow
failure and thus affecting both innate and adaptive immune re-
sponses to gut inflammation, we wished to eliminate this possible
complication from our study. Furthermore, AOM is a well-estab-
lished model for CRC studies (99–101). Nevertheless, STN1 reduc-
tion in young adult mice did not affect body weight (Fig. 2D), did
not result in alterations to the size of the spleen or lymph nodes, nor
did it increase levels of bloody diarrhea compared with AOM-
treated controls. Thus, our model will allow us to investigate
whether STN1 deficiency promotes CAC in future studies.

Our results show that mammalian STN1 can influence prolifer-
ation and apoptosis in live animals. While more in-depth molecular
studies are needed to pinpoint the exact mechanisms by which
STN1 affects WNT, c-MYC, and COX-2, future clinical studies to
determine whether STN1 can be used as a diagnostic marker will
be valuable. Since STN1 deficiency leads to genome instability
and gives rise to mutations that drive tumor development, this de-
ficiency will affect the clinical outcome of cancer patient survival.
Our data show that STN1-deficient cancer cells are more sensitive
to DNA alkylating agents (Fig. 7B). Therefore, investigating the
status of STN1 in CRC and other cancers may help physicians to
select a more effective therapeutic strategy.

MATERIALS AND METHODS
Generation of STN1 cko mice and genotyping
The animals were housed and studied in specific pathogen–free
animal facilities at Washington State University and Loyola Univer-
sity Chicago Health Sciences campuses. All studies were approved
by Institutional Animal Care and Use Committees at both institu-
tions. Wild-type (stock #000664) and CreERT2 C57BL/6 (stock
#004682) strains were purchased from the Jackson Laboratory. To
generate STN1F/F mice, the 3′ loxP was inserted to the exon 2 of
STN1 downstream of the ATG start codon, and the 5′ loxP was in-
serted ~5.5 kb upstream using CRISPR-Cas9 gene editing. Insertion
sites were sequenced to ensure that no mutations were introduced.
Founder mice were backcrossed to wild-type mice for at least five
generations. STN1F/F mice were then crossed to CreERT2 to generate
CreERT2;STN1F/F animals. All animals were weaned at 21 to 28
days old.

Genotyping of STN1F/F and CreERT2;STN1F/F mice was per-
formed by polymerase chain reaction (PCR) using tail snip DNA.
The primer sequences are listed in table S2. The STN1F/F allele
was detected by PCR amplification of the 5′ loxP site with
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primers 5′ wtF2 and 5′ mtR, yielding the PCR product of 547 base
pairs (bp) for the floxed allele. The 3′ loxP site was amplified with
primers 3′ mtF and 3′ wtR, yielding a 550-bp PCR product for the
floxed allele. Genotyping of homozygous STN1F/F animals was per-
formed with primers STN1loxPshift5′ and STN1loxPshift3′, yield-
ing the PCR products of 218 bp for the floxed allele and 184 bp for
the wild-type allele. For the above PCRs, thermocycling conditions
consisted of one step of 5 min at 95°C, 30 cycles of 20 s at 95°C, 30 s
at 60°C, and 40 s at 70°C, followed by 2 min at 72°C. Reactions con-
tained 1 μl of tail lysate DNA, 0.75 mM primers, 100 mM deoxynu-
cleotide triphosphates, 2.5 U of KOD Hot Start Polymerase (Sigma/
Millipore), 2.5 mMMgSO4, 0.5% dimethyl sulfoxide, and 10× PCR
buffer in a total of 12.5-μl reaction. The CreERT2 allele was detected
following the PCR protocol provided by the Jackson Laboratory.

