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Abstract 

Background: Colorectal familial adenomatous polyposis (FAP) adenomas exhibit a uniform pathogenetic basis 
caused by a germline mutation in the adenomatous polyposis gene (APC), but the molecular changes leading to their 
development are incompletely understood. However, dysregulated apoptosis is known to substantially affect the 
development of colonic adenomas. One of the key regulatory proteins involved in apoptosis is apoptosis repressor 
with caspase recruitment domain (ARC).

Methods: The expression of nuclear and cytoplasmic ARC in 212 adenomas from 80 patients was analyzed by immu-
nohistochemistry. We also compared expression levels of ARC with the expression levels of p53, Bcl-2, COX-2, and 
MMR proteins. Statistical analyses were performed by Spearman’s rank correlation and linear regression test.

Results: ARC was overexpressed in the nuclei and cytoplasm of most FAP adenomas investigated. Cytoplasmic 
ARC staining was moderately stronger (score 2) in 49.1% (n = 104/212) and substantially stronger (score 3) in 32.5% 
(n = 69/212) of adenomas compared to non-tumorous colorectal mucosa. In 18.4% (n = 39/212) of adenomas, cyto-
plasmic ARC staining was equivalent to that in non-tumorous mucosa.

Nuclear expression of ARC in over 75% of cells was present in 30.7% (n = 65/212) of investigated adenomas, and 
nuclear expression in 10–75% of cells was detected in 62.7% (n = 133/212). ARC expression in under 10% of nuclei 
was found in 6.6% (n = 14/212) of adenomas.

The correlation between nuclear ARC expression and cytoplasmic ARC expression was highly significant (p = 0.001). 
Moreover, nuclear ARC expression correlated positively with overexpression of Bcl-2, COX-2 p53 and β-catenin. 
Cytoplasmic ARC also correlated with overexpression of Bcl-2. Sporadic MMR deficiency was detected in very few FAP 
adenomas and showed no correlation with nuclear or cytoplasmic ARC.
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Background
Familial adenomatous polyposis (FAP) is an autosomal 
dominant disease with a prevalence of 3–10 people per 
100 000. It is characterized by the development of up to 
several thousand adenomas in the rectum and colon in 
the second decade of life [1, 2]. It is usually caused by a 
mutation in the adenomatous polyposis coli (APC) gene, 
which is located on chromosome 5q21-q22. The APC 
gene codes for the APC protein, which participates in the 
degradation of the proto-oncoprotein β-catenin [3–5]. 
Approximately 1% of all colorectal carcinomas are caused 
by FAP [2].

Dysregulated apoptosis is known to strongly affect the 
development of colonic adenomas. Apoptosis repressor 
with caspase recruitment domain (ARC) is an inhibitor 
of apoptosis and affects both the intrinsic and extrinsic 
apoptosis pathways [6–8].

The ARC protein is encoded by the NOL3 gene, which 
is located on the long arm of human chromosome 
16q21-23. It consists of an N-terminal caspase recruit-
ment domain (CARD) and a C-terminal region that har-
bors many proline-glutamate (P/E) tandem repeats. The 
CARD belongs to the death domain superfamily, and its 
amino-acid structure resembles that of caspases 2 and 9 
and the apoptotic protease-activating factor 1 (Apaf1) [7, 
9, 10].

ARC interacts selectively with caspases 2 and 8 but not 
with caspases 1, 3, or 9. It inhibits the enzyme activity 
of caspase 8 and thus impedes apoptosis [7, 8]. Moreo-
ver, its direct interaction with the death receptor FAS 
and the adaptor protein Fas-associated death domain 
(FADD) prevents the assembly of the death-inducing 
signaling complex (DISC), which is essential for the ini-
tiation of extrinsic apoptosis [11]. But the ARC-mediated 
effect not only operates through the inhibition of cas-
pases. ARC has been shown to interact with the pro-
apoptotic protein Bax, which prevents its activation and 
the subsequent mitochondrial release of cytochrome c 
[6, 12]. In addition, ARC interacts with the Bcl-2 homol-
ogy (BH)3-only-proteins Bad and Puma, which normally 
activate Bax and Bak and deactivate anti-apoptotic Bcl-2 
proteins [6, 11]. ARC is also capable of binding large 
amounts of  Ca2+ to its P/E domain, thereby reducing 
the apoptotic potential of a cell by blocking endoplasmic 
mitochondrial  Ca2+ transfer [8].

