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Analysis for type of 53BP1 nuclear
expression by immunofluorescence
as an indicator of genomic
Instability in oropharyngeal
squamous epithelial lesions

Hideaki Nishi*, Katsuya Matsuda®*, Mariko Terakado?, Hisayoshi Kondo?, Yoshihiko Kumai®
& Masahiro Nakashima?*’

A subset of oropharyngeal squamous cell carcinoma (OPSCC) is caused by the high-risk human
papilloma virus (HPV), which expresses p16'N42 immunoreactivity. Dual-color immunofluorescence (IF)
analysis of TP53 binding protein-1 (53BP1) and a proliferative indicator, Ki-67, to elucidate genomic
instability (GIN) in tumor tissues revealed that abnormal 53BP1 expression is closely associated with
carcinogenesis in diverse organs. We have previously demonstrated that the number of 53BP1 nuclear
foci (NF) in cervical cells increases with cancer progression. The distribution of 53BP1 NF was similar
to that of punctate HPV signals, as determined by in situ hybridization, and the pattern of p16/NK42
overexpression. The present study aimed to confirm the type of 53BP1 expression using dual-color IF
as an indicator of GIN in oropharyngeal squamous epithelial lesions, including HPV-dependent and
-independent OPSCC. This study identified significant differences in the nuclear expression of 53BP1
between benign oropharyngeal epithelial lesions and OPSCC, and between HPV-dependent and
HPV-independent OPSCC. We concluded that the incidence of abnormal 53BP1 expression in OPSCC

is significantly associated with stage classification and overall survival. Therefore, double IF analysis of
53BP1 and Ki-67 expression may be a useful tool for estimating the malignant potential and prognosis
of OPSCC.
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Oropharyngeal squamous cell carcinoma (OPSCC) is a type of head and neck cancer that affects the oropharynx,
which includes the soft palate, uvula, palatine tonsils, posterior third (base) of the tongue, and posterior wall of
the pharynx. OPSCC arises in the surface squamous mucosa, most commonly the tonsil (lateral wall)!. Because
of evidence that an increasing percentage of cases of OPSCC is caused by high-risk human papillomaviruses
(HPV), the 4th edition of the WHO classification of tumors of the oropharynx classifies OPSCC into HPV-
dependent and HPV-independent subtypes?. p16™NK4? expression, analyzed using immunohistochemistry (IHC)
studies, can be used as a surrogate marker for high-risk HPV as well as uterine cervical squamous lesions. In
pathological practice, a lesion is classified as HPV-dependent OPSCC when p16™¥4 is found to be expressed in
more than 70% of tumor cells on both nuclear and cytoplasmic staining’.

Clinicopathologically, there are several critical differences between the two subtypes. HPV-dependent
OPSCC mainly affects the tonsillar crypts, is caused by high-risk HPV types 16 and 18, most commonly presents
with basaloid features with no squamous differentiation, and is associated with an overall favorable prognosis
despite early local lymph node metastasis®. In HPV, early genes 1 (E1) and E2 activate viral replication, and
oncoproteins encoded by genes E6 and E7 inactivate p53 and pRb tumor suppressor functions, respectively,
promoting cellular proliferation and increasing the chance of malignancy®. In contrast, HPV-independent
OPSCC most commonly arises on the surface mucosa of the soft palate (superior wall) and shows the typical
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n | Median age + SD (range) | Male/Female | Smoker Drinker
OPID 12 | 57.0+8.0 (41-69) 5/7 3 (25%) 4(33.3%)
OPBT |4 |585+3.4(52-59) 2/2 2 (50%) 0
OPSCC | 24 | 72.5+8.3 (54-88) 19/5 17 (70.8%) | 16 (77.8%)

Table 1. Profiles of evaluated cases. SD: standard deviation; M: male; F: female; OPID: oropharyngeal
inflammatory diseases; OPBT: oropharyngeal benign tumor; OPSCC: oropharyngeal squamous cell carcinoma.