AOM inducing CRC in mice
Mice (8 weeks old) were administrated daily for five consecutive
days with intraperitoneal injections of tamoxifen (APExBIO,
10540-29-1) in peanut oil (ACROS Organics, 8002-03-07) with ap-
proximately 100 mg/kg per injection. Two weeks following tamox-
ifen administration, animals were treated with AOM (Sigma-
Aldrich, 25843-45-2) in sterilized phosphate-buffered saline (PBS)
weekly for six consecutive weeks (approximately 12.5 mg/kg per in-
jection, intraperitoneally). Mice were sacrificed 26 to 30 weeks after
tamoxifen treatment for tissue collection. Twelve STN1+/+ mice and
10 STN1−/− mice were treated, monitored, and analyzed at Wash-
ington State University by one research member, and the remaining
nine STN1+/+mice and nine STN1−/− micewere treated, monitored,
and analyzed at Loyola University Chicago by another research
individual.

Tissue collection and histological examination
The entire colon was excised and opened longitudinally along the
entire length, followed by an ice-cold PBS rinse to remove fecal
pellets. The colon was further cut into three equal-length segments,
representing proximal, medial, and distal portions. Each segment
was further cut into two smaller portions. One-half of each
segment was dipped into 10% buffered formalin phosphate
(Fisher Chemical) for 72 hours at 4°C. Buffer was then removed,
and the tissue was filled with 70% ethanol and kept at −20°C. The
paraffin-embedded tissues were cut at 4-μm thickness and stained
with hematoxylin and eosin for microscopic observation. The other
half was immediately frozen in liquid nitrogen and kept at −80°C.

Western blotting
Frozen colon tissue was ground with a mortar and pestle precooled
with liquid nitrogen, and the tissue powder was lysed with 1%
CHAPS buffer on ice for 30 min. An equal amount of protein
samples was subjected to 10% SDS–polyacrylamide gel electropho-
resis for Western blot analysis. After protein transfer to polyvinyli-
dene difluoride membrane (Millipore), the membrane was
processed sequentially with anti-OBFC1/STN1 (Santa Cruz Bio-
technology, sc-376450, RRID:AB_11149742) and anti-mouse im-
munoglobulin G (IgG) TrueBlot ULTRA Ig horseradish
peroxidase (HRP) (Rockland, 18-8817-30, RRID:AB_2610849) to
detect murine STN1.

Antibodies used for detecting DNA glycosylases andDNA repair
proteins were anti-OGG1 (Santa Cruz Biotechnology, sc-376935),
NEIL2 (GeneTex, GTX132565, RRID:AB_2886678), SMUG1

(AbClonal, A10166, RRID:AB_2757693), MPG (1:2000; Protein-
Tech, 67920-1-Ig, RRID:AB_2918672), POLβ (1:2000; ProteinTech,
18003-1-AP, RRID:AB_2299845), APEX1 (1:1000; ProteinTech,
10203-1-AP, RRID:AB_2057927), FANCG (1:1000; ProteinTech,
10215-1-AP, RRID:AB_2231541), FANCI (1:3000; ProteinTech,
20789-1-AP, RRID:AB_10694829), MSH3 (1:10,000; ProteinTech,
22393-1-AP, RRID:AB_11232405), RAD52 (1:5000; ProteinTech,
28045-1-AP, RRID:AB_2881046), INO80 (1:1000; ProteinTech,
18810-1-AP, RRID:AB_10598463), and MRE11 (1:1000; GeneTex,
GTX70212, RRID:AB_372398). Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (1:10,000; Cell Signaling, 5174,
RRID:AB_10622025) or β-actin (1:60,000; Sigma-Aldrich, A1978,
RRID:AB_476692) was used as loading control. Anti-STN1
(1:100; Sigma-Aldrich, WH0079991M1, RRID:AB_1842768) and
anti-CTC1 (1:1000; Abcam, ab230538) were used to detect
human STN1 and CTC1 in HCT116 cells, respectively. Secondary
antibodies were HRP-conjugated goat anti-rabbit IgG (1:1000;
Vector Laboratories, PI-1000, RRID:AB_2336198) and HRP-conju-
gated anti-mouse IgG (1:1000; BD Biosciences, 554002,
RRID:AB_395198).

