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Abstract: Genomic instability is a key cancer indicator. It results from defects in the DNA damage response (DDR) 
and increased replication stress. Herein, we examined how ataxia-telangiectasia mutated interactor (ATMIN), a DDR 
pathway involved in mismatch repair-proficient (microsatellite stability [MSS]), acts in colorectal carcinoma (CRC). 
Firstly, ATMIN mRNA expression was detected in CRC specimens with MSS characteristics, and the effects of ectopic 
ATMIN expression and ATMIN knockdown on invasion abilities were gauged in MSS cell lines. To understand the 
molecular mechanism, co-immunoprecipitation analyses in vitro were employed. Interestingly, ATMIN expression 
was positively correlated with advanced stages (P < .001), lymph node metastases (P = .002), and deeper invasion 
(P = .037) in MSS tumors; and significantly changed the cell motility in vitro. In the high-throughput analysis, ATMIN 
was found to act on the Wnt signaling pathway via PARP1. PAPR1 inhibition, in turn, significantly decreased invasion 
abilities resulting from ATMIN overexpression in cancer cell. Taken together, ATMIN, which alters the Wnt signaling 
pathway regulating CRC progression, plays as a crucial prognostic factor in MSS tumors.
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Introduction

One of the most prevalent cancers globally, 
colorectal carcinoma (CRC) ranks second in 
causes of cancer deaths in the United States 
[1, 2]. Its characteristic traits of local invasion 
and distal metastasis mean that the five-year 
survival rate stands at only 55% [3-5]. CRCs fall 
into one of two groups: microsatellite stability 
(MSS) and microsatellite instability (MSI). 
Approximately 80-85% of CRCs categorized as 
MSS possess proficient DNA mismatch repair 
systems. These tumor cells may exhibit aneu-
ploidy, amplifications, translocations, allelic 
losses, and chromosomal gains [6-9]. In con-
trast, MSI-high tumors frequently present with 
poorly differentiated mucinous histological fea-
tures and marked lymphocytic infiltration. 
Interestingly, patients with MSI-high tumors 
show a more favorable prognostic clinical out-
come than those with MSS tumors, but have 
worse survival in stage IV [10]. With the rapid 
development of drug types, chemotherapy, 
immunotherapy, and target therapy, are wildly 

using in various cancers. It is well known the 
identification of microsatellite stability status is 
clinically important and they respond differently 
to 5FU-based adjuvant chemotherapy and anti-
PD1/PDL-1 depending on this status [11-14]. 
Observations such as these underline the 
importance of understanding the ways in which 
MSI and MSS CRC differ biologically and also 
have significant implications for treatment.

To deal with the DNA damage constantly occur-
ring within them, cells have developed a consti-
tutive response, deploying repair pathways 
according to the form of damage detected and 
the machinery available [15]. The ataxia telangi-
ectasia mutated interactor (ATMIN) was first 
identified as a DNA damage response (DDR) 
protein involved in the base excision repair 
pathway of the oxidative stress response with 
ataxia telangiectasia mutated (ATM) [16-18]. It 
can be phosphorylated by ATM kinases to 
induce DNA repair activity and under stress 
conditions functions as a checkpoint regulating 
chromatin damage [16, 19]. Hypotonic stress 
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may induce it to complement the Nijmegen 
breakage syndrome 1 (NBS1) protein in ATM 
activation. However, ATMIN may be dispens-
able in irradiation-induced ATM signaling [16, 
19-21]. Since ATM-null mice are viable, where-
as ATMIN-null mice are exhibited with severe 
pulmonary developmental defects and are 
embryonic lethal [13, 14], it is apparent that 
ATMIN has ATM-independent functions. Indeed, 
it may be a critical transcription factor in the 
regulation of genomic stability, aging, and 
tumor progression [20-23].

In our previous study [24], we documented that 
ATMIN suppresses metastasis by altering the 
Wnt signaling pathway in MSI-high tumors. 
Here, we aim to focus on the role of ATMIN in 
CRC with MSS and to identify the underlying 
biological mechanism. This study shows that 
ATMIN enhances invasion ability by altering 
PARP1 protein expression. These findings indi-
cate that ATMIN influences CRC progression 
depending on microsatellite status. 

Materials and methods

Study subjects and microsatellite analyses 

Institutional Review Board approval for this 
study was given by the Research Ethics 
Committee of National Taiwan University (NTU) 
hospital. Samples were collected from patients 
(n = 89) with primary colorectal adenocarcino-
ma who underwent surgical resection at this 
hospital between December 2003 and July 
2005. The corresponding normal mucosae 
were also sampled from these patients from 
the margin of the distant resection which was 
histologically free from the tumor. All tumor 
samples were obtained and handled in accor-
dance with the guidelines of the Institutional 
Review Board at NTU. Microsatellite status 
analyses were performed using five mononu-
cleotide microsatellite markers (BAT26, BAT25, 
NR21, NR24, and MONO27). Tumors were des-
ignated as MSI-positive if novel allele lengths in 
the tumor were observed at two or more micro-
satellite loci when compared to the normal tis-
sue. When no novel allele lengths were 
observed in the tumor, it was defined as MSS 
positive. 