Fig. 1. Representative histological (hematoxylin and eosin-stained) images of oropharyngeal epithelial lesion.
(A) Oropharyngeal inflammatory diseases. (B) Oropharyngeal benign tumor. (C) Oropharyngeal squamous
cell carcinoma. The scale bars indicate 100 pum.

morphology of conventional keratinizing squamous cell carcinoma (SCC) at any site!. The incidence of HPV-
independent OPSCC is associated with chronic injury owing to tobacco smoking, heavy alcohol use, and poor
oral hygiene, inducing the abrogation of DNA repair mechanisms and p53 mutations®. Overall survival at 3 years
for HPV-independent OPSCC is reported as 57%’.

TP53-binding protein 1 (53BP1), which belongs to the family of evolutionarily conserved DNA damage
response (DDR) molecules, rapidly localizes at the sites of DNA double-strand breaks®® to activate the non-
homologous end-joining repair machinery by working with other DDR molecules'®3. Genomic instability
(GIN), which is considered an important hallmark of malignant tumors, is occasionally evident in the
precancerous stage of carcinogenesis!*"1’. Given that the induction of endogenous DDR is a characteristic
manifestation of GIN®, we propose that the measurement of 53BP1 expression can be a useful tool for estimating
the level of GIN as well as the malignant potential of human tumors'®-2°. We have previously demonstrated that
the number of 53BP1 nuclear foci (NF) in uterine cervical cells increases with cancer progression'®. Furthermore,
the distribution of 53BP1 NF in uterine cervical cells was similar to that of punctate HPV signals, as determined
by in situ hybridization and the pattern of p16™K4 overexpression. These findings indicate that 53BP1 NF
are associated with viral infection and replication stress. Dual-color immunofluorescence (IF) can be used to
analyze 53BP1 expression, which in turn can be a useful indicator of GIN levels during cervical carcinogenesis's.

In a previous study, we had used IF to show that 53BP1 expression, including the number of NF that reflect
endogenously occurring DDR, is altered during diverse tumorigenesis'®-2°. In the current study, we analyzed
53BP1 expression using dual-color IF of 53BP1 and Ki-67 as a proliferative indicator in OPSCC tissues to
estimate the level of GIN in oropharyngeal epithelial lesions, including HPV-dependent and -independent
OPSCC. The present study identified significant differences in the nuclear expression of 53BP1 between benign
oropharyngeal epithelial lesions and OPSCC, and HPV-dependent and HPV-independent OPSCC. We conclude
that the incidence of abnormal 53BP1 expression in OPSCC is significantly associated with stage classification
and overall survival (OS). This method can be an additive indicator to estimate OS of OPSCC with IHC for
p16™K4 expression.

Results

53BP1 expression in oropharyngeal squamous epithelial lesions

The clinical profiles of participants with oropharyngeal squamous epithelial lesions in this study are summarized
in Table 1, and representative histological images of the oropharyngeal lesions are shown in Fig. 1. Representative
images of 53BP1 expression obtained using dual-color IF are shown in Fig. 2. The results of IF analyses of
53BP1 expression in oropharyngeal squamous epithelial lesions are shown in Table 2, and representative images
are shown in Fig. 3. The histological type of the oropharyngeal squamous epithelial lesion was significantly
associated with both abnormal type 53BP1 expression and abnormal DDR type (p <0.0001). In oropharyngeal
inflammatory disease (OPID) cases, 88.9% of nuclei had stable type 53BP1 expression and only 3.2% of nuclei
had abnormal type 53BP1 expression. Similarly, 86.0% of nuclei in oropharyngeal benign tumor (OPBT) cases
showed stable expression, and 8.6% showed abnormal type 53BP1 expression. However, in OPSCC cases, 55.9%
of nuclei had stable type and 31.4% of nuclei had abnormal type 53BP1 expression. The incidence of abnormal
DDR type (53BP1 NF in Ki-67-positive cells) was also significantly higher in OPSCC (14.8%) than in OID
(1.5%) and OBT (3.1%) (p <0.0001).
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Abnormal S3BP1 expression type

Abnormal DDR type

Fig. 2. Types of TP53-binding protein 1 expression (green) studied using dual-color immunofluorescence
analysis with Ki-67 expression (red). (A & F) Stable DNA damage response (DDR) type—no or faint nuclear
staining. (B & G) low DDR type—one or two discrete nuclear foci (NF). (C & H) high-DDR type—three

or more discrete NE (D & I)—large NF type, discrete NF larger than 1.0 um. (E &J) diffuse type, intense
heterogeneous nuclear staining. The incidence of high DDR, large foci, or diffuse types in the nuclei is
considered as abnormal type 53BP1 expression!#21:2#26, The incidence of colocalization of 53BP1 and Ki-67
expression (G-J) in nuclei is considered as abnormal DDR type. Because it is well known that DSBs induce cell
cycle arrest, apoptosis, and/or senescence-like change, suggesting that 53BP1 NF should be normally induced
in non-cycling cells***!. Scale bars indicate 2 pm.

