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ARTICLE INFO ABSTRACT

Background: Abnormal DNA damage response (DDR) leads to genomic instability and carcinogenesis. P53-
binding protein 1 (53 BP1), a DDR molecule, is known to accumulate at the sites of DNA double-strand breaks.
The aim of this study was to analyze the expression pattern of 53 BP1-nuclear foci (NF) in esophageal neoplasms
in order to visualize the state of DDR in esophageal carcinogenesis and to clarify its significance in the molecular
pathology of the disease.

Methods: A total of 61 lesions from 22 surgically resected samples of esophageal cancer, including histologically
normal squamous epithelium, low-grade intraepithelial neoplasia (LG-IN), high-grade intraepithelial neoplasia
(HG-IN), carcinoma in situ (CIS), and invasive squamous cell carcinoma (SCC), were included in the study. 53
BP1 and Ki-67 expression were analyzed by double-labeled immunofluorescence.

Results: The number of discrete 53 BP1-NF increased as the tumor progressed from normal epithelium through
LG-IN, HG-IN, CIS, and SCC. 53 BP1-NF larger than 1 um in diameter (large foci), indicating intensive DDR, also
showed a stepwise increase during the progression of carcinogenesis. Of note, large foci of 53 BP1 were found in
significantly higher numbers in HG-IN than in LG-IN. Furthermore, localization of 53 BP1-NF in Ki-67-positive
cells, indicating the abnormal timing of DDR, also increased with malignancy progression.

Conclusions: 53 BP1-NF accumulation increases during cancer progression from LG-IN to HG-IN to CIS to SCC.
Detection of 53 BP1-NF by immunofluorescence, especially large foci, is a feasible method of estimating DNA
instability and the malignant potential of esophageal intraepithelial neoplasia.
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esophageal SCC is considered a multistep process that progresses from
normal squamous epithelium to intraepithelial neoplasia to carcinoma

1. Introduction

Esophageal cancer is the sixth most common cause of cancer-related
deaths worldwide [1]. There are two major subtypes of esophageal
cancer: squamous cell carcinoma (SCC) and adenocarcinoma. While
adenocarcinomas are prevalent in western countries, SCC is more
common in Asian countries, such as Japan. The development of

[2], a process that has been genetically confirmed by whole-genome
sequencing (WGS) [3]. Intraepithelial neoplasia in the esophagus is
further classified into low-grade intraepithelial neoplasia (LG-IN) and
high-grade intraepithelial neoplasia (HG-IN); LG-IN refers to when the
neoplasia occupies less than half of the epithelium, whereas HG-IN

Abbreviations: NF, nuclear foci; LG-IN, low-grade intraepithelial neoplasia; HG-IN, high-grade intraepithelial neoplasia; CIS, carcinoma in situ; SCC, squamous cell
carcinoma; BRCT, BRCA1 C-terminus; DSBs, DNA double-strand breaks; LF, large foci; FFPE, formalin-fixed paraffin-embedded; ANOVA, analysis of variance; ROC,
receiver operating characteristic; WGS, whole-genome sequencing; DDR, DNA damage response; GIN, genomic instability; 53 BP1, P53-binding protein 1
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refers to lesions involving more than half of the epithelium (WHO
classification, 2010) [2]. When the full thickness of the epithelium is
involved, it is classified as carcinoma in situ (CIS). HG-IN, CIS, and early
SCC limited to the lamina propria are suitable for endoscopic treatment
[4,5]. As the prognosis of advanced esophageal SCC is poor, it is of
clinical interest to detect lesions suitable for treatment during the early
phase. Identifying the extent of DNA damage response (DDR) occurring
during SCC development may provide beneficial implications for early
diagnosis and identifying appropriate therapeutic strategies.