ARC transcription is mainly regulated via the Ras/
Raf/MAPK and Wnt/β-catenin signaling pathways. In 
breast and colon cancer cell lines, Ras is shown to acti-
vate the ARC promoter Nol3 in a MEK/ERK-dependent 
matter. Moreover, Ras is capable to increase ARC on 
mRNA and protein levels in normal mamillary epithe-
lium, hyperplastic regions of the mamillary epithelium 
and in derived tumours, while knockdown of Ras was 
shown to decrease both levels in breast cancer [13]. In 
acute myeloid leukemia (AML) cells, Carter et  al. evi-
denced transcriptional regulation of ARC via the Wnt/
β-Catenin pathway. They showed ARC to be part of a 
positive ARC-IL1b/Cox-2/PGE2/β-Catenin feedback 
loop, which resulted in a β-Catenin mediated transcrip-
tional regulation of ARC [14].

Post-translational ARC activity is mainly regulated 
by protein kinase CK2, which phosphorylates ARC at 
T149 [15, 16]. ARC expression is also controlled by 
polyubiquitination and subsequent degradation gov-
erned by the p53-induced ubiquitin E3 ligase, MDM2. 
In addition, ARC down-regulation is a known conse-
quence of p53 activation; this indicates that p53 is able 
to transcriptionally target ARC [17, 18]. In contrast, 
Ras prevents post-translational degradation of ARC by 
modifying it to protect it from polyubiquitination and 
degradation [13].

Physiologically, ARC is expressed in the nucleus and 
cytoplasm of differentiated cardiac and skeletal mus-
cle cells, neurons, and pancreatic beta cells [7, 19, 20]. 
However, ARC is also expressed in many different types 
of tumor, such as breast, lung, prostate, ovary, cervix, 
kidney, and colon, where it inhibits apoptosis in par-
ticular [21–26]. In addition to affecting tumor progres-
sion and the invasion of these tumors, it also affects 
the formation of metastases by increasing the num-
ber of circulating cancer cells [26]. Moreover, ARC 
contributes to chemo- and radiotherapy resistance 
by protecting tumor cells from apoptosis induced by 
chemotherapeutic agents, such as doxorubicin and cis-
platin, or by gamma radiation [12, 27, 28].

Cytoplasmic ARC interacts with the apoptotic regu-
lator proteins Bax, Bad, Puma, and procaspase 2, and 
with FAS and FADD, and its overexpression leads to 
cell immortalization [11, 21–24, 27, 29]. The func-
tion of nuclear ARC is less clear, but a nuclear shift 

Conclusions: Our results demonstrated that both cytoplasmic and nuclear ARC are overexpressed in FAP adenomas, 
thus in a homogenous collective. The highly significant correlation between nuclear ARC and nuclear β-catenin sug-
gested that ARC might be regulated by β-catenin in FAP adenomas. Because of its further correlations with p53, Bcl-2, 
and COX-2, nuclear ARC might play a substantial role not only in carcinomas but also in precursor lesions.
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in carcinoma cells [25] and nuclear ARC in dysplasia 
lesions have been described [21, 27].