53BP1 expression in OPSCC based on p16'N¥42/p53 expression

IHC studies revealed p16™X4 expression and p53 expression in 14 (58.3%) and nine (37.5%) out of 24 OPSCC
cases, respectively. Among these cases, two cases (8.3%) exhibited both p16™¥4? and p53 immunoreactivity, three
cases (12.5%) exhibited neither p16™X4 nor p53 immunoreactivity, 12 cases (50%) exhibited immunoreactivity
only for p16™&4 (p16™NK4_gingle positive), and seven cases (29.2%) exhibited immunoreactivity only for p53
(p53-single positive). The number of OPSCC cases based on p16™K43/ p53 expression results obtained using
THC is shown in Table 3.

The incidence of abnormal type 53BP1 expression was significantly higher in p53-single positive cases
(38.4%) than in p16™X4_single positive cases (22.7%) (p < 0.001) (Fig. 4A). Similarly, the incidence of abnormal
DDR type was significantly higher in p53-single positive cases (42.7%) than in p16™X4_single positive cases
(29.5%) (p<0.001) (Fig. 4B). Images of 53BP1 expression in each single case of combined p16™X4_positive/
p53-negative and p16™N¥42_negative/ p53-positive OPSCC are shown in Fig. 5.

53BP1 expression in OPSCC based on stage classification

Stage classification was performed for 19 OPSCC cases comprising 12 p1 -single positive cases and seven
p53-single positive cases (Table 3) by according to the 8th edition the American Joint Committee on Cancer
(AJCC) staging manual®”. Overall, there were five cases of Stage 0 or I, four cases of Stage II, six cases of Stage
III, and four cases of Stage IV. The median incidence of abnormal type 53BP1 expression was 8.5% in Stage 0
or I, 30.6% in Stage II, 30.3% in Stage III, and 48.6% in Stage IV OPSCC cases (Fig. 6A). The median incidence
of abnormal DDR type was 12.7% in Stage 0 or I, 31.3% in Stage II, 41.1% in Stage III, and 54.3% and in Stage
IV OPSCC cases (Fig. 6B). The Cochran-Armitage trend test revealed that the median incidences of both
abnormal type 53BP1 expression and abnormal DDR type were significantly increased with stage progression
(p for trend <0.001).

6 INK4a

Overall survival (OS) in OPSCC based on p16'NK43/p53 expression and 53BP1 expression

The OS data was retrospectively obtained by assessing respective patient records, and compared between
pl6™¥%_single positive and p53-single positive cases (Fig. 7A). Both 3-year and 5-year OS of p16™K4_single
positive cases were 90.2%, while 3-year and 5-year OS of p53-single positive cases were 71.1% and 23.7%,
respectively. This difference was statistically significant (p <0.001).

Next, we focused on the incidence of abnormal type 53BP1 expression in oropharyngeal squamous epithelial
lesions as an indicator to distinguish OPSCC or a marker for the classification of OPSCC, and examined the ROC
curve. The area under the curve (AUC) value was 0.771 [95% confidence interval (CI), 0.494-1.000], suggesting
reliable detection of malignancy. When an AUC of 54.2% was adopted as the cutoff value to diagnose OPSCC,

Scientific Reports |

(2024) 14:27525 | https://doi.org/10.1038/s41598-024-77945-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

*(s8uer) uonjeIASp prepuels F uerpaw ased 1ad B[ONU pAJUN0y), ‘100§ a3re]
2177 ‘osuodsar aewrep YN YyS1y Yy @suodsar afewrep YN MO[ YT ‘ewoumdIed [[35 snourenbs eaufreydoro :)H§JO rown) uSruaq resSudreydoro ;1O ‘soseasip Arojewrurefyur
reaSufreydoro ;IO ‘9ousdsaronoUNUIWI ;] ‘SISA[eue J] Jo[od-[enp £q suorsa] rerpypide snourenbs [eaSufreydoro ur paarssqo uorssardxa (14g¢s) T urajoxd Surpuiq-¢sdT, jo sodA1, "z d[qel