Genomic instability (GIN) is thought to play an essential role in
cellular transformation during SCC pathogenesis [3]. Tumor protein-
53-binding protein 1 (53 BP1) is a large (350 kD) multi-domain protein
that belongs to a family of evolutionarily conserved DDR proteins with
BRCA1 C-terminus (BRCT) domains [6-9]. 53 BP1 is a nuclear protein
that localizes rapidly to sites of DNA double-strand breaks (DSBs) and
activates p53, along with other kinases [8,10-14]. Activated kinases
play a critical role in DDR, including, the induction of cell cycle arrest,
DNA repair, and apoptosis [15,16]. 53 BP1 has also been well described
as a marker for DDR. It has been well documented (viaimmuno-
fluorescence) that 53 BP1 exhibits diffuse nuclear expression in un-
treated primary cells and is localized at DSB sites, forming discrete
nuclear foci (NF) after radiation exposure in vitro [8,10,17,18]. In ad-
dition to activation by exogenous stimuli, 53 BP1 also forms NF during
endogenous DDR during malignant transformation. Since GIN is trig-
gered by intensive endogenous DDR [19,20], 53 BP1 expression can
serve as a potential marker for estimating the level of GIN. We pre-
viously demonstrated a correlation between the appearance of 53 BP1
and the malignant potential of human tumors, including thyroid [21],
skin [22], and uterine cervical cancers [23]. It appears that the pre-
sence of 53 BP1-NF larger than 1.0 um in diameter (large foci: LF) re-
presents prolonged DDR and is closely associated with a higher level of
cervical carcinogenesis [23]. In the current study, we attempted to
clarify the utility of 53 BP1 expression as a molecular marker of DNA
instability in esophageal squamous neoplasms.

2. Material and methods
2.1. Patients and histological evaluation

This study was conducted retrospectively in accordance with the
Declaration of Helsinki and was approved by the Institutional Ethical
Committees for Medical Research at Nagasaki University (approval
date: July 24, 2015; #15,062,617).

A total of 61 lesions from 22 surgically resected, formalin-fixed,
paraffin-embedded (FFPE) esophageal cancer tissues were selected for
the study; these included (1) normal squamous epithelium without
nuclear or cellular atypia outside the margin of the tumor (12 sites), (2)
LG-IN (9 sites), (3) HG-IN (9 sites), (4) CIS (12 sites), (5) surface lesions
of SCC (within 1000 um of the tumor surface, 9 sites), and (6) deep
lesions of SCC (invasive front of the tumor, 10 sites; Table 1). Two
pathologists independently confirmed the diagnosis. When there was a
difference in opinion, the final diagnosis was made after discussing and

Table 1
Summary of subjects used in this study.

Histological type n Sex [M/ Mean age [years p53 positive rate
F] (range)] (%)

Normal 12 10/2 71 (54-79) 0

LG-IN 9 9/0 70.5(63-76) 11.1

HG-IN 9 8/1 71 (54-78) 55.6

CIS 12 12/0 69 (54-79) 58.3

SCC(surface) 9 9/0 69 (62-79) 33.3

SCC(deep) 10 10/0 70 (54-79) 20.0

LG-IN: low-grade intraepithelial neoplasia, HG-IN: High-grade intraepithelial
neoplasia, CIS: carcinoma in situ, SCC: squamous cell carcinoma.
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considering the structural atypia (cell density, cell differentiation, and
cell polarity) and cell atypia (nucleus size, nuclear irregularity, amount
of nuclear chromatin, polarity, clarity of nucleolus, nucleus/cytoplasm
ratio, and abnormal mitosis). Representative images of the normal
esophageal epithelium, LG-IN, HG-IN, CIS, and invasive SCC are shown
in Supplementary Fig. 1. P53 expression was assessed by im-
munohistochemistry to assure histological diagnosis.