Immunoprecipitation analysis

Samples were incubated at 4°C for 2 h with no 
antibody, or a polyclonal antibody specific for 

β-catenin or TCF4. Immune complexes were 
recovered by blocked protein A (50% protein 
A-Sepharose, Amersham Bioscience, Corston, 
UK) for another 1 h. The sepharose beads were 
washed six times. The samples were validated 
by Western blot.

In vitro invasion assay

Transwells with 8 µm pore size were coated 
with 40 µg of Matrigel (BD Biosciences, Mi- 
ssissauga, ON, Canada) in 24-well dishes 
(Nucleopore Corp., Pleasanton, CA). Approxi- 
mately 3 × 105 cells in 100 µL of complete 
medium were placed in the upper chamber, 
and 1 mL of the same medium was placed in 
the lower chamber. Following 48 h of incuba-
tion, the cells were fixed in methanol for 15 
min, and the upper side filters were cleared 
with cotton-tipped swabs. The filters were then 
stained with 0.05% crystal violet for 15 min. 
The filters were viewed using a Leica 
Microsystems microscope (Type: 090-135.001, 
Wetzlar, Germany). 

Luciferase reporter assay

A total of 2 × 105 cells of transfectants were 
transfected with 1.5 μg of the luciferase report-
er constructs Top-Flash or Fop-Flash. Top-Flash 
contained three copies of the T-cell factor (Tcf)/
lymphoid enhancer factor (LEF)-binding site 
(AAGATCAAAGGGGGT) upstream of a thymidine 
kinase minimal promoter. Fop-Flash contained 
a mutated T-cell factor/lymphoid enhancer fac-
tor Tcf/LEF-binding site (AAGGCCAAGGGGGT). 
Four hours after transfection, the cells were 
transferred and cultured in normal complete 
medium for another 48 h. Luciferase activity 
was measured using the dual-Luciferase 
reporter assay system (Promega Corporation).

Real-time polymerase chain reaction analysis

Gene expression assays were performed using 
real-time polymerase chain reaction (RT-PCR) 
with the FastStart universal probe master mix 
(Roche, Basel, Switzerland). The reaction was 
amplified using an ECO sequence detector 
(Illumine, San Diego, California). Commercial 
primers specific for ATMIN (HS00739820-M1) 
and the control gene B2M (HS99999907-M1) 
were designed by Applied Biosystems (Taq- 
Man® Gene Expression Assays, Foster City, 
CA). Relative mRNA expression levels were cal-
culated in samples and normal control sam-
ples. Results were normalized against the B2M 
values. 
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Figure 1. ATMIN mRNA expression is opposite in MSS CRC patients. (A-C) 
The correlations of ATMIN expression and TNM stage (A), lymph node me-
tastasis (B), and tumor invasion level (C) in and MSS CRCs were analyzed 
by quantitative PCR and normalized using B2M. *P < .05. (D) The corre-
lations of ATMIN expression and overall survival rate in MSS CRCs were 
calculated through ROC analysis.

Immunofluorescence 

Cells on glass coverslips were 
fixed and permeated, then incu-
bated with primary antibodies. 
FITC-conjugated secondary an- 
tibodies were used to visualize 
the location of target proteins. 
Cell nuclei were counterstained 
with DAPI and fluorescence 
images were captured using a 
Leica DMRE epifluorescence 
microscope.

Statistical analyses 

Scale variables (expressed as 
the standard deviation of the 
mean) were compared using 
the Mann-Whitney test, and 
nominal variables were com-
pared using the Fisher’s exact 
test. Survival and recurrence 
data were analyzed using the 
Kaplan-Meier method. Kaplan-
Meier curves were compared 
using a log-rank test. All statis-
tical tests were two-sided, and 
the values are expressed as 
means with 95% confidence 
intervals. All results with P < 
.05 were considered statisti-
cally significant.

Results 

ATMIN mRNA expression is 
positively correlated with the 
clinical parameters of MSS 
CRC patients

The study looked at eighty-nine 
MSS CRC patients so as to test 
the extent to which ATMIN 
expression was correlated with 
invasiveness. Quantitative RT- 
PCR assays were employed to 
examine the clinical relevance 
of ATMIN mRNA expression in 
the patients’ tumors. The levels 
of ATMIN expression in MSS 
tumors were positively correlat-
ed with advanced clinical stage, 
lymph node metastases, and 
tumor invasion (Figure 1A-C 
and Table 1). We further defined 

Table 1. Association of ATMIN expression with clinical and patho-
logical features in CRC patients with MSS status

Characteristics N Expression of ATMIN 
(mean ± SD) P value

Patient number 89
Age 0.649
    < 70 50 2.672 ± 6.358
    ≥ 70 39 2.042 ± 7.259
Gender 0.592
    Male 55 2.031 ± 6.265
    Female 34 2.788 ± 7.512
T classification 0.037#

    T1-T2 11 0.238 ± 0.311
    T3-T4 78 2.356 ± 6.291
Node metastasis 0.002#

    N0 46 0.900 ± 3.639
    N1-N2 43 3.372 ± 7.496
Differentiation 0.704
    Well~moderate 81 2.380 ± 7.046
    Poor 8 1.870 ± 3.845
Clinical stage < 0.001#

    I, II 45 0.415 ± 1.565
    III, IV 44 3.813 ± 7.964
#Statistical significance (P < 0.05).
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the relationship between ATMIN expression 
and patient postoperative survival by setting 
cutoff values for the ATMIN mRNA levels (fold 
change > 0.09 in MSS tumors) using ROC anal-
ysis to most accurately predict probability of 
recurrence. Patients were then assigned to the 
following ATMIN expression categories accord-
ing to this criterion: high (fold change > cutoff 
value) or low (fold change ≤ cutoff value). 
Kaplan-Meier survival curves showed that the 
patients with low ATMIN expression in MSS 
CRC tumors (n = 47) survived significantly lon-
ger than those with high ATMIN expression (n = 
42; P = 0.011; Figure 1D). The cumulative 
5-year survival rate was 75.1% in the patients 
with low ATMIN expression, but only 43.5% in 
those with high ATMIN expression. Taken as a 
whole, our data suggest that ATMIN is a prog-
nostic indicator of both stage and survival in 
patients with MSS.