Here, we show for the first time that ARC is overex-
pressed in the nucleus and cytoplasm of FAP adenoma 
cells, and that the correlation between its expression in 
both locations is highly significant. Furthermore, we 
prove that ARC expression correlates with the expression 
of p53, COX-2, and Bcl-2, which were previously shown 
to be involved in the development and progression of 
FAP adenomas [30–36]. We suggest that ARC might have 
a regulatory role in the development of FAP adenomas, 
and that nuclear ARC in particular might have a greater 
effect on carcinogenesis than previously thought.

Methods
Tissue samples
This study used formalin fixed paraffin-embedded (FFPE) 
surgical specimens from total proctocolectomies or colon 
resections carried out between 1992 and 2004. The speci-
mens came from the archive of the Institute of Pathol-
ogy at Heidelberg University Hospital. Adenomas from 
80 patients (mean age 32.4 years; 57% men, 43% women) 
were included. From each patient, 1–11 adenomas were 
randomly selected for further analysis, resulting in 217 
adenomas in total.

All tissue samples were provided by the tissue bank of 
the National Center for Tumor Diseases (NCT; Heidel-
berg, Germany) in compliance with the regulations of the 
tissue bank and the approval (approval nr.: 206/2005) of 
Heidelberg University’s ethics committee, in accordance 
with the ethical standards in the revised 1975 Declara-
tion of Helsinki and its later revisions.

Tissue microarray
A tissue microarrayer (AlphaMetrix; Roedermark, Ger-
many) was used to create tissue microarray (TMA) 
blocks from the FFPE specimens. Three cores of ade-
noma tissue and one core of non-tumorous colorectal 
mucosa were punched from each specimen with a needle 
(diameter: 1.0 mm). Two skeletal muscle cores served as 
positive controls for ARC immunostaining.

Immunohistochemistry
For IHC 4 µm thick tissue slides were used. These slices 
were deparaffinized using xylene in accordance with 
standard protocols and rehydrated with 95–96% etha-
nol, 70% ethanol, and distilled water. Before antibody 
incubation, all slices were pretreated with 3% hydro-
gen peroxide to block endogenous peroxidase. The 
following primary antibodies were used: ARC (H-150, 
1:200, SCBT; Santa Cruz, California, USA), MLH1 (M1, 

ready-to-use [RTU], Ventana, Roche Diagnostics; Man-
nheim, Germany), MSH2 (G219-1129, RTU, Ventana, 
Roche Diagnostics), MSH6 (44, RTU, Ventana, Roche 
Diagnostics), p53 (DO-7, 1:100, Dako; Hamburg, Ger-
many), Bcl-2 (SP66, RTU, Ventana, Roche Diagnostics), 
COX-2 (SP21, RTU, Ventana, Roche Diagnostics). Sec-
ondary antibody binding (all Dako, 1:200) was visu-
alized by use of a streptavidin ABC kit (Dako), and 
nuclear counterstaining was performed by use of chro-
mogen 3,3′-diaminobenzidine (Vector Laboratories; 
Peterborough, UK) and hematoxylin.

Primary antibodies were incubated at 4  °C overnight 
and then stained by use of the avidin–biotin complex 
peroxidase technique. Aminoethyl carbazole was used 
for visualization, and hematoxylin for nuclear coun-
terstaining. All specimens were mounted in Aquatex 
(Merck; Darmstadt, Germany) under a glass cover slip.

The immunostained tissue microarray slices were 
scored and evaluated under a light microscope by two 
independent, blinded pathologists. In the case of disa-
greement, the slice in question was discussed by the 
evaluating pathologists until consensus was achieved. 
Stained slices were classified as non-evaluable if ade-
noma tissue was missing or if non-stained tissue was 
present on all of the respective TMA slices.

Staining for MSI proteins was evaluated according to 
the Bethesda guidelines [37], whereby score 1 = more 
than 10% of tumor-cell nuclei exhibit positive staining 
and score 0 = less than 10% of tumor-cell nuclei exhibit 
positive staining.

