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Abstract

The DNA cytosine deaminase APOBEC3B (A3B) is a newly recognized endogenous source of mutations in a range of
human tumors, including head/neck cancer. A3B inflicts C-to-T and C-to-G base substitutions in 5’-TCA/T trinucleotide
motifs, contributes to accelerated rates of tumor development, and affects clinical outcomes in a variety of cancer types.
High-risk human papillomavirus (HPV) infection causes A3B overexpression, and HPV-positive cervical and head/neck
cancers are among tumor types with the highest degree of APOBEC signature mutations. A3B overexpression in HPV-
positive tumor types is caused by the viral E6/E7 oncoproteins and may be an early off-to-on switch in tumorigenesis. In
comparison, less is known about the molecular mechanisms responsible for A3B overexpression in HPV-negative head/neck
cancers. Here, we utilize an immunohistochemical approach to determine whether A3B is turned from off-to-on or if it
undergoes a more gradual transition to overexpression in HPV-negative head/neck cancers. As positive controls, almost all
HPV-positive oral epithelial dysplasias and oropharyngeal cancers showed high levels of nuclear A3B staining regardless of
diagnosis. As negative controls, A3B levels were low in phenotypically normal epithelium adjacent to cancer and oral
epithelial hyperplasias. Interestingly, HPV-negative and low-grade oral epithelial dysplasias showed intermediate A3B
levels, while high-grade oral dysplasias showed high A3B levels similar to oral squamous cell carcinomas. A3B levels were
highest in grade 2 and grade 3 oral squamous cell carcinomas. In addition, a strong positive association was found between
nuclear A3B and Ki67 scores suggesting a linkage to the cell cycle. Overall, these results support a model in which gradual
activation of A3B expression occurs during HPV-negative tumor development and suggest that A3B overexpression may
provide a marker for advanced grade oral dysplasia and cancer.
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Introduction

Head and neck cancers comprise the 7th most common
human malignancy worldwide and represent a heterogeneous
group of neoplasms in regard to their etiology, location, and
molecular basis [1, 2]. In 2018, head/neck cancers accounted
for ~890,000 newly diagnosed cases and 450,000 deaths
globally [3], comprising 3% of all malignancies [4]. The
American Cancer Society estimates that in 2020 the number
of new head/neck cancer cases will be 53,260, and 10,750
deaths will occur as a result of the disease [5].

Anatomically, tumors of the head/neck involve the oral
cavity and oropharynx, nasopharynx, hypopharynx, larynx,
paranasal sinuses, and salivary glands. Microscopically,
more than 92% of head/neck malignancies are squamous
cell carcinomas (HNSCC) [6, 7]. Smoking tobacco and
alcohol are primary risk factors and show a synergistic
effect on the development of HNSCC [8, 9]. Despite
advances in diagnosis and treatment, recurrent and/or
metastatic disease develops in >65% of patients with
HNSCC [10]. Moreover, 5-year survival rates of patients
with HNSCC remain ~50-60% [1, 2].

Independently of alcohol and tobacco exposure, tran-
scriptionally active high-risk human papillomavirus (HPV)
infection, especially HPV16, has been strongly associated
with oropharyngeal SCC (OPSCC) [1, 2, 11]. Interestingly,
HPV-related OPSCC shows improved 3-year survival (~82%
vs. 57% for HPV-negative) and distinct biologic behavior
from nonviral tumors [4, 12, 13]. HPV16 is also implicated in
the development of oral potentially malignant disorders (oral
epithelial dysplasias (OED)) and invasive tumors of the oral
cavity [14, 15]. However, the percentage of oral SCC (OSCC)
with the presence of HPV 16 is relatively low (3.7%) [16] and,
in contrast to OPSCC, such low numbers have precluded
determinations of prognostic utility [13, 16].

The past decade has enabled a remarkable view of human
genomic DNA sequences and, therefore, also of the overall
mutation landscape of head and neck cancers [17, 18]. One of
the most important discoveries from this work was the
observation that almost all HPV-positive and many HPV-
negative head/neck tumors have a large fraction of mutations
attributable to members of the apolipoprotein B mRNA
editing enzyme catalytic subunit-like protein 3 (APOBEC3)
family of single-stranded DNA cytosine deaminases
[17, 19-23]. The APOBECS3 single-base substitution mutation
signature is defined by C-to-T and C-to-G changes in 5-TCA
and 5-TCT trinucleotide motifs (single-base substitution
signatures SBS2 and SBS13, respectively) [22, 23]. The
APOBEC3 mutation signature also dominates other cancer
types including those of cervical, bladder, breast, and lung
tissues [21-26]. The strongest evidence thus far that APO-
BEC3 enzymes drive tumor evolution is positive associations
with poor clinical outcomes [27, 28] and large increases in the

proportion of APOBEC3 signature mutations from primary to
metastatic disease [29, 30].