(%L%1) (%T€) (%T¥) (%T€) (%1%) (%2CT) (%0°L€) (%¥1€) (%2°6) (%8¥1) (%S°L) (%L721) (%6°5S) (LSPT-T9%) .
(4443 60L ST6 669 606 £88% STI8 7069 S10T 9T €991 L8LT ¥8TTI 78T F 688 se6Tc| ¥y 008dO
(%1°¢) (z0) (%L£°0) (%8°0) (%¥'1) (%¥'61) (%5°7T) (%9°8) (%L°1) (%€°%) (%97) (%¥°S) (%0°98) (8801-195) e . L4240
601 8 9T 8¢ L vL9 €8L 66T 65 ST 68 881 766 STTFSI6
(%¥'1) (%1°0) (%1°0) (%C0) (%0°T) (%T1°L1) (%S°8T) (%T°€) (%S°0) (%C'1) (9%5°1) (%6°L) (%6'88) (08Z1-95%) 0616 - a6
el 6 €1 81 6 6951 €0L1 86T 0s 011 8¢l 9TL PLI8 01TFSEL
AAd [euouqy | dsnpIq 41| ¥AQH| IAAT 3qels | rPpnudAnIsod-£9-1] 1ddes [ewouqy | asnyIq 41| ddaH qaat 3[qeIs I o) e0L, u
PPN 2anRIsod-£9-1) ut uorssaxdxa 1g¢s Jo adAT, PPNU [[e ur uorssaxdxs 1ges Jo ad4g, BPNU pajuno)

nature portfolio

| https://doi.org/10.1038/s41598-024-77945-y

(2024) 14:27525

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 3. Dual-labeled immunofluorescence of TP53-binding protein 1 (green) and Ki-67 (red) expression in
oropharyngeal epithelial lesions. (A) Oropharyngeal inflammatory disease. (B) Oropharyngeal benign tumor.
(C) P16™X%_positive oropharyngeal squamous cell carcinoma (OPSCC). (D) P16™NK43_negative OPSCC. The
scale bars indicate 10 pum.

P53 positive | P53 negative
P16 positive |2 (8.3) 12 (50%) 14 (58.3%)
P16 negative |7 (29.2%) 3 (12.5%) 10 (41.7%)
9 (37.5%) 15 (62.5%) 24 (100%)

Table 3. Case number of oropharyngeal squamous cell carcinoma based on p16/p53 expressions by
immunohistochemistry.
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Fig. 4. Comparison of median incidences of abnormal TP53-binding protein 1 (53BP1) expression in
p16™K4_dependent and -independent oropharyngeal squamous cell carcinoma (OPSCC). OPSCC **p < 0.001
by chi-square test. White square indicates the mean value.

Scientific Reports|  (2024) 14:27525 | https://doi.org/10.1038/s41598-024-77945-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 5. Comparison of type of TP53-binding protein-1 (53BP1) (green) expression in a case of combined

p16™K4_positive/ p53-negative (upper panels) and p16™N%42_negative/ p53-positive (lower panels)

oropharyngeal squamous cell carcinoma. Abnormal type 53BP1 expression is significantly increased in lower
panels compared with that in upper panels. The scale bars indicate 10 pm.
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Fig. 6. Comparison of median incidences of abnormal TP53-binding protein 1 (53BP1) expression in
oropharyngeal squamous cell carcinoma based on the Stage classification (AJCC 8th edition). Cochran-
Armitage trend test revealed that median incidences of both abnormal type 53BP1 expression (A) and
abnormal DNA damage response (DDR) type (B) are significantly increased with stage progression. p-values
for trend < 0.001 by Cochran-Armitage test.

the sensitivity and specificity were 60% and 99.3%, respectively. Using the cutoff value mentioned above, we
divided the 24 cases of OPSCC into two groups, namely, low and high abnormal type 53BP1 expression, and
calculated OS. The results showed that 3-year and 5-year OS of low abnormal type 53BP1 expression group
were 93.8% and 80.0%, respectively, whereas those of high abnormal type 53BP1 expression group were 42.8%
and 42.7%, respectively (Fig. 7B). The differences for both 3-year and 5-year OS were statistically significant
(p<0.02).