Immunostaining for p53 and nuclear β-catenin was 
evaluated on the basis of previously published scor-
ings but without intensity scoring [23, 38], whereby 
score 0 = nuclear staining in less than 10% of tumor 
cells, score 1 = nuclear staining in up to 75% of tumor 
cells, and score 2 = nuclear staining in more than 75% 
of tumor cells.

The scoring system used to evaluate immunostaining 
for Bcl-2 was comparable to scales already used [39, 40]. 
In contrast to the scoring used by Tsuyama et al., further 
differentiation of expression was not conducted for speci-
mens with staining in 10–75% of cells, and specimens 
showing expression in over 75% of tumor cells were eval-
uated as overexpressed.

A standardized evaluation method for COX-2 is not 
available [40]. In our study, the positivity of the cells was 
evaluated and was scored as follows. Score 0 = no expres-
sion or expression in less than 10% of tumor cells, score 
1 = cytoplasmic expression in up to 75% of tumor cells, 
and score 2 = cytoplasmic expression in more than 75% 
of tumor cells.
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To semi-quantitatively assess the intensity of ARC 
staining, we adapted a previously published scoring sys-
tem to the TMA slices [21]. ARC expression levels in 
non-tumorous colon mucosa were used as the baseline 
for comparison (score 1). Cytoplasmic and nuclear ARC 
staining were scored separately.

For cytoplasmic ARC staining, the reference score 
(score 1) was the non-tumorous colorectal mucosa, which 
was also used as an internal positive control for immuno-
histochemistry. A four-stage scale was used for cytoplas-
mic ARC expression as follows. Score 0 = no staining of 
tumor cells or weaker staining than in the non-tumorous 
colon mucosa; score 1 = cytoplasmic staining equivalent 
to that in the non-tumorous colon mucosa, percepti-
ble staining intensity at 4X; score 2 = moderate staining 
intensity, stronger than that in the non-tumorous colon 
mucosa; score 3 = diffuse and strong cytoplasmic stain-
ing, substantially stronger than that in the non-tumorous 
colon mucosa.

For nuclear ARC staining, a three-stage scale was used, 
with score 0 = no nuclear staining or staining in less than 
10% of nuclei, score 1 = 10–75% of nuclei positive, and 
score 2 = more than 75% of nuclei positive.

Statistical analysis
Statistical analyses were performed with SPSS statis-
tics 25 (IBM; Endicott, New York, USA). Associations 
between ARC and COX-2, Bcl-2, p53, and MMR proteins 
were calculated by means of Spearman’s rank correlation 
and linear regression tests. Statistical significance was set 
at p < 0.05 and p < 0.01.

Results
ARC is overexpressed in the nuclei and cytoplasm of FAP 
adenomas
Of 217 FAP adenomas from 80 patients stained for ARC, 
212 could be evaluated. The results of the ARC staining 
are shown in Table  1. Strong cytoplasmic ARC expres-
sion was detected in 32.5% (n = 69/212), and moderate 
cytoplasmic staining (score 2) in 49.1% (n = 104/212) 

of adenomas. In 18.4% (n = 39/212) of the adenomas, 
we found cytoplasmic staining equivalent to that in the 
non-tumorous mucosa (Fig.  1). Strong nuclear ARC 
expression (score 2) was found in 30.7% (n = 65/212) of 
adenomas. Moderate nuclear expression (score 1) was 
seen in 62.7% (n = 133/212), and no nuclear or weak 
ARC expression (score 0) was found in 6.6% (n = 14/212; 
Fig.  2). A highly significant correlation was found 
between the simultaneous expression of nuclear ARC 
and cytoplasmic ARC (p = 0.001; Table 2).

Expression of p53, Bcl‑2, COX‑2, nuclear β‑Catenin 
and MMR proteins and their correlation with ARC 
Of 207 FAP adenomas analyzed, 27 (13.0%) were nega-
tive for p53, or expression was limited to less than 10% of 
adenoma cells (score 0). Score 1 and score 2 staining was 
observed in 147 (71.0%) and 33 (16%; Fig.  3) of adeno-
mas, respectively (Table 3). P53 staining correlated with 
nuclear ARC staining (p = 0.012; Table  4) but not with 
cytoplasmic ARC staining.