The human APOBEC3 family is comprised of seven
enzymes, A3A-D and A3F-H, that function to provide innate
immune protection from infection by DNA-based viruses
including retroviruses (e.g., HIV-1), herpesviruses (e.g., EBV),
and human papillomaviruses (e.g., HPV16) [31-33]. However,
most successful DNA-based viruses (i.e., those that are
pathogenic in humans) have had to evolve mechanisms to blunt
restriction by APOBEC3s such as proteosomal degradation by
HIV-1 Vif and direct neutralization and re-localization by EBV
BORF2 [34, 35]. Although an APOBEC3 counteraction
mechanism has yet to be discovered for HPV, an over-
whelming body of evidence suggests ongoing viral mutagen-
esis by APOBEC3A (A3A) and APOBEC3B (A3B), and that
the same two enzymes are the most likely sources of the overall
APOBEC mutation signature in both HPV-positive and HPV-
negative head/neck carcinomas. First, high-risk HPV infections
induce expression of both A3A and A3B by mechanisms
dependent upon the viral E6 and E7 oncoproteins [36—40].
Second, APOBEC3 signature mutations are frequent in both
transmitting HPV isolates as well as variants within individual
patients [41, 42]. Third, the APOBEC3 mutation signature in
HPV genomes is strikingly similar to that in head/neck tumor
genomes [17, 18, 20, 43-45]. These observations support a
mechanism in which HPV infection triggers A3A and A3B
upregulation, perhaps to promote viral genetic diversification
with collateral genomic DNA damage contributing to the
overall process of tumorigenesis.

Viral infection and A3A/B upregulation in HPV-positive
OPSCC suggests that the APOBEC3 mutagenesis may be
an early and perhaps even an essential feature in carcino-
genesis (i.e., upregulation coincident with infection).
However, the role of APOBEC3 mutagenesis in HPV-
negative head/neck tumors including OSCC is less clear. By
analogy to HPV-positive OPSCC, perhaps APOBEC3
upregulation in HPV-negative OSCC is also an early/initi-
ating event that drives all stages of carcinogenesis. Alter-
natively, APOBEC3 levels may gradually rise during the
transition from low- and high-grade OED to OSCC. To
distinguish between these models, we used our newly
developed rabbit anti-human A3B monoclonal antibody
(mAb) [46] and applied immunohistochemistry approaches
to a range of preneoplastic and fully neoplastic oral mucosal
tissues.

Methods
Tissue procurement and HPV status assessment

Following Institutional Review Board approval, formalin-
fixed paraffin-embedded (FFPE) archival tissue blocks of
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HPV-positive OED (n=13) and OPSCC (n=2), HPV-
negative low-grade (n =43) and high-grade OED (n = 45),
OSCC (n=46), as well as epithelial hyperplasias (hyper-
keratosis; OEH, n=13) were obtained from the Oral
Pathology Laboratory, School of Dentistry, University of
Minnesota and HPV-positive OPSCC (n =44), from the
Department of Pathology and Laboratory Medicine, Emory
University School of Medicine, Atlanta. All human tissues
were derived from incisionally or excisionally biopsied
intraoral or oropharyngeal lesions and were classified
according to the most recent W.H.O. Classification of Head
and Neck Tumors [1]. Hematoxylin and eosin (H&E)
stained-slides were reviewed to confirm the diagnosis and to
assess the cytologic and histomorphologic features of each
specimen. OEDs were subgrouped according to the binary
classification system [1, 47]. The cutoff between low- and
high-grade OED was four architectural and five cytological
changes, irrespective of the extent of the dysplastic changes
within the epithelium [47]. OSCCs were classified accord-
ing to the level of keratinization, cellular atypia and pleo-
morphism, number of mitoses, and the presence of
perineural and/or lymphovascular invasion as grade 1 (low-
grade; n=11), grade 2 (intermediate grade; n=17) and
grade 3 (high-grade; n = 10). The remaining eight cases
represented superficially invasive OSCCs and, thus, histo-
grade was not reported. The epidemiologic characteristics of
each patient (age and gender), smoking history (where
available), and location of the lesion were retrieved and
tabulated (Supplementary Tables S1 and S2).

All cases of HPV-positive OPSCC and OEDs showed
strong nuclear and cytoplasmic immunohistochemical
(IHC) expression of the surrogate biomarker of high-risk
HPV E7 oncoprotein function, pl6 (pl6 CIN, clone
INK4a, and mouse mAb) in >70% of the cells within the
lesion [48].