ATMIN increases MSS cell invasion abilities in 
vitro 

In order to ascertain whether there was a direct 
relationship between ATMIN and MSS CRC 
invasion, we employed four MSS CRC cell lines 
to demonstrate a greater invasion ability for 
higher endogenous ATMIN expression than for 
lower ATMIN expression (Figure 2A). Next, we 
transiently knocked-down ATMIN expression in 
SW620 cells and overexpressed ATMIN expres-
sion in SW620 and SW480 cells to assess the 
motility of the cells. Downregulation of ATMIN in 
SW620 cells significantly decreased invasion 
abilities (Figure 2B). The gain-of-function, which 
transiently expressed ATMIN-expressing plas-
mids in SW620 and SW480, exhibited marked-
ly enhanced invasion abilities (Figure 2C and 
2D). Similarly, stable downregulation of ATMIN 
in SW620 cells or ATMIN overexpression in 
SW480 cells also demonstrated reduced or 
enhanced cell invasion, respectively (Figure 2E 
and 2F). Collectively, these in vitro data sug-
gested that ATMIN expression enhances the 
invasion in MSS tumor cells. 

To explore the roles of ATM, an important inter-
actor protein of ATMIN in the mechanism of 
ATMIN-enhanced MSS CRC cell invasiveness, 
we transduced silenced-ATM expression plas-
mids (shATM#1 and #2) into SW480 and ATMIN 
stable transfectants. The results showed that 
ATMIN increased the MSS CRC cell invasion in 
an ATM-independent manner (Figure 2G and 
2H).

ATMIN mediates the activity of the Wnt signal-
ing pathway in MSS cancer cells

ATMIN’s unique function in the MSS system 
prompted us to perform a high-throughput 
microarray assay in stable shATMIN SW620 
transfectants to discover the possible down-
stream genes (Figure 3A, GSE58550). An inge-
nuity pathway analysis (IPA) showed that 
β-catenin is a central pivot in the ATMIN-
regulated MSS CRC system (Figure 3B). 
Through a gene set enrichment analysis (GSEA), 
the entire sets of adenomatous polyposis coli 
(APC) target genes were markedly downregu-
lated as a group after ATMIN knockdown in 
MSS SW620 cells (Figure 3C).

Transfection of the TCF4 luciferase reporter 
(Top-Flash) and its control vector (Fop-Flash) 
were used to further investigate the effects of 
ATMIN on β-catenin/TCF transcriptional activity 
in MSS transfectants. ATMIN knockdown 
decreased Wnt signaling transcriptional activity 
in SW620 transfectants (Figure 3D, left panel). 
As expected, ATMIN overexpression increased 
Wnt signaling transcriptional activity in SW480 
transfectants (Figure 3D, right panel). In immu-
nofluorescent staining, β-catenin protein was 
shown to be markedly concentrated in the cell 
nucleus of SW480/ATMIN cells (Figure 3E), but 
not in the SW480/neo clone.

A crucial factor in the regulation of CRC tumori-
genesis and progression is played by Wnt/β-
catenin signaling. Indeed, Wnt pathway activity 
may be controlled by protein-protein interac-
tions, including β-catenin and TCF4 [25]. To fur-
ther dissect the β-catenin/TCF4 binding com-
plex in the ATMIN transfectants, immunopre-
cipitation and Western blot analysis was per-
formed. As shown in Figure 3F, ATMIN transfec-
tants yielded more abundant TCF4/β-catenin 
protein-protein complexes than SW480/neo 
clones (Figure 3F, left panel). Furthermore, 
silenced-ATMIN clones yielded a lesser quanti-
ty of the TCF4/β-catenin protein complex than 
SW620/neo control cells (Figure 3F, right 
panel). These data showed that ATMIN was 
able to modulate the binding affinity of TCF4/β-
catenin protein-protein complex.