We also tested whether ARC correlated with Bcl-2 
expression in FAP adenomas. Score 1 and score 2 Bcl-2 
staining was detected in 38.4% (n = 78/203) and 57.6% 
(n = 117/203) of adenomas, respectively. Score 0 stain-
ing (i.e., no staining or staining in less than 10% of tumor 
cells) was observed in 3.9% (n = 8/203; Fig. 4). A signifi-
cant correlation was found between Bcl-2 staining and 
both cytoplasmic (p = 0.001) and nuclear (p = 0.045) ARC 
staining in FAP adenomas (Table 4).

For COX-2, score 1 and score 2 staining was detected 
in 21.8% (n = 44/202) and 78.2% (n = 158/202) of adeno-
mas, respectively. Absence of staining or staining of less 
than 10% of tumor cells (i.e., score 0) was not observed 
(Fig. 5). Like Bcl-2, overexpression of COX-2 correlated 
with nuclear ARC expression (p = 0.036) but did not cor-
relate with cytoplasmic ARC expression (Table 4).

Cytoplasmic β-Catenin was accumulated in almost 
all FAP adenomas. For nuclear β-catenin, score 1 and 
score 2 staining was detected in 29.5% (n = 62/210) and 
11.4% (n = 24/210) of adenomas, respectively. Score 0 

Table 1 Distribution of nuclear and cytoplasmic staining for ARC 

ARC expression ARC (cytoplasmic)

Score 0 Score 1 Score 2 Score 3 ∑

ARC (nuclear) Score 0 0 13 1 0 14 (6.6%)

Score 1 0 23 65 45 133 (62.7%)

Score 2 0 3 38 24 65 (30.7%)

∑ 0 (0%) 39 (18.4%) 104 (49.1%) 69 (32.5%) 212 (100%)
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Fig. 1 Representative results of cytoplasmic ARC staining. Only in 18.4% of FAP adenomas, cytoplasmic staining was equivalent to that in 
non-tumorous mucosa (score 1; a). In most of the examined FAP adenomas cytoplasmic ARC was overexpressed. Cytoplasmic overexpression was 
moderate (score 2; b) in 49.1% and strong (score 3; c) in 32.5% of adenomas

Fig. 2 Representative examples of nuclear ARC staining. Most of the examined FAP adenomas showed overexpression of nuclear ARC. Only 6.6% 
exhibited no or very little nuclear ARC expression (score 0; a). In 62.7% of FAP adenomas, ARC was overexpressed in 10–75% of nuclei (score 1; b) 
and in 30.7% of adenomas, overexpression was present in over 75% of nuclei (score 2; c)
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staining (i.e., no staining or staining in less than 10% of 
tumor cells) was observed in 59.0% (n = 124/210; Fig. 6). 
Like Bcl-2 and COX-2, nuclear β-catenin expression cor-
related with the expression of nuclear ARC (p = 0.001) 
but did not correlate with cytoplasmic ARC expression 
(Table 4).

Neither nuclear nor cytoplasmic ARC correlated with 
any of the MMR proteins; however, this was due to the 

small number of MMR-deficient adenomas. Thus, an 
absence of staining for MMR proteins was only observed 
in 0.5–6.2% of slices (MLH1 6.2%, MSH2 0.5%, MSH6 
2.9%). All but four patients were affected by sporadic 
MMR deficiency. Sporadic MMR deficiency could not be 
proved for these four patients because too few evaluable 
adenomas were available for them.