A3B and Ki67 IHC staining

IHC staining was performed following a previously
described protocol [46, 49]. FFPE tissues were sectioned at
4 um, mounted on positively charged, adhesive slides, and
allowed to air-dry for at least 24 h. To deparaffinize and
rehydrate the samples, slides were baked in a 65 °C oven for
20 min, washed three times with CitrisolvIM (Decon Labs,
#1601) for 5 min/each, soaked in graded alcohols (100% x
2, 95%, and 80% for 3 min/each), and then rinsed in run-
ning water for at least 5 min. Epitope retrieval was per-
formed using Reveal Decloaker (BioCare Medical,
#RV1000M) in a steamer for 35 min, followed by a 20 min
“cool-down” period. Then, slides were rinsed with running
tap water for Smin and transferred to TBST for 5 min.
Endogenous peroxidase activity was quenched by placing
the slides in 3% H,0, in TBST for 10 min at RT, followed
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by a 5-min rinse under running water. To block nonspecific
binding of primary antibody, sections were covered with
Background Sniper (BioCare Medical, #BS966MM) for
15 min at RT. After blocking, serial sections of each spe-
cimen were incubated overnight at 4 °C with a custom made
rabbit a-human A3A/B/G mAb (5210-87-13) [46] diluted
1:350 and rabbit a-human Ki-67 mAb (Sigma Aldrich,
clone SP6) 1:400 dil. in 10% Sniper in TBST.

Following overnight incubation with primary antibody,
sections were rinsed in TBST for 5 min, and completely
covered with anti-rabbit poly-HRP-IgG (Leica Biosystems,
Novolink Polymer, #RE7260-K) for 30 min at RT. The
reaction product was developed using the Novolink DAB
substrate kit (Leica Biosystems, # RE7230-K) at RT for
3-5 min, rinsed in tap water for 5 min, counterstained in
Mayer’s hematoxylin solution (Electron Microscopy Sci-
ences, # 26252-01) for up to 5 min, dehydrated in graded
alcohols and CitrisolvTM, and cover-slipped using Per-
mount mounting media.

IHC quantification and histoscore

A3B and Ki67 stained slides were scanned at x40 magni-
fication and immunoreactive proteins were visualized with
the Aperio ScanScope XT (Leica Biosystems) and quanti-
fied using the Aperio Nuclear Algorithm software. The
Aperio Nuclear Algorithm identifies each nucleus in
selected areas of the specimen and analyzes the immunos-
taining as negative, weak-positive, moderate-positive, or
strong-positive. A3B histoscore (H-score) was calculated
via the linear formula: H-score = 1 x (%weak-positive
cells) 4 2 x (%emoderate-positive cells) + 3 x (%strong-
positive cells) as described [50, 51]. For Ki67 staining the
percentage of positive cells was very strongly correlated
with Ki67 H-score (R>=0.95, data not shown) and was
utilized for further analyses. Because data were not dis-
tributed normally, statistical differences between groups
were calculated using Kruskal-Wallis one-way nonpara-
metric tests and median and ranges were reported. Com-
parisons between paired patient samples were conducted
using Wilcoxon signed-rank test. Correlations between A3B
H-score and % of Ki67+ cells were determined by Spear-
man correlation test; coefficients and 95% confidence
intervals were reported. P values <0.05 were considered
statistically significant.

TCGA head/neck data analysis

RNA-sequencing and clinical data for all primary head and
neck tumor samples were downloaded from the Firehose
GDAC resource through the Broad Institute analysis pipe-
line (http://gdac.broadinstitute.org/). Specifically, the Fire-
Browse resource was used to download scaled estimate
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mRNA-seq data previously generated by the TCGA ana-
lysis workflow, including initial two-pass alignment with
STAR [52]. Transcript quantification and normalization was
performed using established methods [53]. All normal tis-
sue samples and metastatic specimens were removed prior
to analysis. Tumor grade was determined from the clinical
files associated with primary tumors, specifically using the
“grade” metric. Of the 528 total data sets available in
TCGA, 499 specimens had grade information and therefore
only this subset was used in our analysis of A3B mRNA
levels. Expectation-maximization (RSEM) values normal-
ized to the housekeeping gene TBP were used for A3B
expression calculations. Comparisons of A3B expression
levels between various tumor grades were conducted using
Kruskal-Wallis tests.