Furthermore, the cutoff value was similarly estimated for the incidence of abnormal DDR. The AUC value
was 0.729 (95% CI, 0.447-1.000), suggesting reliable detection of OPSCC. When 56.0% was adopted as the cutoff
value to diagnose malignancy, the sensitivity and specificity were 60% and 99.3%, respectively. Using the cutoff
value calculated above, we divided the 24 cases of OPSCC into two groups, namely, low and high expression, and
calculated OS. The 3-year and 5-year OS of low expression group were 84.3% and 72.1%, respectively, whereas
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Fig. 7. Comparison of overall survival rate in p16'™N¥42_dependent and -independent oropharyngeal
squamous cell carcinoma (A) and based on median incidences of abnormal type TP53-binding protein 1
(53BP1) expression with the cutoff value of 54.2% (B). P16™X42_independent (p53-positive) cases show a
worse prognosis compared with p16™N¥4_dependent (p53-negative) cases. Cases exhibiting a high (> 54.2%)
abnormal type 53BP1 expression show a worse prognosis compared with those exhibiting a low (< 54.2%)
abnormal type 53BP1 expression. p-value <0.01 by log-rank test.

Factor [orR  [9s%cI

Type of 53BP1 expression by IF

Abnormal 53BP1 expression type >54% | 19.500 | (1.299, 292.750)
Abnormal DDR type > 56% 9.000 | (0.873,92.759)
P16NK% positive by IHC 0.068 | (0.005, 0.861)
P53 positive by IHC 14.667 | (1.161, 185.234)

Table 4. OR and 95% CI of respective factor for oropharyngeal squamous cell carcinoma-specific death
estimated by logistic regression model. OR: Odds ratio; CI: confidence interval; IF: immunofluorescence; DDR:
DNA damage response; IHC: immunohistochemistry.

both 3-year and 5-year OS of high expression group were 49.3%. This difference was not statistically significant
(p=0.234).

Odds ratio (OR) of each factor for OPSCC-specific death estimated by logistic regression
model

OR and 95% CI of each factor, such as types of 53BP1 expression and p16™%#/ p53 expression, for OPSCC-
specific death were estimated using a logistic regression model and the results are summarized in Table 4.
Statistical significance was detected between abnormal type 53BP1 expression, p16™K4 expression, and p53
expression. OR for the incidence of abnormal type 53BP1 expression (cutoff value, 54%) was largest among
these factors.

Discussion

This study provided results establishing the significance of 53BP1 expression as a histological indicator for
OPSCC in comparisons of OPID and OPBT, and p16™X4/ p53 expression in OPSCC. Our results clearly
demonstrated that both abnormal type 53BP1 expression and abnormal DDR type were significantly higher
in OPSCC than in OPID or OPBT. A higher incidence of nuclei showing abnormal type 53BP1 expression
(cutoff value 54.2%) could specifically (99.3%) distinguish OPSCC from other benign lesions, indicating the
significance of 53BP1 expression to estimate the malignant potential of oropharyngeal lesions. Our previous
studies have demonstrated a correlation between the nuclear expression of 53BP1 and the malignant potential
of human tumors, including SCC, such as skin?’, uterine cervical'®, esophageal®, and oral cancers?!. Thus, IF
analysis for type of 53BP1 expression can be a reliable histological indicator to estimate the malignant potential
of oropharyngeal squamous epithelial lesions, as well as squamous lesions at other sites.
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Furthermore, the present study revealed an increased incidence of both abnormal type 53BP1 expression
and abnormal DDR type in p53-single positive cases than in p16™NK4_single positive cases, suggesting a
higher level of GIN status in the HPV-independent p53-positive subtype than in the HPV-dependent p16™¥4a-
positive subtype. In a previous study, we had proposed that double IF analysis of 53BP1 and Ki-67 expression
could be a useful tool for estimating chromosomal instability, by detecting copy number alterations (CNA),
and thereby the malignant potential of urothelial tumors, using multicolored fluorescence in situ hybridization
(FISH)?!. In urothelial carcinoma (UC), a higher incidence of nuclei with abnormal 53BP1 expression plus
Ki-67 immunoreactivity (abnormal DDR type) indicated high-grade UC, which exhibited CNA, and p53
overexpression, and was p16™K43_negative. In contrast, low-grade UC exhibited p16™¥* immunoreactivity.
These characteristics allowed distinguishing high-grade UC from low-grade UC with 80% sensitivity and 100%
specificity?!. Taken together, the loss of normal p16™¥4? a5 a downregulator of replication stress and disruption
of p53 activity as a key effector in the DDR machinery were associated with malignant transformation and
progression, respectively, with GIN in HPV-independent OPSCC as well as high-grade UC.