2.2. Immunohistochemistry

2.2.1. Immunofluorescence analysis of 53 BP1

53 BP1-NF formation and expression of Ki-67 were assayed using
double-labeled immunofluorescence to assess the extent of DDR. After
antigen retrieval by exposure to microwaves in citrate buffer, depar-
affinized sections were pre-incubated with 10% normal goat serum.
Tissues were then incubated with a mixture of rabbit anti-53 BP1
(1:200; Catalog No.A300-272A, Bethyl Laboratories, Montgomery, TX,
USA) and monoclonal mouse anti-Ki-67 (MIB-1; 1:50; Catalog
No.M7240, Dako, Jena, Deutschland) antibodies, followed by incuba-
tion with a mixture of Alexa Fluor 488-conjugated goat anti-rabbit and
Alexa Fluor 546-conjugated goat anti-mouse antibodies (Invitrogen,
Carlsbad, CA, USA). Specimens were counterstained with DAPI-I (Vysis,
Downers Grove, IL, USA) and then analyzed and imaged using a high
standard all-in-one fluorescence microscope (Biorevo BZ-9000;
Keyence, Osaka, Japan). Five fields were observed for each sample at a
magnification of 1000 X . Samples were classified into three groups
based on 53 BP1 expression, as described in previous studies (Fig. 2)
[21,23-25]. Stable or weak staining of 53 BP1 in the nucleus was de-
fined as a stable type, discrete NF as unstable type, and discrete NF
larger than 1.0uM in diameter as LF type. Next, we calculated the
percentage of epithelial nuclei with different levels of 53 BP1 expres-
sion. In selected samples, the percentage of 53 BP1-NF-containing nu-
clei in Ki-67-positive cells was also calculated.

2.2.2. Immunohistochemistry of p53

For the assessment of p53 expression, 4-um-thick sections were cut
and mounted on a silane-coated glass slide, deparaffinized, and soaked
for 15min at room temperature in 0.3% H,0,/methanol to block en-
dogenous peroxidases. Immunostaining was performed with mouse
anti-p53 monoclonal antibody (DO7; 1:50; Catalog No.M7001, Dako) at
4 °C overnight. The primary antibody was visualized using the Histofine
Simple Stain MAX-PO(M) Kit (Nichirei, Tokyo, Japan) according to the
manufacturer’s instructions. The slide was then counterstained with
hematoxylin. Lesions, in which all or most cells showed dark brown-
nuclear staining, were considered positive [26]. All samples were ob-
served at a magnification of 400 x . Samples with 10% or higher
staining for p53 in the nucleus were considered p53-positive.

2.3. Statistical analyses

Differences between diagnosis for 53 BP1-NF, LF, and 53 BP1-foci in
Ki-67-positive nuclei were assessed by analysis of variance (ANOVA)
and Tukey’s multiple comparison tests. Receiver operating character-
istic (ROC) analysis was performed for evaluating differences between
LG-IN and HG-IN. Youden index was used to identify optimal cut-points
on the ROC curve. Differences between clinicopathological parameters
for 53 BP1-foci, LF, and 53 BP1-foci in Ki-67-positive nuclei were as-
sessed either by two-tailed Student’s t-test, ANOVA, or the coefficient of
correlation. P-values < 0.05 were considered statistically significant.
Analyses were performed using the GLM, LOGISTIC, TTEST, and CORR
tests in the SAS software package (version 9.4; SAS Institute, Inc., Cary,
NC, USA) .
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Fig. 1. Representative image of p53 immunohistochemistry. (a) Normal epithelium, (b) LG-IN, (c) HG-IN, (d) CIS, (e) surface, and (f) invasive front of SCC.

3. Results
3.1. Expression of p53 and total 53 BP1 in esophageal lesions

To confirm the accuracy of pathological diagnosis, p53 expression
was first assessed in normal epithelium, LG-IN, HG-IN, and CIS samples
(Fig. 1, Table 1). Normal epithelium did not exhibit p53 expression,
whereas the basal layers of LG-IN were positive for p53 (11.1%). HG-IN
showed p53 staining from the basal layers to the surface of the epi-
thelium (55.6%), and a similar p53 expression pattern was observed in
CIS (58.3%), consistent with the enhanced expression of mutated p53
during carcinogenesis.