PARP1 expression attributes invasion ability in 
MSS tumors

In our previous study [24], PARP1 was the tar-
get protein of ATMIN in MSI-high tumors. In this 
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Figure 2. ATMIN positively regulates invasion ability in MSS cells. A. ATMIN protein expression in MSS cells was 
analyzed through Western blotting. B. SW620 were transiently transfected with shATMIN plasmids and subjected to 
invasion assays. *P < .005. C, D. SW620 cells and SW480 cells were transiently transfected with ATMIN-expressing 
plasmids and subjected to invasion assays. *P < .005. E, F. SW620 cells and SW480 cells were stably transfected 
with shATMIN or ATMIN plasmids and subjected to invasion assays. *P < .005. G, H. SW480 were Co-transfected 
with shATM and ATMIN plasmids and subjected to invasion assays. Invasion assays were performed using 8-µm pore 
trans-wells. After incubating for 48 hours, the cells were stained with crystal violet and counted.
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Figure 3. ATMIN activates canonical Wnt signaling genes in MSS cells. A. The high-throughput analysis was per-
formed in shATMIN stable transfectants of SW620 transfectants. B. The IPA indicated that β-catenin was critical for 
ATMIN manipulated in MSS cells. C. GSEA of the shATMIN profiles in MSS cells showed that the APC target genes 
were significantly enriched. D. Luciferase activity assays of SW620 and SW480 stable transfectants were performed 
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study, we used RT-PCR and WB analysis to 
ascertain the part played by PARP1 in MSS 

not just acted on β-catenin but also on chroma-
tin. Interestingly, the high-throughput microar-

with the plasmid Top-Flash or Fop-Flash (n = 4). *P < .05. E. Immunofluorescence of β-catenin and DAPI in SW480 
transfectants. Scale bar 10 µM. F. The binding affinities of β-catenin/TCF4 in SW480 and SW620 transfectants were 
investigated using immunoprecipitation analyses.

Figure 4. ATMIN manipulated PARP1 expression to regulate the binding 
affinity of β-catenin/TCF4 complex. A, B. The expression of β-catenin/
TCF4 enhancer, PARP1, was measured by Western blotting in SW480 and 
SW620 transfectants or transiently transfected cells. C. The expression of 
the β-catenin/TCF4/PARP1 complex was performed using immunoprecipi-
tation/Western blot analysis in SW480 transiently transfected cells and 
SW620 transfectants. D. SW480 stable transfectants were transiently 
transfected with shPARP1 plasmid. Invasion assays were performed using 
8-µm pore trans-wells. *P < .05. 

tumors. We found that PARP1 
mRNA and protein levels were 
significantly increased in ATMIN 
overexpressed clones, and de- 
creased in shATMIN-transfect-
ed cells, respectively (Supple- 
mentary Figure 1 and Figure 
4A). To rule out the effects of 
adaptation in stable clones, we 
then overexpressed ATMIN in 
SW480 cells. In accordance 
with our previous findings, 
ATMIN overexpression signifi-
cantly increased the expres-
sion of the PARP1 protein and 
the β-catenin/TCF4 complex  
in a dose-dependent manner 
(Figure 4B and 4C). Overex- 
pression of ATMIN did not 
change total β-catenin expres-
sion (Figure 4C). Thus, ATMIN 
may induce β-catenin nuclear 
translocation (Figure 3E). For 
confirmation of the key roles 
played by PARP-1 as regards 
ATMIN-regulated TCF-4/β-cate- 
nin signaling in MSS cell pro-
gression, ATMIN transfectants 
were transfected with PARP-1 
knockdown plasmids (shPAR- 
P1#1 and #2), and their cell 
invasion abilities were investi-
gated. Unsurprisingly, as shown 
in Figure 4D, PARP1 knock-
down inhibited ATMIN-induced 
cell invasiveness more than 
pLKO.1 control plasmid trans- 
fection. 

ATMIN is positively correlated 
with β-catenin regulators, 
CREBBP and p300

It was well known that β-catenin 
and PARP1 both interacted with 
nuclear transcriptional regula-
tors, CREBBP and p300. Im- 
portantly, CREBBP and p300 
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ray assay which performed by altering the chro-
matin damage checkpoint, ATMIN, indicated 
CREBBP and p300 significantly changed 
(Figure 3A, GSE58550). Therefore, we demon-
strated that endogenous ATMIN mRNA expres-
sion was also significantly positively correlated 
with p300 and CREBBP mRNA endogenous 
expressions in clinical MSS patient samples 
(Figure 5A and 5B). The regulated mechanisms 
still need further investigation.

Taken together, the results collectively demon-
strated that ATMIN enhanced PARP1 mRNA 
and protein expression in MSS CRC cells to 
increase TCF-4/β-catenin complex formation, 
resulted in the subsequent activation of Wnt 
signaling, which further improved CRC invasion 
and progression.

Discussion 

The role of ATMIN in conjunction with ATM sig-
naling is already fairly well understood as 

perturbed hematopoiesis, especially during 
stress conditions and aging and these func-
tions are both ATM-dependent and -indepen-
dent [28]. In addition, ATMIN is frequently 
altered in lung adenocarcinoma and reduced 
expression correlates with poor survival [29]. 
Inhibiting ATMIN-dependent ATM activation led 
to oncogenic chromosomal translocations fol-
lowed by tumor development in B-cell lympho-
ma [20]. Conversely, ATMIN blockage reduced 
invasion, migration and metastasis abilities 
both in vitro and in vivo of hand and neck squa-
mous cell carcinoma [30]. ATMIN, therefore, 
has multiple roles in different cell types and we 
at first considered that those results might 
reflect a marked difference in various tissue 
backgrounds and the hypothesis that interac-
tions of ATM/ATMIN vary under different stress 
conditions, genetic backgrounds, and ectopic 
microenvironments. However, our studies show 
that increased ATMIN expression in MSS cells 
increased Wnt transcriptional activity whereas 

Figure 5. The nuclear transcriptional regulators, CREBBP and p300 
were positively correlated with ATMIN. A, B. The correlation of ATMIN and 
CREBBP or p300 in MSS. The mRNA of patients’ samples was measured 
by RT-PCR. P < 0.05.