Additionally, our cohort included three cases of HPV-independent p53-negative subtype as shown in Table
3. Profiles of these three cases were summarized in Supplementary Table S1. This result demonstrated that all
these cases were heavy smoker and drinker, advanced stage, and exhibited high levels of both abnormal type
of 53BP1 expression and abnormal DDR type. One case among them deceased by disease-specific cause. Thus,
HPV-independent cases seem to be associated with both smoking history and abnormal 53BP1 expression,
which should be a risk factor for poor prognosis regardless of status of TP53.

This study also demonstrated a stepwise increase in the incidence of nuclei exhibiting abnormal type 53BP1
expression and abnormal DDR types with advancing stages of OPSCC. When 54.2% was adopted as a cutoff
value in OPSCC, cases with a higher incidence of nuclei showing abnormal type 53BP1 expression exhibited
significantly worse OS. Additionally, our statistical analysis with a logistic regression model demonstrated that
abnormal type 53BP1 expression in OPSCC by dual-color IF was a strong risk factor for OPSCC-specific death
(OR, 19.500). Similarly, p53-positivity by IHC was revealed to be a strong risk factor for OPSCC-specific death
(OR, 14.667). Conversely, p16™&42 positivity in OPSCC by IHC (HPV-dependent subtype) was significantly
associated with a better prognosis (OR, 0.068).

The major limitation of this study is that it was retrospectively conducted in a single institute with a small
sample size. A prospective study with a larger cohort is required to recommend the procedures applied in this
study for routine diagnostic use. In spite of this limitation, this study provides evidence of endogenously occurring
DNA DSBs or altered DDR in oropharyngeal squamous epithelial lesions, similar to other malignancies at any
site!®-26. The type of 53BP1 expression, such as abnormal type 53BP1 expression and abnormal DDR type, is
associated with not only the malignant potential of oropharyngeal squamous epithelial lesions, but also the
subtype and prognosis of OPSCC, thereby influencing clinical management. It is currently evident that HPV-
dependent OPSCC is associated with a significantly better outcome regardless of the treatment strategy, and
treatment de-escalation strategies are highly desired and sought-after’?°. Therefore, a new biological indicator
is required to estimate better prognosis for OPSCC. Thus, we propose that double IF analysis of 53BP1 and
Ki-67 expression is a useful tool for estimating the malignant potential of oropharyngeal squamous epithelial
lesions and prognosis of patients with OPSCC. The use of this tool will enable more accurate prognosis and early
selection of appropriate treatment strategies for patients with OPSCC.

Methods

Participants

A total of 40 cases of oropharyngeal lesions, including chronic tonsillitis (n=12), squamous papilloma (n=4)
and squamous cell carcinoma (SCC) (n=24), were included in this study. All samples were formalin-fixed and
paraffin-embedded tissues that were biopsied or obtained via surgically resection at the Nagasaki University
Hospital between 2016 and 2019. Patients with the past history of pre-treatments, such as chemotherapy and
radiotherapy, were excluded in this study. The pathological diagnoses of all samples were re-confirmed by a
certified pathologist (M.N.) according to the 4th WHO Classification of Head and Neck Tumours.