We then examined the difference in GIN between normal epithe-
lium, LG-IN, HG-IN, CIS, and SCC using 53 BP1 as a marker for DDR
(Fig. 3). Interestingly, the pathologically normal epithelium showed a
modest expression of 53 BP1-NF (16.1%), even though it was negative
for p53 expression. Meanwhile, 53 BP1 expression in LG-IN (31.0%)
was significantly higher than in normal esophagus (P = 0.0107;
Table 2). In LG-IN, 53 BP1-NF expression was observed in the lower half
of the epithelium, which was similar to the p53 expression pattern in
the same area (Fig. 4). 53 BP1 expression levels increased as the tumor
progressed; with normal squamous epithelium showing 16.1%

expression of 53 BP1-NF, which increased to 31.0% in LG-IN, 34.5% in
HG-IN, 35.2% in CIS, and 41.7% on the surface lesion of invasive SCC
(P = 0.0002; Table 2). The 53 BP1-NF expression rate was lower in the
deep SCC lesions than on the surface of the tumor (Table 2), suggesting
a lack of DNA damage repair in progressive states of SCC.

3.2. Expression of 53 BP1 LF in esophageal lesions

53 BP1 LF are larger than 1 um in diameter and represent sites of
intensive GIN. Previous observations suggested that LF represents an
extreme aggregation of 53 BP1 at sites of DNA damage with incomplete
repair [23]. Normal esophageal epithelium showed minimal expression
of discrete 53 BP1 LF, whereas the number of LF increased with ma-
lignant progression of neoplasia (Table 2, Fig. 5). Histological staging of
tumor progression from normal epithelium to SCC (surface) sig-
nificantly correlated with the number of 53 BP1-LF (P < 0.0001,
Table 2). Furthermore, a statistically significant increase in 53 BP1-LF
expression was observed between normal/LG-IN vs. HG-IN/CIS/SCC
(P = 0.0107), suggesting increased GIN in HG-IN compared with LG-IN.
In contrast, there was no statistically significant difference in 53 BP1-LF
expression between HG-IN and CIS, or CIS and invasive SCC.

Fig. 2. Representative image of 53 BP1 nuclear expression. (a) Stable type: no expression or slightly diffuse; (b) unstable type : discrete 53 BP1-nuclear foci (NF);

and (c) large focus (LF) type: discrete NF larger than 1.0 pm.
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Fig. 3. Representative image of double-label immunofluorescence staining of 53 BP1 and Ki-67 in the esophageal epithelium. 53 BP1: green, Ki-67: red. (a)
Normal epithelium, (b) LG-IN, (c) HG-IN, (d) CIN, and (e) surface and (f) invasive front of SCC.

3.3. Expression of 53 BP1 in Ki-67-positive esophageal epithelium

We next assessed the expression pattern of 53 BP1 in combination
with Ki-67 staining. Since DDR occurs during the GO phase under
physiological conditions, 53 BP1 expression during the growth phase
(Ki-67-positive cells) suggests unregulated DDR [23]. We found in-
creased 53 BP1-foci in Ki-67-positive nuclei during tumor progression
from normal epithelium to SCC (P = 0.0019; Table 2). These results
suggest that not only the number of 53 BP1-NF increase during epi-
thelial carcinogenesis but that abnormally timed DDR increased as well.

3.4. Distinguishing LG-IN and HG-IN using 53 BP1 as a marker

Based on our observations, we tested the possibility of distin-
guishing LG-IN and HG-IN via—53 BP1 immunostaining. Total 53 BP1-
NF and 53 BP1-NF in Ki-67-positive nuclei rates were unable to dis-
tinguish between LG-IN and HG-IN, although both showed an in-
creasing tendency during carcinogenesis (Table 2). On the other hand,
our analysis revealed that when the cut off value was set to an LF ex-
pression rate of 7.762%, the sensitivity and specificity of distinguishing
between the two groups was 1.000 and 0.556, respectively (Fig. 5).
When the cut off value was set to an LF expression rate of 6.49%, the
sensitivity and specificity were 0.8889 and 0.6667, respectively.