Figure 6. The working model of ATMIN-regulated CRC invasion and progres-
sion in MSI and MSS systems.

regards double-strand breaks 
(DSBs) of the DDR, whereby 
efficient DNA repair can be trig-
gered in the DDR by a reduction 
in ATMIN expression [15]. One 
example is that ATM activation 
following chloroquine treatment 
and hypotonic stress is mediat-
ed by ATMIN [19, 20]. Likewise, 
perturbation of pulmonary arte-
rial endothelial cells in primary 
arterial hypertension patients 
was found by Li et al, as well as 
a relationship between high 
ATMIN levels and impaired DNA 
damage sensing and repair 
[26]. Interestingly, Wnt signal-
ing is important for kidney 
development and perturbation 
of Wnt signaling pathways can 
result in cystic, and other renal 
abnormalities. AtminGpg6 homo-
zygous kidneys exhibited al- 
tered cytoskeletal organization 
and modulation of Wnt signal-
ing pathway molecules, includ-
ing β-catenin and non-canoni-
cal Wnt/planar cell polarity 
(PCP) pathway factors, such as 
Daam2 and Vangl2 [27]. Anjos-
Afonso et al. showed that 
absence of ATMIN results in 
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the opposite result was observed in MSI-high 
cells in vitro [24]. We also noticed that the in 
vitro effects of ATMIN to regulate CRC cell inva-
sion were found to be ATM-independent. The 
mechanism underlying the dual role of ATMIN in 
MSI and MSS status is possibly explained, in 
part at least, by the fact that MSI-high and MSS 
cells are essentially different and that they can-
not be considered to be the same in CRC. The 
other possible cause is the multiplicity of roles 
ATMIN plays. Not only has it been identified as 
a transcription factor for the dynein light chain 
(DYNLL1) but further possible interaction part-
ners (co-activators or co-repressors) are being 
found in increasing numbers [31-33]. The 
microarray results in shATMIN stable transfec-
tants had demonstrated several co-activators, 
such as CREBBP, NCOA5, and p300, were 
decreased in the SW620/shATMIN MSS sys-
tem, indicating that shATMIN in MSS cells may 
inhibit co-activators, resulting in downregulat-
ing gene repression (Figure 3A). By contrast, a 
crucial co-activator gene, the NCOA3, was 
upregulated and several corepressors, includ-
ing TRIM59, TRIM7, TRIM14, were downregu-
lated in the HCT116/shATMIN MSI system [24]. 
Therefore, the dynamic changes between 
ATMIN and co-activator or co-repressor might 
be the reason why ATMIN had opposite roles in 
regulating PARP1-WNT-signaling between MSS 
and MSI colorectal cancer (Figure 6). These 
results might indicate that discriminating the 
functions of ATMIN by defining its transcription-
al targets or interacting partners would provide 
a better understanding of ATMIN biology [34].

The PAPR family comprises a group of nuclear 
proteins that are activated upon binding to 
damaged DNA and which have crucial roles in 
various aspects of the DDR. The main function 
of these proteins is to detect single strand 
breaks and DSBs, recruit the DNA repair 
machinery and stabilize replication forks during 
repair [34]. Interestingly, other studies are 
emerging which demonstrate the additional 
functions of PARP1, including regulation of 
inflammatory mediators, cellular energetics 
and death pathways, gene transcription, sex 
hormone- and ERK-mediated signaling, and 
mitosis [35]. These PARP1-mediated processes 
play a part in oncogenesis, cancer progression, 
and the development of therapeutic resistan- 
ce. In CRC, PARP1 acts as a co-activator of  
the β-catenin and TCF-4 complex and PARP1 

expression is associated with the undifferenti-
ated status of intestinal epithelial cells and 
crypt cells, which are reduced along the axis of 
cell differentiation [36]. In our current and pre-
vious study [24], increased expression of  
PARP1 in CRC cooperatively enhances TCF-4/
β-catenin-mediated gene transactivation and 
may contribute to colorectal carcinogenesis. 
The relatively specific areas in cancer cells tar-
geted by genetic instability, as discussed 
above, provide a potential route to increasing 
the efficacy of anticancer treatments. This is 
clear from two phase 2 nonrandomized clinical 
trials which indicate olaparib monotherapy may 
have benefits for previously treated pancreatic 
cancer patients with DNA damage repair-relat-
ed genetic alterations other than germline 
BRCA variants [15, 37, 38]. Even more promis-
ing is the recent approval of PARP inhibitors for 
BRCA-mutated ovarian, pancreatic and breast 
cancer therapies. Studies have supported the 
association of a high tumor mutation burden 
(TMB) and dynamic neoantigen renewal with 
neoepitope-specific T-cell responses against 
mismatch repair-deficient (MSI-high) tumors 
treated with immune-checkpoint inhibitors [39-
42]. However, direct evidence that targeting of 
DSB repair protein with DDR inhibitors causes 
an increased TMB in DNA repair proficient 
tumors through a variety of mechanisms is only 
beginning to emerge [35, 43]. It provides the 
rationale for combining PAPR inhibitors with 
immunotherapies in MSS CRC. 