Table 2 Statistical correlation between  nuclear 
and cytoplasmic ARC expression

Expression of nuclear and cytoplasmic ARC was correlated highly significant 
(p < 0.01**)

ARC (nuclear)

ARC (cytoplasmic) Spearman correlation 0.277**

Significance (two-sided) 0.001

n 212

Fig. 3 Representative examples of p53 results. Only 16% of FAP adenomas exhibited strong overexpression of p53 (score 2; c). However, 
overexpression of p53 correlated with nuclear ARC expression (p = 0.012). In most tissue slices, expression of p53 was limited to 10–75% of FAP 
adenoma cells (score 1; b). In 13%, no or weak p53 expression was detected (score 0; a)

Table 3 Evaluable immunohistochemical staining for p53, 
COX-2, Bcl-2 and nuclear β-catenin

Score 0 Score 1 Score 2 ∑

p53 27 (13.0%) 147 (71.0%) 33 (16.0%) 207 (100%)

COX-2 0 (0%) 44 (21.8%) 158 (78.2%) 202 (100%)

Bcl-2 8 (3.9%) 78 (38.4%) 117 (57.6%) 203 (100%)

Nuclear β-catenin 124 (59.0%) 62 (29.5%) 24 (11.4%) 210 (100%)
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Table 4 Correlations between  ARC and  p53, COX-2, Bcl-2, nuclear β-catenin and  MMR proteins (statistically significant 
results in bold type)

Nuclear ARC expression was found to correlate significantly (p < 0.05*) with the expression of Bcl-2, COX-2, with strong p53 expression and with nuclear β-catenin. In 
contrast, expression of cytoplasmic ARC only correlated with Bcl-2 but with none of other proteins; however, this correlation was highly significant (p < 0.01**)

ARC (cytoplasmic) ARC (nuclear)

MLH1 Spearman correlation  − 0.028 0.074

Significance (two-sided) 0.687 0.288

n 207 207

MSH2 Spearman correlation 0.021 0.034

Significance (two-sided) 0.763 0.624

n 206 206

MSH6 Spearman correlation  − 0.004 0.071

Significance (two-sided) 0.958 0.313

n 205 205

P53
(score 2)

Spearman correlation 0.109 0.175*

Significance (two-sided) 0.120 0.012
n 204 204

Bcl-2 Spearman correlation 0.267** 0.142*

Significance (two-sided) 0.001 0.045
n 200 200

COX-2 Spearman correlation 0.066 0.149*

Significance (two-sided) 0.357 0.036
n 198 198

Nuclear β-catenin Spearman correlation 0.019 0.249**
Significance (two-sided) 0.780 0.001
n 207 207

Fig. 4 Representative examples of Bcl-2 results. In 3.9% of the adenomas, no Bcl-2 staining or staining in less than 10% of the tumor cells was 
observed (score 0; a). Bcl-2 was moderately overexpressed in 38.4% (score 1; b) and highly overexpressed in 57.6% of FAP adenomas (score 2; c)
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Discussion
In this study, cytoplasmic overexpression of ARC was 
found in approximately 82% of FAP adenomas. This 
result is comparable to the findings of most previous 
studies on subcellular distribution of ARC and suggests 
that neoplasia resulting from germline mutations might 
not differ significantly from sporadic tumors with regard 
to ARC expression [11, 21–24].

In addition to cytoplasmic overexpression, nuclear 
ARC was slightly overexpressed in 62.7% and strongly 
overexpressed in 30.7% of FAP adenomas investigated 
in this study. These findings are in agreement with 
those of a previous study on ARC nuclear expression 
(21). However, reports on the intracellular distribu-
tion of ARC are controversial. For example, Wang 
et  al. showed that ARC is almost exclusively located 

Fig. 5 Representative examples of COX-2 results. All examined FAP adenomas exhibited COX-2 expression, which was moderate in 21.8% (score 1; 
a) of slices and strong in 78.2% (score 2; b)