Results

IHC detection of endogenous A3B protein in p16-
positive (HPV-related) OEDs and oropharyngeal
cancers

We previously reported the creation of a rabbit mAb,
5210-87-13, that binds to the human DNA deaminase A3B
in several immunoassays including IHC with patient-
derived tissues [46, 49]. High-risk HPV infection has
been shown to cause upregulation of A3B mRNA levels in
model cellular systems [36, 38, 54] and HPV-positive head/
neck tumors show remarkably high A3B mRNA levels and
APOBEC mutation signature loads [22, 24, 25, 55].
Therefore, we first sought further validation by using this
mAb to compare endogenous A3B protein levels in HPV-
positive OPSCCs and OEDs, as well as HPV-negative
nonneoplastic oral tissues. Multiple cases of oral hyper-
plastic epithelium (frictional hyperkeratosis, OEH) lacking
evidence of HPV infection were mostly negative for A3B
(weak immunostaining of the nuclei of some cells of the
basal and suprabasal epithelial layers; n = 13; H-score
range = 1.4-45.4, median = 18.4; Fig. 1a, d).

In contrast, A3B protein expression was markedly increased
in pl6-positive (HPV-related) OPSCCs (Fig. 1b). OPSCCs
generally showed strong and focal-to-diffuse, nuclear only,
immunoreactivity in the majority of neoplastic cells (n =46
tumors; H-score range =20.5-171, median=60; Fig. 1d).
Similarly, HPV-driven OEDs exhibited elevated levels of A3B
immunostaining throughout the thickness of the dysplastic
epithelium (H-score range = 33.5-144, median = 57.9; Fig. Ic,
d). Remarkably, in both HPV-related OEDs and OPSCCs, the
A3B immunophenotype mirrored p16 immunostaining (Fig. 1b
and c). This concordance is particularly clear in Fig. 1c where a
p16/A3B-positive dysplastic lesion occurs next to normal epi-
thelial tissue that is negative for both of these proteins.

Collectively, A3B protein levels were significantly higher in
pl6-positive/HPV-related OEDs and OPSCCs when compared
with uninfected OEHs (p < 0.001 and p < 0.0001, respectively,
by Kruskal-Wallis test; Fig. 1D). In addition, A3B upregula-
tion appears to be closely linked to HPV status rather than
diagnosis, as pl6-positive/HPV-related epithelial dysplasias
and invasive tumors demonstrated similarly high ranges of
A3B levels (p = 0.6 by Kruskal-Wallis test; Fig. 1d). Clinical
information for these specimens is summarized in Table 1 and
Supplementary Table S1.

Assessment of A3B protein levels in HPV-negative
OEDs and invasive cancers

As described above, high A3B protein levels were anticipated
in HPV-positive lesions because the oncoproteins of this
DNA tumor virus stimulate A3B transcription [36, 38, 54]. To
address whether a similar off-to-on mechanism occurs in
virus-negative lesions, A3B protein levels were investigated
in non-HPV-related, keratinizing tumors of the oral cavity that
lack histopathologic or phenotypic variations suggestive of
HPYV infection (Fig. 2a). As above for OEH, A3B levels were
absent or weak and confined to the basal epithelial layer in
nonneoplastic epithelial tissues adjacent to cancer (EAC; H-
score range = 5.2-48; median = 21.7; Fig. 2a, b). In contrast,
A3B levels were significantly elevated in patient-matched
OSCCs (H-score range = 28.2-110, median = 88.1; p <0.01
by Wilcoxon signed-rank test; Fig. 2a, b). In addition, marked
intratumoral heterogeneity was observed for A3B immunos-
taining in OSCCs. For instance, carcinoma cells within the
same lesion exhibited a range of focal or diffuse, low (weak)
to moderate and/or high (strong) A3B nuclear expression
levels (inset images in Fig. 2a).

By IHC, low-grade OEDs exhibited primarily weak-to-
moderate A3B staining in the basal third of the epithelial
thickness similar to control tissues (H-score range =
4.5-94.5; median = 32.4; inset images in Fig. 2c). A3B
levels were modestly but not significantly higher in low-
grade OEDs than OEH and EAC (Fig. 2d). A3B staining
was stronger in high-grade OEDs and extended higher
into the spinous cell layer of the epithelium (Fig. 2c¢); A3B
protein expression was significantly increased (H-score
range = 11.4-108, median = 63.1) when compared with
low-grade OED (p<0.001 by Kruskal-Wallis test;
Fig. 2d). OSCCs showed significantly higher A3B H-
scores (H-score range = 10.1-117, median =49; p <0.01
by Kruskal-Wallis test) than low-grade OEDs. However,
A3B levels were similarly elevated in high-grade OED
and OSCC (Fig. 2d and inset images in Fig. 2a, c).
Clinical information for these specimens is shown in
Table 1 and Supplementary Table S2.