IHC and TUNEL assay
Paraffin-embedded colon tissue sections from mice (4 μm) were
dewaxed with xylene, and the sections were rehydrated in ethanol
and then treated with 3% hydrogen peroxide. The sections were
then immersed in target antigen retrieval buffer [10 mM tris base,
1 mM EDTA, and 0.05% Tween 20 (pH 9.0)], boiled for 10 min,
then cooled down for 2 hours, and incubated with primary antibod-
ies at 4°C overnight. The primary antibodies were anti-Cox2 (1:200;
Bethyl, A303-600A, RRID:AB_11125751), anti–β-catenin (1:400;
Bethyl, A700-086, RRID:AB_2891883), anti–c-Myc (Bethyl, A190-
105A, RRID:AB_67390), anti-Ki67 (1:500; Life Technologies, MA5-
14520, AB_10979488), and anti-γH2AX (1:500; Active Motif,
39117, RRID:AB_2793161). To detect STN1 in human tissue
samples, unstained human colon carcinoma tissue arrays (OD-
CT-DgCol01-005) were obtained from US Biomax Inc. and pro-
cessed as described above. Anti-STN1 (1:100; Sigma-Aldrich,
WH0079991M1) was used to detect hSTN1. Samples were then in-
cubated with HRP-conjugated goat anti-rabbit IgG (1:1000; Vector
Laboratories, PI-1000, RRID:AB_2336198) or HRP-conjugated
anti-mouse IgG (1:1000; BD Biosciences, 554002,
RRID:AB_395198) and stained using a DAB kit (Biotium, 30015).
Last, samples were counterstained with hematoxylin. TUNEL assay
was performed following the manufacturer’s instruction for embed-
ded tissue section using the TUNEL Assay Kit (Abcam, ab206386).
Images for IHC and TUNEL quantification were obtained under an
EVOS XLCoremicroscope (Invitrogen) with a 20× objective. For all
IHC staining and TUNEL assays, the paraffin-embedded distal
colon tissues from four pairs of mice [STN1+/+ (n = 4) versus
STN1−/− (n = 4)] were processed for staining. Quantification of
IHC signals was calculated using ImageJ. At least 5000 cells were
counted in each group. Statistical analyses were performed using
two-tailed t tests in GraphPad Prism.

Genomic DNA isolation
Genomic DNA was isolated from the paraffin-embedded or frozen
colon tissue. For the paraffin-embedded tissue, the protocol was
performed following the manufacturer’s instructions using the Nu-
cleoSpin DNA FFPE XS Kit (Macherey-Nagel, 740980.50). Total
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DNAwas quantified using a BioTek Synergy H1 NanoDrop reader
(Agilent Technologies, Santa Clara, CA, USA). One microgram of
total DNA of each sample was used for WES. Genomic DNA isola-
tion from freshly frozen tissue was performed using the QIAamp
DNA Mini Kit (Qiagen, 51304) following its instructions.

WES sequencing analyses, processing, and variant calling
FASTQ files were subjected to quality control with the FastQC tool
(v0.11.9; www.bioinformatics.babraham.ac.uk/projects/fastqc/),
and adapters were trimmed using TrimGalore (v0.6.6; www.
bioinformatics.babraham.ac.uk/projects/trim_galore/). High-
quality read pairs were mapped to reference genome mm10 using
bwa-mem (v0.7.17) (102) under optimal parameter for pair-ended
WES data followed by mark duplication using Picard tools
(v2.26.0). The alignment file was then sorted and indexed using
SAMtools (v1.11) (103). GATK toolkit (104–106) was used to
perform base quality score recalibration and variant calling.
GATK4 HaplotypeCaller and MuTect2 were used to call germline
and somatic mutation, respectively. Hard filtering was then
applied to raw variant data to extract high-confidence mutations.

Variant annotation and somatic signature profiling
High-confidence germline and somatic mutations were subjected to
SNPeff (v5.0e) (107) to a gene-based and region-based annotation
process. COSMIC SigProfiler (v3.2) (108) was used to identify
somatic mutational processes by fitting the mutational signatures
published in the COSMIC catalog (109) to the mutational profiles
of the somatic mutations in each tumor. SigProfiler was performed
using optimal options for mm10 WES data.