Fig. 6 Representative examples of β-Catenin results. Cytoplasmic β-Catenin was accumulated in almost all FAP adenomas. In 59.0% of the 
adenomas, no nuclear β-Catenin staining or staining in less than 10% of the tumor nuclei was observed (score 0; a). Nuclear β-Catenin was 
moderately overexpressed in 29.5% (score 1; b) and highly overexpressed in 11.4% of FAP adenomas (score 2; c)
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in the nucleus of both HeLa cells and human gastric 
cancer cells [25]. The observed differences regard-
ing subcellular ARC location might be due to the use 
of cancer-derived cell lines. The role of nuclear ARC 
remains unclear, but intracellular ARC distribution 
can vary depending on the tumor type and whether 
human tumor tissue or tumor cell lines are evaluated. 
For example, a study on PC12 rat pheochromocytoma 
cells revealed a predominantly nuclear ARC location 
[41], whereas a different study on human melanoma 
cell lines detected a predominantly cytosolic and mito-
chondrial ARC location [42].

Nuclear ARC expression might also be a conse-
quence of how ARC interacts with p53. ARC can bind 
to the tetramerization domain of p53 within the P/E 
region between amino acids 125 and 175; this trig-
gers a nuclear export signal in p53 by disrupting p53 
tetramerization [18, 29]. Consequently, higher intranu-
clear p53 expression levels might require more intra-
nuclear ARC for inhibition and export. In our study, 
higher nuclear ARC levels were significantly (p = 0.012) 
more common in adenomas with high nuclear p53 
overexpression, which are strongly enriched with TP53 
mutations. However, strong overexpression of p53 was 
detected in only 16.0% (n = 33/207) of all FAP adeno-
mas in our cohort. This result is comparable to that of 
a previous study on p53 expression in FAP adenomas. 
It can therefore be suggested that p53 overexpression 
related to a mutation in TP53 is uncommon in FAP 
adenomas and probably occurs later in the adenoma 
carcinoma sequence [36].

In our study, Bcl-2 was weakly overexpressed in 38.4% 
and strongly overexpressed in 57.6% of the FAP adeno-
mas evaluated. These results are consistent with those 
from a previous analysis of various apoptosis markers 
in FAP adenomas [36]. Bcl-2 overexpression might sub-
stantially contribute to the development of FAP adeno-
mas by means of its antiapoptotic potential. It has been 
shown to protect APC-deficient intestinal epithelial 
cells and intestinal stem cells from apoptosis and thus 
contribute to their malignant transformation [43]. In 
the current study, Bcl-2 overexpression correlated with 
the expression of both nuclear (p = 0.045) and cytoplas-
mic (p = 0.001) ARC. This might be a consequence of 
ARC-mediated nuclear hyperexport of p53, because 
less intranuclear p53 leads to reduced expression of the 
Bcl-2-neutralizing BH3-only proteins Bad and Puma 
[44]. Moreover, direct suppression of Bad and Puma is 
possible because ARC is able to bind both proteins via 
its CARD domain between amino acids 31 and 70, thus 
preventing their neutralizing effect on Bcl-2 [18].

Like Bcl-2, increased COX-2 expression has been 
observed in FAP adenomas before [30–33]. Likewise, 