Collectively, these results support a model in which
expression of the mutating enzyme A3B increases
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Fig. 1 Endogenous A3B protein expression in HPV-related oral
epithelial dysplasias and oropharyngeal cancers. a A3B staining
and corresponding H&E-stained photomicrographs of representative
oral epithelial hyperplasias (OEHs). Scale bars are 100 um and inset
images are magnified eightfold. b A3B immunophenotype and cor-
responding H&E-stained photomicrographs of representative oro-
pharyngeal squamous cell carcinomas (OPSCCs). Strong and diffuse,
nuclear and cytoplasmic staining for the surrogate marker pl6 is
confirmatory of transcriptionally active high-risk HPV infection. Scale
bars are 60 um and inset images are magnified fourfold. ¢ Histo-
pathologic and A3B immunohistochemical characteristics of HPV-
related epithelial dysplasias of the oral mucosa (OED). For the first
row of low-power photomicrographs scale bars are 600 um. Images on

gradually during the continuum of nonviral oral carcino-
genesis reaching a peak in histologically advanced dys-
plasias and tumors. Surprisingly, A3B levels in HPV-
negative, high-grade OEDs and OSCCs did not sig-
nificantly differ from the HPV-positive specimens
(Fig. 2d). These results strongly indicate the presence of a
distinct molecular mechanism(s) that, independently of
high-risk HPV infection, promotes A3B upregulation in
head/neck cancers.

A3B upregulation is associated with histologic
grading in HPV-negative oral cancers

Overall, as shown above, the DNA mutating enzyme A3B
is overexpressed in HPV-negative tumors of the oral
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the second row represent a high-power magnification of the region
marked in the black box in the upper low-power image. The asterisks
point to uninfected, normal epithelium adjacent to HPV-driven (p16+)
dysplasia. In contrast to the pl6+ dysplastic tissue which exhibits
strong A3B nuclear expression throughout the thickness of the lesion,
normal mucosa is overtly negative for A3B. Scale bars for the second
and third row are 100 um and inset images are magnified eightfold.
d Collective presentation of quantified A3B IHC score (H-score) of
OEH (n=13, control), HPV-positive OED (n=13), and HPV-
positive OPSCC (n = 46). The H-score median and interquartile range
for each group are shown. Statistical significance for key comparisons
is indicated (Kruskal-Wallis test).

mucosa. However, considerable heterogeneity in A3B
levels was observed with apparent low and high staining
groups of tumors and we wondered whether this might be
linked to tumor grade. OSCCs in this study were sub-
classified according to histopathologic grade as grade 1
(n=11), grade 2 (n=17), and grade 3 (n = 10) tumors;
eight superficially invasive (microinvasive) OSCCs could
not be assigned grades (“Methods”, Supplementary
Table S2). Grade 1 OSCCs showed relatively low A3B
protein levels (H-score range= 10.1-67.1, median =
28.2; Fig. 3a, b). In sharp contrast, grade 3 tumors showed
high A3B protein levels (H-score range = 14—117, med-
ian = 89.1; p<0.01 by Kruskal-Wallis test; Fig. 3a, b).
Interestingly, intermediate grade 2 tumors, which dis-
played a combination of low- and high-grade
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Table 1 .Cf)llective pre?sentation Lesions Gender Age (years) Location A3B H-Score
of the clinicopathologic,
epidemiologic, and A3B OEH (n=13) 5M:8F Mean = 57.3 Tongue (n=7) Median = 18.4
immunohistochemical Range =30-96 Buccal mucosa (n = 3) Range = 1.4-45.4
characteristics of the g’ﬁ;iﬂzzlir l\)/eStlbule (n=2)
studied cases.
ud Low-grade OED 25 M:18 F Mean = 64.1 Tongue (n =32) Median = 32.4
(n=43) Range =28-92 Buccal mucosa (n = 3) Range =4.5-94.5
Mandibular vestibule (n = 3)
Alveolar mucosa/gingiva (n =2)
Palate (n =2)
Floor of mouth (n=1)
High-grade OED 22 M:23 F  Mean =63.1 Tongue (n = 36) Median = 63.1
(n=45) Range =35-88 Floor of mouth (n =4) Range = 11.4-108
Buccal mucosa (n = 2)
Mandibular vestibule (n =2)
Palate (n=1)
OSCC (n=46) 22 M:24 F  Mean =66.2 Tongue (n =23) Median =49
Range =34-93  Alveolar mucosa/gingiva (n = 8) Range =10.1-117
Floor of mouth (n=15)
Mandibular vestibule (n = 5)
Palate (n=4)
Lower lip (n=1)
HPV+ (pl6+) OED 12M:1 F Mean = 62.8 Floor of mouth (n =4) Median = 57.9
(n=13) Range =51-87 Tongue (n=4) Range = 33.5-144
Buccal mucosa (n =2)
Alveolar mucosa/gingiva (n = 1)
Base of tongue (n=1)
Palate (n=1)
HPV+ (pl16+) OPSCC 44 M:2 F Mean = 59 Base of tongue (n=21) Median = 60
(n=46) Range =43-82 Tonsils (n =17) Range = 20.5-171