In conclusion, our study revealed novel insights 
into the dual roles of ATMIN in CRC progression, 
and indicated that ATMIN expression may allow 
stratification of prognostic outcomes for MSS 
CRC patients. We expect that these novel, CRC-
specific prognostic factors may stimulate fur-
ther research studies into the development of 
more effective therapeutic strategies in the 
future. 

Acknowledgements

This work was supported by grants from 
Ministry of Science and Technology (MOST 
109-2314-B-002-081) and Taiwan Health 
Foundation.

Disclosure of conflict of interest

None.



ATMIN enhances the invasion of MSS tumors

3808	 Am J Cancer Res 2022;12(8):3799-3810

Address correspondence to: Dr. Been-Ren Lin, 
Department of Surgery, National Taiwan University 
Hospital and College of Medicine, No. 1 Jen Ai Road 
Section 1 Taipei 100 Taiwan R.O.C., Taipei, Taiwan. 
E-mail: beenrenlin@ntu.edu.tw

References

[1]	 Jemal A, Siegel R, Ward E, Hao Y, Xu J and Thun 
MJ. Cancer statistics, 2009. CA Cancer J Clin 
2009; 59: 225-249.

[2]	 Siegel RL, Miller KD, Goding Sauer A, Fedewa 
SA, Butterly LF, Anderson JC, Cercek A, Smith 
RA and Jemal A. Colorectal cancer statistics, 
2020. CA Cancer J Clin 2020; 70: 145-164.

[3]	 Lin BR, Chang CC, Che TF, Chen ST, Chen RJ, 
Yang CY, Jeng YM, Liang JT, Lee PH, Chang KJ, 
Chau YP and Kuo ML. Connective tissue growth 
factor inhibits metastasis and acts as an inde-
pendent prognostic marker in colorectal can-
cer. Gastroenterology 2005; 128: 9-23.

[4]	 Manfredi S, Bouvier AM, Lepage C, Hatem C, 
Dancourt V and Faivre J. Incidence and pat-
terns of recurrence after resection for cure of 
colonic cancer in a well defined population. Br 
J Surg 2006; 93: 1115-1122.

[5]	 Lin BR, Huang MT, Chen ST, Jeng YM, Li YJ, 
Liang JT, Lee PH, Chang KJ and Chang CC. 
Prognostic significance of TWEAK expression 
in colorectal cancer and effect of its inhibition 
on invasion. Ann Surg Oncol 2012; 19 Suppl 3: 
S385-394.

[6]	 Cottrell S, Bicknell D, Kaklamanis L and 
Bodmer WF. Molecular analysis of APC muta-
tions in familial adenomatous polyposis and 
sporadic colon carcinomas. Lancet 1992; 
340: 626-630.

[7]	 Meijer GA, Hermsen MA, Baak JP, van Diest PJ, 
Meuwissen SG, Belien JA, Hoovers JM, Joenje 
H, Snijders PJ and Walboomers JM. Progression 
from colorectal adenoma to carcinoma is as-
sociated with non-random chromosomal gains 
as detected by comparative genomic hybridisa-
tion. J Clin Pathol 1998; 51: 901-909.

[8]	 de la Chapelle A and Hampel H. Clinical rele-
vance of microsatellite instability in colorectal 
cancer. J Clin Oncol 2010; 28: 3380-3387.

[9]	 de Weger VA, Turksma AW, Voorham QJ, Euler 
Z, Bril H, van den Eertwegh AJ, Bloemena E, 
Pinedo HM, Vermorken JB, van Tinteren H, 
Meijer GA and Hooijberg E. Clinical effects of 
adjuvant active specific immunotherapy differ 
between patients with microsatellite-stable 
and microsatellite-instable colon cancer. Clin 
Cancer Res 2012; 18: 882-889.

[10]	 Uhlig J, Cecchini M, Sheth A, Stein S, Lacy J 
and Kim HS. Microsatellite instability and 
KRAS Mutation in stage IV Colorectal cancer: 
prevalence, geographic discrepancies, and 

outcomes from the national cancer database. 
J Natl Compr Canc Netw 2021; 19: 307-318.

[11]	 Gupta R, Sinha S and Paul RN. The impact of 
microsatellite stability status in colorectal can-
cer. Curr Probl Cancer 2018; 42: 548-559.

[12]	 Ou-Yang F, Li CL, Chen CC, Shen YC, Moi SH, 
Luo CW, Xia WY, Wang YN, Lee HH, Wang LH, 
Wang SC, Pan MR, Hou MF and Hung MC. De-
glycosylated membrane PD-L1 in tumor tis-
sues as a biomarker for responsiveness to at-
ezolizumab (Tecentriq) in advanced breast 
cancer patients. Am J Cancer Res 2022; 12: 
123-137.

[13]	 Ott PA, Hodi FS and Robert C. CTLA-4 and 
PD-1/PD-L1 blockade: new immunotherapeu-
tic modalities with durable clinical benefit in 
melanoma patients. Clin Cancer Res 2013; 
19: 5300-5309.

[14]	 Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, 
Cruz C, Bellmunt J, Burris HA, Petrylak DP, Teng 
SL, Shen X, Boyd Z, Hegde PS, Chen DS and 
Vogelzang NJ. MPDL3280A (anti-PD-L1) treat-
ment leads to clinical activity in metastatic 
bladder cancer. Nature 2014; 515: 558-562.