Table 2
Focus pattern of 53 BP1 in the esophageal epithelium carcinogenesis process.

3.5. Association between the type of 53 BP1/Ki-67 expression and
clinicopathological factors

The association between the overall proportion of 53 BP1-NF, LF,
and Ki-67-positive cells, as well as 53 BP1-NF in Ki-67-positive cells
with the clinicopathological factors including patient age, tumor loca-
tion, differentiation of the tumor, TNM stage, lymph node metastasis,
distant metastasis, lymphatic invasion, and vascular invasion were
analyzed. When all 61 lesions from 22 surgically resected cases were
examined, the rate of LF was positively associated with age (Coefficient
of correlation = 0.251, P = 0.0488), but not with other factors. When
limited to SCC (surface), the rate of LF and 53 BP1-NF in Ki-67-positive
cells tended to decrease as the tumor cells turned from well-differ-
entiated to moderately- or poorly-differentiated carcinoma, although
the differences were not statistically significant (P = 0.0764 and
P = 0.0967, respectively, by ANOVA). Expression of 53 BP1 was not
influenced by any of the TNM factors, although the number of Ki-67-
positive cells was significantly higher in the cases that presented with
lymphatic invasion compared to those without lymphatic invasion
(P = 0.0382, by t-test).

4. Discussion

The present study used 53 BP1 expression levels to demonstrate

Histological type n  Counted Stable type Unstable type P-value ° LF type (%) P-value " Ki-67-positive cells 53 BP1 foci in Ki-67-positive
nuclei (%) (%) (%) cells (%)

Normal 12 5737 83.9 16.1 } 0.0107 0.9 22.7 5.6

LG-IN 9 5801 69.0 31.0 4.1 } 0.0065 26.2 10.7

HG-IN 9 6908 65.5 34.5 9.8 28.1 11.8

CIS 12 9041 64.8 35.2 10.5 40.5 15.9

SCC(surface) 9 4862 58.3 41.7 } 0.0371 11.1 } 0.0003 41.3 19.2

SCC (deep) 10 6832 74.9 25.1 3.5 34.0 8.8

P-value® 0.0002 < 0.0001 < 0.0001 0.0019

53 BP1: p53-binding protein 1, LG-IN: low-grade intraepithelial neoplasia, HG-IN: High-grade intraepithelial neoplasia, CIS: carcinoma in situ, SCC: squamous cell

carcinoma, LF: large foci.
@ Assessed by analysis of variance (ANOVA).
> Assessed by Tukey’s multiple comparison test.
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Fig. 4. Expression pattern of p53 and 53 BP1 in an LG-IN. (a) Immunohistochemistry of p53. (b) Double-label immunofluorescence staining of 53 BP1 (green) and

Ki-67 expression (red).

distinct DNA damage patterns during esophageal carcinogenesis
(Fig. 6). We found that the number of discrete 53 BP1-NF—a cytological
marker of GIN [19]—in esophageal epithelium progressively increased
as the tumor progressed from normal epithelium through LG-IN, HG-IN,
CIS, and finally SCC. 53 BP1 is classified as an adaptor/mediator within
the DDR mechanism, which is required for processing of the DDR signal
and as a platform for the recruitment of other repair factors [27].
During physiological DNA repair, 53 BP1-NF disappear once the da-
mage is fixed. However, the dysfunction of down-stream mediators of
DNA repair induces 53 BP1 accumulation at the DNA damage site. Thus
the formation of 53 BP1-LF is thought to indicate failure or prolonged
inability to efficiently recover from DSB generation [23]. Our results
are consistent with those of a recent study by Liu et al. [2], wherein
WGS data and immunofluorescence were compared, and the number of
genetic mutations in esophageal neoplasia was found to be positively
associated with yH2AX, which is a DDR marker.