Glossotonsillar sulcus (n = 8)

A3B APOBEC3B, OEH oral epithelial hyperplasia, OED oral epithelial dysplasia, OSCC oral squamous cell
carcinoma, OPSCC oropharyngeal squamous cell carcinoma.

characteristics, stained most heterogeneously for A3B
with some showing weak and others exhibiting high
staining intensities. However, A3B levels in grade 2
OSCCs were still significantly higher than grade 1 neo-
plasms (H-score range = 28.9-110, median = 57; p < 0.05
by Kruskal-Wallis test) but not statistically different than
those in grade 3 tumors (p = 0.08, Fig. 3b). Median A3B
expression in superficially invasive OSCCs was 44.7 (H-
score range = 13.8-85.5). Similar results were obtained
upon analysis of A3B mRNA levels in 499 head/neck
tumor data sets from TCGA (Kruskal-Wallis test;
Fig. 3c). These independent data sets combine to suggest
that either A3B mRNA or A3B protein levels, as assessed
by IHC, may serve as an indicator of tumor grade.

The proliferation marker Ki67 is associated with A3B
upregulation in HPV-negative head/neck cancers

We next investigated whether A3B upregulation may
somehow be linked to cellular proliferation in nonviral
OED and OSCC. This was done by immunostaining the
various groups of lesions described above for the pro-
liferation marker Ki67, which is expressed in all active
phases of the cell cycle [56]. Interestingly, similar to A3B,
levels of proliferation marker Ki67 increased from normal
to dysplasia and, finally, cancer (Fig. 4a—c). The lowest
Ki67 levels were observed in OEH (range =9.7-42.9,

median = 34.3) and low-grade OED (range = 19-67.7,
median = 33.9; Fig. 4b, c). The percentage of Ki67+ cells
was significantly higher in high-grade OED (range =
22.4-80, median =41.9; p <0.05) and OSCC (range =
29-86.7, median =47.1; p<0.0001 by Kruskal-Wallis
test; Fig. 4c). No statistically significant difference was
observed between the OSCC and HPV-positive OPSCC
groups in regard to Ki67 expression (range = 30.3-85.6,
median = 53.8; p = 0.14 by Kruskal-Wallis test; Fig. 4c).
In the majority of cases the distribution of Ki67 staining
resembled the A3B immunostaining pattern (Fig. 4a),
with most Ki67+ cells also featuring A3B reactivity (inset
images in Fig. 4a).

Importantly, the aggregate analysis of all data in this
study revealed a strong positive correlation between A3B
H-score and Ki67 expression (Spearman r = 0.5, 95% CI
=0.4-0.6; p<0.0001; Fig. 4d). Notably, at least a mod-
erate association between A3B protein levels and cellular
proliferation was observed in the different histopathologic
groups (Spearman correlation test; Fig. 4b). Although
elevated levels of Ki67 are expected in HPV-positive
cancers due to Rb and p53 inactivation, the association
between A3B and Ki67 protein levels was significantly
stronger in HPV-negative, high-grade OED (Spearman
r=0.4, 95% CI=0.2-0.7; p<0.01; Fig. 4b) and OSCC
(Spearman r = 0.4, 95% CI=0.1-0.6; p <0.01; Fig. 4b)
than HPV-positive OPSCC (Spearman r = 0.3, 95% CI =
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Fig. 2 A3B levels increase during progression of HPV-negative
oral carcinogenesis. a A3B staining and corresponding H&E-stained
photomicrographs of representative oral squamous cell carcinomas
(OSCC) and paired, nonneoplastic, epithelial tissues adjacent to cancer
(EAC). Scale bars are 60 um and inset images are magnified fourfold.
b A3B H-scores in ten pairs of EAC and patient-matched OSCCs.
Collectively, A3B expression was significantly higher in OSCCs than
EAC (p<0.01 by Wilcoxon signed-rank test). ¢ Histopathologic and
A3B immunophenotypic characteristics of representative examples of
low- and high-grade, oral epithelial dysplasias (OED). Scale bars are
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Fig. 3 A3B upregulation associates with histopathologic grading in
HPV-negative oral cancers. a H&E-stained and corresponding A3B
immunohistochemical photomicrographs of representative grade 1,
grade 2, and grade 3 OSCCs. Scale bars are 60 um and inset images are
magnified fourfold. b Collective presentation of quantified A3B H-
scores of grade 1 (n=11), grade 2 (n=17), and grade 3 (n=10)