[15]	 Pilie PG, Tang C, Mills GB and Yap TA. State-of-
the-art strategies for targeting the DNA dam-
age response in cancer. Nature Reviews 
Clinical Oncology 2019; 16: 81-104.

[16]	 McNees CJ, Conlan LA, Tenis N and Heierhorst 
J. ASCIZ regulates lesion-specific Rad51 focus 
formation and apoptosis after methylating 
DNA damage. EMBO J 2005; 24: 2447-2457.

[17]	 Jurado S, Smyth I, van Denderen B, Tenis N, 
Hammet A, Hewitt K, Ng JL, McNees CJ, Kozlov 
SV, Oka H, Kobayashi M, Conlan LA, Cole TJ, 
Yamamoto K, Taniguchi Y, Takeda S, Lavin MF 
and Heierhorst J. Dual functions of ASCIZ in 
the DNA base damage response and pulmo-
nary organogenesis. PLoS Genet 2010; 6: 
e1001170.

[18]	 Kanu N, Penicud K, Hristova M, Wong B, Irvine 
E, Plattner F, Raivich G and Behrens A. The 
ATM cofactor ATMIN protects against oxidative 
stress and accumulation of DNA damage in 
the aging brain. J Biol Chem 2010; 285: 
38534-38542.

[19]	 Kanu N and Behrens A. ATMIN defines an 
NBS1-independent pathway of ATM signalling. 
EMBO J 2007; 26: 2933-2941.

[20]	 Loizou JI, Sancho R, Kanu N, Bolland DJ, Yang 
F, Rada C, Corcoran AE and Behrens A. ATMIN 
is required for maintenance of genomic stabil-
ity and suppression of B cell lymphoma. Cancer 
Cell 2011; 19: 587-600.

[21]	 Liu X and Zha S. ATMIN: a new tumor suppres-
sor in developing B cells. Cancer Cell 2011; 
19: 569-570.

[22]	 Heierhorst J. Mdt1/ASCIZ: a new DNA damage 
response protein family. Cell Cycle 2008; 7: 
2654-2660.



ATMIN enhances the invasion of MSS tumors

3809	 Am J Cancer Res 2022;12(8):3799-3810

[23]	 Jurado S, Gleeson K, O’Donnell K, Izon DJ, 
Walkley CR, Strasser A, Tarlinton DM and 
Heierhorst J. The Zinc-finger protein ASCIZ reg-
ulates B cell development via DYNLL1 and 
Bim. J Exp Med 2012; 209: 1629-1639.

[24]	 Li YJ, Yang CN, Kuo MY, Lai WT, Wu TS and Lin 
BR. ATMIN suppresses metastasis by Altering 
the WNT-signaling pathway via PARP1 in MSI-
high colorectal cancer. Ann Surg Oncol 2021; 
28: 8544-8554.

[25]	 Mir R, Pradhan SJ, Patil P, Mulherkar R and 
Galande S. Wnt/beta-catenin signaling regu-
lated SATB1 promotes colorectal cancer tu-
morigenesis and progression. Oncogene 2016; 
35: 1679-1691.

[26]	 Li CG, Mahon C, Sweeney NM, Verschueren E, 
Kantamani V, Li D, Hennigs JK, Marciano DP, 
Diebold I, Abu-Halawa O, Elliott M, Sa S, Guo F, 
Wang L, Cao A, Guignabert C, Sollier J, Nickel 
NP, Kaschwich M, Cimprich KA and Rabinovitch 
M. PPARgamma interaction with UBR5/ATMIN 
promotes DNA repair to maintain endothelial 
homeostasis. Cell Rep 2019; 26: 1333-1343, 
e1337.

[27]	 Goggolidou P, Hadjirin NF, Bak A, Papakri- 
vopoulou E, Hilton H, Norris DP and Dean CH. 
Atmin mediates kidney morphogenesis by 
modulating Wnt signaling. Hum Mol Genet 
2014; 23: 5303-5316.

[28]	 Anjos-Afonso F, Loizou JI, Bradburn A, Kanu N, 
Purewal S, Da Costa C, Bonnet D and Behrens 
A. Perturbed hematopoiesis in mice lacking 
ATMIN. Blood 2016; 128: 2017-2021.

[29]	 Foster H, Ruiz EJ, Moore C, Stamp GWH, Nye 
EL, Li N, Pan Y, He Y, Downward J and Behrens 
A. ATMIN is a tumor suppressor gene in lung 
adenocarcinoma. Cancer Res 2019; 79: 5159-
5166.

[30]	 Li YJ, Lai WT, Chang CC, Kuo MY, Deng YT, Yang 
CN, Cheng SJ, Wu TS, Chen ST and Lin BR. 
Ataxia-telangiectasia mutated interactor regu-
lates head and neck cancer metastasis via 
KRas expression. Oral Oncol 2017; 66: 100-
107.

[31]	 Jurado S, Conlan LA, Baker EK, Ng JL, Tenis N, 
Hoch NC, Gleeson K, Smeets M, Izon D and 
Heierhorst J. ATM substrate Chk2-interacting 
Zn2+ finger (ASCIZ) is a bi-functional transcrip-
tional activator and feedback sensor in the 
regulation of dynein light chain (DYNLL1) ex-
pression. J Biol Chem 2012; 287: 3156-3164.