Cell culture
HCT116 was obtained from the American Type Culture Collection
(CCL-247; RRID:CVCL_0291, Manassas, VA, USA) and passaged
in Dulbecco’s modified Eagle’s medium (DMEM; GE Healthcare
Life Sciences, Logan, UT, USA) supplemented with 10% cosmic
calf serum (HyClone). MEF cells were isolated by harvesting
embryos from pregnant mice 13 to 14 days after the formation of
copulation plug and digesting the minced tissues with 0.25%
trypsin-EDTA (110). MEF cells were grown in DMEM/F12
(Sigma-Aldrich) supplemented with 15% fetal bovine serum
(Sigma-Aldrich), 50 μM β-mercaptoethanol (Sigma-Aldrich), and
antibiotics (HyClone). All cells were grown at 37°C in a humidified
atmosphere containing 5% CO2. MEFs were then spontaneously
immortalized after months of continued culturing and passaging.

Immunofluorescence staining
Immunofluorescence (IF) was carried out as described previously
(34, 35). Briefly, MEF cells (after 48 hours of 4-OHT treatment)
or HCT116 cells (after shLUC or shSTN1 expression) were grown
on chamber slides and then fixed directly with 4% paraformalde-
hyde (PFA) in PBS for 15 min at room temperature. Cells were
then permeabilized with 0.15% Triton X-100 in PBS for 15 min,
washed three times for 5 min with PBS, blocked with 10% bovine
serum albumin (BSA) at 37°C for 1 hour in a humidified chamber,
and then incubated with anti-γH2AX (1:1000, Active Motif, 39117)
overnight at 4°C. After washing with PBS three times, slides were
incubated with anti-rabbit DyLight 550 secondary antibody
(Thermo Fisher Scientific, 84541, RRID:AB_10942173) at room
temperature for 1 hour and washed three times in PBS. Slides

were then dehydrated with cold ethanol series and dried in the
dark. Nuclei were visualized by counterstaining with 4′,6-diamidi-
no-2-phenylindole (DAPI) mounting medium (Vector Laborato-
ries). Images were obtained under a Zeiss AxioImager M2
epifluorescence microscope with a 20× or 40× objective for quanti-
fication and representation.

γH2AX IF-telomere FISH
MEFs were grown in chamber slides and fixed in 4% PFA, followed
by γH2AX immunostaining as described above. Slides were then
refixed with 4% PFA for 10 min, dehydrated in 70, 85, and 100%
ethanol, air-dried, and hybridized to Alexa Fluor 488–conjugated
PNA telomere probe (Panagene). The slides were denatured for 5
min at 90°C, incubated for 2 hours at room temperature, and
washed with 70% formamide in 10 mM tris (pH 7.5) for 15 min
twice, followed by three times of wash in 0.1 M tris (pH 7.5)/0.15
MNaCl/0.08% Tween 20 for 5 min each. Slides were then dehydrat-
ed in ethanol series, DNA was counterstained with DAPI, and Z-
stack images were taken at a 0.275-μm thickness per slice under a
Zeiss AxioImager M2 epifluorescence microscope.

DNA fiber assay
MEF cells were first labeled with 25 μM CldU for 20 min and then
washed and followed by addition of 250 μM IdU with or without
AOM (1.25 μg/ml) for 40 min. Subsequently, cells were harvested,
resuspended in PBS to 1000 cells/μl, and lysed in lysis buffer [200
mM tris-HCl (pH 7.4), 50 mM EDTA, and 0.5% SDS], and then
DNA fibers were stretched on glass slides. Following fixation in
methanol:acetic acid (3:1), slides were denatured with 2.5 M HCl
for 80 min, washed with PBS, and then blocked with 5% BSA in
PBS (w/v) for 30 min. Nascent DNA labeled by CIdU and IdU
was immunostained with anti-CldU (Abcam, ab6326,
RRID:AB_305426) and anti-IdU (BD Biosciences, 347580,
RRID:AB_400326) antibodies and then incubated with anti-rat
Alexa Fluor 488 (Thermo Fisher Scientific, A11006,
RRID:AB_2534074) and anti-mouse Alexa Fluor 568 (Thermo
Fisher Scientific, A11031, RRID:AB_144696) secondary antibodies.
Coverslips were mounted using mounting medium (Vector Lab).
Images were acquired with a Zeiss AxioImager M2 epifluorescence
microscope at ×40 magnification and analyzed using the ImageJ
software. Two independent treatments and fiber experiments were
performed to ensure reproducibility. Results from one set of exper-
iments are shown in the main figure.