in the present study, 78% of FAP adenomas exhibited 
strong COX-2 overexpression. Moreover, COX-2 over-
expression correlated with the expression of nuclear 
ARC (p = 0.036). This correlation might reflect numer-
ous connections both proteins were reported to be 
involved in. Previous studies on AML and mesen-
chymal stromal cells revealed that ARC is capable to 
induce the transcription factor NF-ƙB [45], which in 
turn induces the expression of COX-2 via transcrip-
tional regulation of interleukin IL-1β [14]. ARC influ-
ence on COX-2 expression via NF-ƙB might also play 
a role in FAP adenomas, as both NF-ƙB and COX-2 are 
shown to be overexpressed in APC negative cases [46]. 
Conversely, it was shown that COX-2, also influences 
the expression of ARC via prostaglandin E2 (PGE2) [47, 
48]. PGE2, which was also shown to be overexpressed 
in FAP adenomas [49], is capable to induce Ras and 
MAP-kinases (MAPK) in the Ras/Raf/MAPK pathway 
[47, 48] and β-Catenin in the Wnt/β-Catenin pathway 
[14]. As ARC was reported to be transcriptionally regu-
lated by both pathways [13, 14], the correlation between 
COX-2 and ARC might be part of a feedback loop by 
which ARC levels may increase further. However, in 
FAP adenomas the Wnt/β-Catenin mediated regulation 
of ARC expression might be of particular relevance, 
as β-Catenin is accumulated due to its APC-mutation 
reasoned missing degradation [50, 51]. The effect of 
an aberrantly activated Wnt/β-Catenin pathway might 
therefore be enhanced by its PGE2-mediated increased 
induction in addition to the accumulation of β-Catenin. 
Regarding the subcellular localization of β-Catenin in 
FAP adenomas, however, there are different findings. 
Inomata et  al. described nuclear expression in FAP 
adenomas and in resulting FAP carcinomas [50], while 
Kobayashi et  al. detected nuclear accumulation only 
in FAP carcinomas but not in FAP adenomas [51]. We 
therefore also investigated, β-Catenin expression and 
localization in our collective. Furthermore, we checked 
for a possible correlation with ARC expression, as it 
was previously revealed in AML by Carter et al. Carter 
et  al. didn´t differentiate between nuclear and cyto-
plasmic localization of ARC, thus, to the best of our 
knowledge, this is the first study, which investigated the 
correlation of β-Catenin and ARC with regard to the 
subcellular localization of ARC. In our study, β-Catenin 
was cytoplasmatic overexpressed in nearly all of FAP 
adenomas, which is in line with previous studies [50, 
51]. Consequently, we focused on the nuclear expres-
sion of β-Catenin and found overexpression in 40.9% 
of FAP adenomas. The overexpression was moderate 
in 29.5% and strong in 11.4% of FAP adenomas. Dis-
crepancies to the results obtained by Inomata et  al. 
and Kobayashi et  al. might be due to the differences 
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in cohort size, which was much smaller in both stud-
ies compared to our study. We therefore concluded that 
nuclear β-Catenin accumulation is not only detect-
able in FAP carcinomas but already in FAP adenomas. 
Moreover, the highly significant correlation (p = 0.001) 
between nuclear β-Catenin and nuclear ARC suggested 
that ARC might be regulated by β-Catenin not only in 
AML-cells but also in FAP adenomas [14].

MMR deficiency was only detected in a few indi-
vidual adenomas, which is consistent with the results 
from another study [52]. It can therefore be assumed 
that acquired MMR deficiency in FAP adenomas is very 
rare. Because the number of patients in this study with 
MMR deficiency was so small, it was not possible to con-
duct a more precise analysis of a correlation with nuclear 
and cytoplasmic ARC. However, it was noticeable that 
the average age of the patients with MMR deficiency 
(42.0 years) was higher than that of the patients without 
MMR deficiency (33.2 years). An age-dependent increase 
in the risk of MMR deficiency, as described for somatic 
cells [53], might therefore also occur independently of 
the existing FAP.

Conclusions
The results of our study demonstrated both cytoplasmic 
and nuclear ARC overexpression in FAP adenomas. The 
highly significant correlation between nuclear ARC and 
nuclear β-Catenin also suggested that ARC might be 
transcriptionally regulated by β-Catenin in FAP adeno-
mas. Because of its further positive correlations with p53, 
Bcl-2 and COX-2, nuclear ARC might play a substantial 
role not only in carcinomas but also in precursor lesions. 
However, further studies on the intracellular distribution 
of ARC are now required in order to investigate the dif-
ferent intracellular effects of ARC expression on precur-
sor lesions and lesions with a higher grade of dysplasia.
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