IF analysis for 53BP1 expression

53BP1 nuclear expression was examined using dual-color IF analysis with Ki-67 expression, as the representative
marker for cycling cells, to assess the extent and integrity of DDR according to our previous reports'®-26. Briefly,
for dual-color IF, after blocking for non-specific reaction, the deparaffinized tissue sections were incubated
with anti-53BP1 rabbit polyclonal antibody (1:1000; A200-272A; Bethyl Laboratories, Montgomery, TX, USA)
and anti-Ki-67 mouse antibody (1:50; MIB-1; DakoCytomation, Glostrup, Denmark) for 1 h at 20 °C!3-26, The
samples were then incubated with Alexa Fluor® 488-conjugated goat anti-rabbit and Alexa Fluor® 546-conjugated
goat anti-mouse antibodies (1:2000; Invitrogen, Carlsbad, CA, USA), and mounted using VECTASHIELD®
HardSet™ Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA)!3-26, The minimum 25
slices of stained sections per field were photographed at 1000-fold magnification using the Z-stack function on
fluorescence microscope equipped with image analysis software (Biorevo BZ-X710; KEYENCE, Osaka, Japan),
which enabled the delineation of all 53BP1 NF in the nucleus'®-2. The 53BP1 signals were measured using
the Biorevo BZ-X710 microscope. The percentage of nuclei with each type of 53BP1 immunoreactivity was
calculated in at least ten consecutive fields along the basement membrane of each lesion.

Classification of type of 53BP1 expression by IF

According to our previous study!®1-2426, 53BP1 immunoreactivity can be classified into five types based on
the number and size of NF—(i) stable type: no or faint nuclear staining, (ii) low DDR type: one or two discrete
NE (iii) high DDR type: three or more discrete NF, (iv) large NF type: discrete NF larger than 1.0 pm, and (v)
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diffuse type: intense heterogeneous nuclear staining. In the present study, types (iii), and both (iv) and (v) were
considered as abnormal type 53BP1 expression. In addition, nuclei showing co-localization of 53BP1 NF and
Ki-67, as a reliable indicator for cycling cells, in the double staining study were considered abnormal DDR
type (Fig. 2). Genomic integrity can be threatened by both spontaneous and induced DNA damage, to which
normal cells respond by activating a fine-tuned DDR, which regulates several processes®**!. As DDR is normally
associated with cell cycle arrest, apoptosis, and senescence’??!l the co-expression of 53BP1 NF and Ki-67 can
be considered an indicator of an impaired DDR pathway. Indeed, our previous results revealed frequent co-
localization of 53BP1 NF and Ki-67 expression in cancer cell nuclei but rare in surrounding normal cells of
several organs, suggesting perturbed DDR during carcinogenesis'®21-2,

IHC for p53 and p16'NK42 expressions

Deparaffinized 4-pum sections were pre-treated by heating in a microwave in a phosphate buffer (pH 9.0)
for 20 min, then incubated with mouse anti-p53 monoclonal antibody (1:200; Leica Biosystems, Nussloch,
Germany) or mouse anti-p16™X4 monoclonal antibody (1:2; Roche Diagnostics, Basel, Switzerland) for 15 min
at 37 °C. After incubation for 8 min with the primary reagent of the Bond Polymer System (Leica Biosystems),
the samples were incubated with the polymer reagent (peroxidase-labeled polymer-conjugated anti-mouse
and anti-rabbit polyclonal antibodies) for 8 min. All samples were then incubated with 3,3,-diaminobenzidine
hydrogen peroxide for 10 min and counterstained with hematoxylin. Immunoreactivity for p16/p53 expression
was judged as positive when lesion showed a clear block-positivity by lower magnification.

Statistical analyses

Associations between the histological type of the oropharyngeal lesion, type of 53BP1 expression, and levels
of p16™¥4% and p53 immunoreactivity were assessed using Jonckheere-Terpstra, Cochran-Armitage, and
chi-square tests, respectively. A logistic regression model and receiver operating characteristic (ROC) curve
were used to evaluate the significance of abnormal 53BP1 expression by dual-color IF, and p16™¥*? and p53
expression by IHC as diagnostic tests for estimating OPSCC-specific death. The closest distance from the top-left
corner (point (0,1)) was used to identify the optimal cutoff value on the ROC curve. The overall survival rate was
calculated using the Kaplan-Meier method, and differences in survival were analyzed using the log-rank test.
The PHREG procedure in the SAS 8.2 software (SAS Institute, Cary, NC, USA) was used for this calculation. All
tests were two-tailed, and a p-value < 0.05 was considered statistically significant.

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