RNA isolation and qPCR
Total RNA was isolated using TRIzol (Life Technologies Inc.,
15596026) according to the manufacturer’s protocol. Approximate-
ly 2 μg of RNAwas used in the reverse transcription reaction using
the First Strand cDNA Synthesis Kit (OriGene, 11801-025). Quan-
titative PCR (qPCR) was performed with 50 ng of cDNA, 1× Power
SYBR Green PCR Master Mix (Life Technologies Inc., 4367659),
and 10 pM of each primer in a total volume of 20 μl with the fol-
lowing thermal cycling setting: 2 min at 50°C, 10 min at 95°C for
initial denaturation, and then followed by 40 cycles of 15 s at
95°C, 1 min at 60°C in QuantStudio 6 Flex (Life Technologies
Inc.). Primer sequences for qPCR are shown in table S2. The
mouse actin gene was used as the internal control. Relative quanti-
fication was calculated using the 2−ΔΔCt method.

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Nguyen et al., Sci. Adv. 9, eadd8023 (2023) 10 May 2023 15 of 20

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/


Alkaline comet assay
Cells were treated with or without AOM (1.25 μg/ml) in six-well
plates for 30 min at 37°C. Immediately after treatment, cells were
collected and suspended in 1× PBS to 500 cells/ml. Ten microliters
of cell suspension was mixed with 90 μl of 1% low melting point
agarose at 37°C, and 50 μl of mixture was spread onto a 1%
normal agarose precoated Comet slide (R&D Systems, 4250-050-
03). Cells were lysed by immersing the slides in a freshly prepared
lysis solution [2.5 M NaCl, 100 mM EDTA, 10 mM tris base, 200
mM NaOH, 1% SDS, and 1% Triton X-100 (pH 10)] at 4°C in the
dark for 1 hour. Slides were then removed from the lysis buffer and
gently immersed in prechilled alkaline electrophoresis solution
(AES) [200 mM NaOH and 1 mM disodium EDTA (pH 13)] at
4°C in the dark for 1 hour to allow DNA unwinding. Electrophore-
sis was subsequently performed at 20 V for 30 min at 4°C with pre-
chilled AES. Following electrophoresis, slides were immersed twice
in dH2O and once in 70% ethanol for 5 min each at room temper-
ature, dried at 37°C, and stained with 1× SYBR Gold solution
(Thermo Fisher Scientific Inc.). Images were acquired with an epi-
fluorescence microscope (Axio Imager M2; Zeiss AG, Oberkochen,
Germany). Data were analyzed and presented in terms of % DNA in
tail using ImageJ with the OpenComet plugin (111). At least 100
cells per samplewere selected from random fields for quantification.

Oxidative DNA damage detection (Fpg comet assay)
MEF cells were collected and suspended in 1× PBS to 500 cells/ml.
Ten microliters of cell suspension was mixed with 90 μl of 1% low
melting point agarose at 37°C, and 50 μl of the mixture was spread
onto a 1% normal agarose precoated Comet slide (R&D Systems,
4250-050-03). Cells were lysed by immersing the slides in a
freshly prepared lysis solution [2.5 M NaCl, 100 mM EDTA, 10
mM tris base, 200 mM NaOH, 1% SDS, and 1% Triton X-100
(pH 10)] at 4°C in the dark for 1 hour, followed by treatment
with 4 U of Fpg (New England Biolabs, M0240S) in NEB buffer 1
at 37°C for 30 min. Alkaline comet assay was then performed as de-
scribed above.