In the current study, 53 BP1-NF were observed in 16% of the
morphologically normal epithelium, although LF type of 53 BP1 was
rarely detected. The esophagus is consistently exposed to stimulation
from food, beverages, alcohol, and tobacco. 53 BP1-NF expression in

25 4

20 4

i

Fmmm e — =4

the tumor-free area may represent physiological DDR in these circum-
stances, especially in patients who have esophageal SCC. Further stu-
dies are required to elucidate the differences in 53 BP1 expression in
non-neoplastic lesions between healthy subjects and patients with SCC.
It has been suggested that HG-IN, as well as CIS, should be subjected to
endoscopic treatment [5]. Furthermore, according to the most recent
Japanese guideline on esophageal carcinoma, HG-IN is histologically
defined as a CIS [5]. Notably, our findings demonstrated that the
number of discrete 53 BP1-NF in the esophageal epithelium was sig-
nificantly different between LG-IN and HG-IN, but not between HG-IN
and CIS. Thus, our findings support the abovementioned treatment
approach as the DDR of HG-IN and CIS showed similar patterns that are
distinct from LG-IN.

Ki-67, expressed during all cell cycle stages except GO, is a widely
used marker of cell proliferation [28,29]. In the present study, the
number of 53 BP1-NF in Ki-67-positive cells also increased as the tumor
progressed from normal epithelium through LG-IN, HG-IN, CIS, in-
dicating a decrease in physiological DDR and an increase in patholo-
gical DDR. These findings support previous observations regarding the
accumulation of GIN during carcinogenesis [23,25]. Our study suggests

Fig. 5. The utility of 53 BP1-LF in distin-
guishing between LG-IN and HG-IN ex-
amined via Fisher’s test. The solid line in-
dicates the cut off LF expression rate of
7.762%; sensitivity and specificity for distin-
guishing LG-IN (n =9) and HG-IN (n=9)
were 1.000 and 0.556, respectively. The dotted
line indicates an LF expression rate of 6.49%;
sensitivity and specificity for distinguishing
between LG-IN and HG-IN were 0.8889 and

I

0.6667, respectively.

Percentage of LF(%)

[Rp——
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Fig. 6. Schematic representation of 53 BP1 expression in esophageal squamous cell neoplasms, and the proposed degree of genomic instability. 53 BP1-foci
accumulate in LG-IN and continue to increase in number during progression to SCC, indicating increased stepwise genomic instability. Large foci, an indicator of
intensive genomic instability, increase significantly in HG-IN/CIS. Once the tumor reaches an invasive state, the ability to respond to DDR is lost, leading to decreased

53 BP1 expression.

that DDR - represented by the accumulation of 53 BP1-NF — may have
already occurred at the precancerous stage during esophageal carci-
nogenesis. In addition, increased GIN based on a disrupted DDR, in-
dicated by the co-localization of 53 BP1 and Ki-67, may allow further
accumulation of other genomic alterations, triggering progression to
invasive cancer through the acceleration of cell growth/replication
stress [3,23].

Furthermore, the proportion of 53 BP1-NF- and 53 BP1-NF in Ki-67-
positive cells tended to decrease in deep SCC lesions, which is in line
with our previous observations on cervical malignancy [23]. The exact
mechanism for this phenomenon requires further investigation, al-
though studies have shown genetic and epigenetic intra-tumor hetero-
geneity in esophageal neoplasms [30,31]. The physiological DDR
pathway in invasive tumors is impaired, enabling these tumors to es-
cape DNA repair and apoptosis induction [32]. Therefore, we speculate
that cells at the tumor front that exhibit invasive patterns lack the
ability to respond to DNA damage, possibly indicating increased GIN
and more aggressive phenotypes (Fig. 6).

Further studies are required to elucidate the molecular mechanism
underlying the uncoupling of cell cycle progression in the event of in-
creased DNA damage during advanced phases of carcinogenesis.

5. Conclusions

Our study demonstrated a stepwise increase in 53 BP1-NF during
carcinogenesis. We also revealed the difference in GIN between LG-IN
and HG-IN based on 53 BP1-LF expression. As 53 BP1-NF reflects DNA
DSBs, we hypothesize that it represents the level of GIN in squamous
cell neoplasms in the esophagus.
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