[32]	 Goggolidou P, Stevens JL, Agueci F, Keynton J, 
Wheway G, Grimes DT, Patel SH, Hilton H, 
Morthorst SK, DiPaolo A, Williams DJ, 
Sanderson J, Khoronenkova SV, Powles-Glover 
N, Ermakov A, Esapa CT, Romero R, Dianov GL, 
Briscoe J, Johnson CA, Pedersen LB and Norris 
DP. ATMIN is a transcriptional regulator of  
both lung morphogenesis and ciliogenesis. 
Development 2014; 141: 3966-3977.

[33]	 Zhang T, Cronshaw J, Kanu N, Snijders AP and 
Behrens A. UBR5-mediated ubiquitination of 
ATMIN is required for ionizing radiation-in-
duced ATM signaling and function. Proc Natl 
Acad Sci U S A 2014; 111: 12091-12096.

[34]	 Lord CJ and Ashworth A. PARP inhibitors: syn-
thetic lethality in the clinic. Science 2017; 
355: 1152-1158.

[35]	 Weaver AN and Yang ES. Beyond DNA repair: 
additional functions of PARP-1 in cancer. Front 
Oncol 2013; 3: 290.

[36]	 Shitashige M, Hirohashi S and Yamada T. Wnt 
signaling inside the nucleus. Cancer Sci 2008; 
99: 631-637.

[37]	 Gourley C, Balmana J, Ledermann JA, Serra V, 
Dent R, Loibl S, Pujade-Lauraine E and Boulton 
SJ. Moving from poly (ADP-Ribose) polymerase 
inhibition to targeting DNA repair and DNA 
damage response in cancer therapy. J Clin 
Oncol 2019; 37: 2257-2269.

[38]	 Javle M, Shacham-Shmueli E, Xiao L, 
Varadhachary G, Halpern N, Fogelman D, 
Boursi B, Uruba S, Margalit O, Wolff RA and 
Golan T. Olaparib monotherapy for previously 
treated pancreatic cancer with DNA damage 
repair genetic alterations other than germline 
BRCA variants: findings from 2 phase 2 non-
randomized clinical trials. JAMA Oncol 2021; 7: 
693-699.

[39]	 Le DT, Uram JN, Wang H, Bartlett BR, 
Kemberling H, Eyring AD, Skora AD, Luber BS, 
Azad NS, Laheru D, Biedrzycki B, Donehower 
RC, Zaheer A, Fisher GA, Crocenzi TS, Lee JJ, 
Duffy SM, Goldberg RM, de la Chapelle A, 
Koshiji M, Bhaijee F, Huebner T, Hruban RH, 
Wood LD, Cuka N, Pardoll DM, Papadopoulos 
N, Kinzler KW, Zhou S, Cornish TC, Taube JM, 
Anders RA, Eshleman JR, Vogelstein B and 
Diaz LA Jr. PD-1 blockade in tumors with mis-
match-repair deficiency. N Engl J Med 2015; 
372: 2509-2520.

[40]	 Le DT, Durham JN, Smith KN, Wang H, Bartlett 
BR, Aulakh LK, Lu S, Kemberling H, Wilt C, 
Luber BS, Wong F, Azad NS, Rucki AA, Laheru 
D, Donehower R, Zaheer A, Fisher GA, Crocenzi 
TS, Lee JJ, Greten TF, Duffy AG, Ciombor KK, 
Eyring AD, Lam BH, Joe A, Kang SP, Holdhoff 
M, Danilova L, Cope L, Meyer C, Zhou S, 
Goldberg RM, Armstrong DK, Bever KM, Fader 
AN, Taube J, Housseau F, Spetzler D, Xiao N, 
Pardoll DM, Papadopoulos N, Kinzler KW, 
Eshleman JR, Vogelstein B, Anders RA and 
Diaz LA Jr. Mismatch repair deficiency predicts 
response of solid tumors to PD-1 blockade. 
Science 2017; 357: 409-413.

[41]	 Germano G, Lamba S, Rospo G, Barault L, 
Magri A, Maione F, Russo M, Crisafulli G, 
Bartolini A, Lerda G, Siravegna G, Mussolin B, 
Frapolli R, Montone M, Morano F, de Braud F, 
Amirouchene-Angelozzi N, Marsoni S, D’Incalci 



ATMIN enhances the invasion of MSS tumors

3810	 Am J Cancer Res 2022;12(8):3799-3810

M, Orlandi A, Giraudo E, Sartore-Bianchi A, 
Siena S, Pietrantonio F, Di Nicolantonio F and 
Bardelli A. Inactivation of DNA repair triggers 
neoantigen generation and impairs tumour 
growth. Nature 2017; 552: 116-120.

[42]	 Lemjabbar-Alaoui H, Peto CJ, Yang YW and 
Jablons DM. AMXI-5001, a novel dual parp1/2 
and microtubule polymerization inhibitor for 
the treatment of human cancers. Am J Cancer 
Res 2020; 10: 2649-2676.

[43]	 Brown JS, Sundar R and Lopez J. Combining 
DNA damaging therapeutics with immunother-
apy: more haste, less speed. Br J Cancer 2018; 
118: 312-324.



ATMIN enhances the invasion of MSS tumors

1	

Supplementary Figure 1. A, B. β-catenin/TCF4 binding enhancer, PARP1 and TOPO II mRNA expression were vali-
dated through RT-PCR in SW480 transfectants and transiently transfected cells. *P < .05. 