0.04-0.6; p<0.05; data not shown). Collectively, these
data suggest that cell-cycle events may be associated with
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60 um and inset images are magnified fourfold. d Collective pre-
sentation of quantified A3B H-scores of EAC (n=10), low-grade
OED (n=43), high-grade OED (n=45), and OSCC (n =46). The
black horizontal dotted line indicates the OEH (control) A3B median
(18.4), while the red one the A3B median of HPV-positive
OPSCC (60). Use of same color highlights matched pairs of EAC
and OSCC. The H-score median and interquartile range for each group
are shown and statistical significance for key comparisons is indicated
(Kruskal-Wallis test).
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OSCCs. The H-score median and interquartile range for each subgroup
are shown. Statistical significance for key comparisons is indicated
(Kruskal-Wallis test). ¢ Genomic analysis of A3B mRNA levels in 499
head/neck tumors classified as grade 1 (n = 63), grade 2 (n =311), and
grade 3 (n = 125). Data sets available through TCGA. Statistical sig-
nificance for key comparisons is indicated (Kruskal-Wallis test).

A3B upregulation in HPV-negative oral premalignancies
and cancers.



APOBEC3B in Oral Dysplasias and Head/Neck Cancers

287

OEH, D0271
H-Score=37, Ki67=40%

Low-grade OED, D1751
H-Score=27, Ki67=28%

A

H&E

0SCC, D4390
H-Score=89, Ki67=60%

High-grade OED, D3270
H-Score=T5, Ki67=39%

APOBEC3B

Ki67

B OEH

0 10 20 30 40 50 0 25 50 75
APOBEC3B H-Score

C p<0.0001

APOBEC3B H-Score

p<0.001
100 p<0.05 e s
ns p<0.05
) . .
g L. L
2 3 se.. oeite
= 60 . LY ' ST A
o L eeetl o5 R
S 40 woEe
b oo & - .o
< 20 ® . *
0 <)
K £ &£ &£ £
@ @ o &
&S ol
\9$ Q'\\é\ w

Fig. 4 The proliferation marker Ki67 is associated with A3B
upregulation in HPV-negative head/neck cancers. a H&E-stained
and corresponding A3B and Ki67 immunohistochemical photo-
micrographs of OEH, low-grade and high-grade OED, and OSCC.
Scale bars are 60 pum and inset images are magnified fourfold.
b Correlation analyses of A3B H-score and Ki67 expression in OEH,
low-grade and high-grade OED, and OSCC. Spearman correlation

Discussion

Head and neck carcinogenesis is a multistep process
instigated primarily by exposure to exogenous carcino-
gens, i.e., tobacco and alcohol metabolites and/or high-
risk HPV infection [11, 57, 58]. Tumor DNA sequencing
studies and subsequent analyses have identified endo-
genous APOBEC mutagenesis as an additional etiologic

source of mutation in head and neck cancer
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coefficients and p values for each group are depicted. ¢ Collective
presentation of quantified Ki67 positivity in the various subgroups.
The median and interquartile range for each subgroup is shown. Sta-
tistical significance for key comparisons is indicated (Kruskal-Wallis
test). d Combined correlation analysis of A3B H-score and Ki67
expression in all head/neck lesions analyzed in this cohort. Spearman
correlation coefficient and p value is shown.

[17, 22, 24, 25, 43]. The single-stranded DNA cytosine
deaminase A3B is induced by high-risk HPV infection
and a likely contributor to the overall APOBEC mutation
signature in both HPV-positive and HPV-negative head
and neck cancers [36, 38, 54]. The studies here are the
first to investigate A3B protein levels in head/neck cancer.
In support of prior work dependent upon mRNA quanti-
fication [40], immunostaining results here demonstrate
high A3B protein levels in HPV-positive OPSCC (Fig. 1).
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This approach also provided a unique spatial perspective
demonstrating strong overlap between A3B and
pl6 staining, suggesting that nuclear A3B levels may be a
useful additional marker for high-risk HPV infection.
Interestingly, HPV-positive OEDs showed similarly high
A3B protein levels consistent with a model in which viral
oncoproteins E6 and E7 combine to switch A3B expres-
sion rapidly from off-to-on. Thus, high-risk HPV infec-
tion not only contributes to classical oncogenic events
such as p53 and Rb inactivation but also to high nuclear
A3B levels and an elevated capacity to evolve.