AAG-APE1 comet assay
MEF cells were collected and suspended in 1× PBS to 500 cells/ml.
Ten microliters of cell suspension was mixed with 90 μl of 1% low
melting point agarose at 37°C, and 50 μl of the mixture was spread
onto a 1% normal agarose precoated Comet slide. Cells were lysed
by immersing slides in a freshly prepared lysis solution [2.5MNaCl,
100 mM EDTA, 10 mM tris base, 200 mM NaOH, 1% SDS, and 1%
Triton X-100 (pH 10)] at 4°C in the dark for 1 hour, followed by
treatment with 10 U of hAAG (New England Biolabs, M0313S) in
1× NEB ThermoPol Reaction Buffer at 37°C for 1 hour. Slides were
washed three times in PBS and immersed in 1× NEB buffer 4 for 15
min at room temperature, followed by treatment with 10 U of APE1
(New England Biolabs, M0282S) in 1× NEB buffer 4 at 37°C for 1
hour. Slides were then washed with PBS and gently immerse in pre-
chilled neutral electrophoresis solution [NES; 100 mM tris base and
300mM sodium acetate (pH 9.0)] at 4°C for 30min. Electrophoresis
was subsequently performed at 20 V for 30 min at 4°C with pre-
chilled NES. Following electrophoresis, comet slides were sequen-
tially immersed in DNA precipitation solution (1 M ammonium
acetate and 85% ethanol) for 30 min at room temperature and
70% ethanol for 30 min at room temperature, dried at 37°C, and

stained with 1× SYBR Gold solution (Thermo Fisher Scien-
tific Inc.).

RNA interference
Small interference RNA (siRNA) sequences targeting human STN1
were described in our previous studies (30, 34, 35). siSTN1-1 targets
GATCCTGTGTTTCTAGCCT, siSTN1-2/shSTN1-2 targets GCTT
AACCTCACAACTTAA, shSTN1-4 targets GGACUGCCAGAAAC
CAAAT of STN1, and shCTC1 targets GAAAGUCUUGUCC
GGUAUU of CTC1 (67). HCT116 cells were transfected with
siRNA oligos at a final concentration of 20 nM using Xtreme
RNAi transfection reagent (Sigma-Aldrich) according to the man-
ufacturer’s protocol. Cells were collected 48 hours after transfection
for Western blotting analysis. HCT116 cells expressing shSTN1 or
shCTC1 were made by retroviral transduction followed by 4 days of
puromycin selection. Control shRNA targeting luciferase was CG
UACGCGGAAUACUUCGA (shLUC).

Colony formation assay
Eight hundred cells were seeded in six-well plates in triplicate 1 day
before treatment. Cells were then treated with the indicated concen-
trations ofMMS (Sigma-Aldrich), H2O2, cisplatin (Selleckchem), or
MMC (Selleckchem) for 24 hours, or TMZ (Selleckchem) for 48
hours. Drugs were then removed from the medium. After 8 days
of incubation, the medium was removed, and cells were fixed and
stained with the crystal violet solution (0.1% crystal violet, 1%meth-
anol, and 1% formaldehyde). Cell viability was calculated by nor-
malizing the colony numbers of treated samples to
untreated samples.

Survival data analysis
Survival curves were performed using cBioPortal with the data
source TCGA CRC. Analysis results were performed with mRNA
expression z-scores relative to all samples at threshold 2.0. P <
0.05 was considered as significant output.

Gene expression data analysis
The Wanderer portal (112) was used to examine STN1 and CTC1
gene expression in CRC patients with TCGA Pan-Cancer Atlas da-
tasets in Fig. 1 (C to F). To examine the correlation between STN1
and BER glycosylase gene expression in human and mouse tissue
samples, we used ChIPBase v2.0 portal (113) to analyze four data-
sets, including TCGA Pan-Cancer and GTEx dataset (78) for
human samples and mouse tissue gene expression dataset (79, 80).

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Tables S1 and S2

View/request a protocol for this paper from Bio-protocol.
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