The THC studies here also demonstrated that A3B protein
levels in HPV-negative OSCC are high and similar to those
in HPV-positive OPSCC (Fig. 2). This result is interesting
because it demonstrates that similarly high A3B protein
levels can be achieved by both viral and nonviral mechan-
isms. However, an analysis of HPV-negative low-grade
OEDs revealed an intermediate A3B level, higher than
normal adjacent-to-cancer epithelial tissue and virus-
negative hyperplasia but statistically lower than high-
grade OEDs and overt OSCC. This key result supported a
progression model for A3B induction in HPV-negative oral
tumorigenesis, where multiple genetic and/or epigenetic
events combine to gradually turn-on A3B expression. Our
results also indicated that OSCC tumor grade may be
associated with A3B expression levels because grade 1
tumors showed significantly lower A3B protein levels than
grade 2 or grade 3 tumors (Fig. 3).

Our studies here have focused on A3B and do not
exclude the possibility that other APOBEC3 enzymes
such as A3A and A3H may also provide mutational fuel
for both HPV-positive and HPV-negative cancers of the
head and neck [20, 25, 39, 54, 59, 60]. To our knowledge,
monoclonal antibodies have yet to be developed to spe-
cifically distinguish A3A and A3B, and antibodies for
A3H (though specific) are not robust enough for IHC
experiments [46, 61]. A3A and the catalytic domain of
A3B are 92% identical at the protein level and the C-
terminal epitope recognized by our rabbit mAb
5210-87-13 is shared by these two enzymes [46]. How-
ever, several lines of evidence indicate that all (or nearly
all) of the IHC signal in the head/neck experiments here is
due to A3B. First, mRNA-based studies have demon-
strated that A3B mRNA is expressed at much higher levels
than A3A mRNA in multiple tumor types including can-
cers of the head/neck [24, 25]. Second, A3B is the only
APOBEC3 family member that localizes constitutively to
the nuclear compartment of cells [46, 49, 62]; endogenous
A3A is cytoplasmic in myeloid cell types and cell-wide
when overexpressed in heterologous systems [63].
Although little cytoplasmic signal was detected here, only
nuclear staining was used to generate quantitative A3B H-
scores. Third, our recent studies on clear cell ovarian
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cancer were able to quantify both mRNA and protein
levels in some of the same tumor tissues, and A3B (not
A3A) mRNA levels correlated positively with A3B H-
scores using the same mADb as used here and identical IHC
protocols [49].

In addition, one of the strongest lines of evidence in favor
of A3B (and not another A3 family member) in head/neck
lesions is the significant positive association between
expression of A3B and the proliferation marker Ki67 by IHC
(Fig. 4). Indeed, A3B is the only family member under cell
cycle control as evidenced by direct regulation by the Rb/E2F
signal transduction pathway [64—67]. In further support of this
mechanistic linkage, JC and BK polyomavirus T-antigen
proteins trigger A3B upregulation through a mechanism most
likely requiring deregulation of the RB/E2F cell cycle reg-
ulatory pathway [66, 68], and A3B was shown to interact
with the G1/S regulatory protein CDK4 to disrupt CDK4-
mediated nuclear import of Cyclin D1 [69]. In addition, a
large proportion of APOBEC signature mutations in cancer
map to the lagging-strand template and thus associate broadly
with DNA replication [70, 71].

Our studies raise the possibility that A3B THC may be a
marker for oral dysplasias more likely to become malignant.
For instance, as high-grade OEDs are known to undergo
malignant transformation more frequently than low-grade
OEDs [72], high A3B protein levels may be an additional
marker to help identify the subset of high-grade OEDs that are
more likely to become carcinomas. Moreover, even though
most moderate to high grade dysplasias are likely to be
excised surgically, A3B may be a marker for lesions that
ultimately continue to evolve and reemerge as recurrent dis-
ease. The utilization of A3B protein levels as a marker for
preneoplastic lesions may also be applicable to other cancer
types such as breast cancer where noninvasive lesions (lobular
carcinoma in situ) have lower A3B mRNA levels and less
prominent APOBEC mutation signatures than more aggres-
sive lesions (invasive lobular carcinoma) [73]. More broadly,
as A3B is overexpressed and APOBEC signature mutations
are apparent in a large number of cancer types, the THC
approach described here may be useful for investigating and
helping to identify higher-risk precancerous lesions as well as
establishing associations with clinical features such as therapy
responsiveness and overall survival.
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