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Cutaneous adnexal tumors are neoplasms that arise from skin appendages. Their morphologic diversity and
phenotypic variability with rare progression to malignancy make them difficult to diagnose and classify, and
there is currently no established treatment strategy. To overcome these difficulties, this study investigated the
transcription factor SOX9 expression, morphology, and genetics of skin adnexal tumors for understanding their
biology, especially their histogenesis. We showed that cutaneous adnexal tumors and their nontumor coun-
terparts of skin and appendages exhibit expression patterns similar to that of SOX9. Its expression intensity and
pattern, as well as histopathologic evaluation of tumors, were analyzed using digital images of 69 normal skin
adnexal 9-type organs and 185 skin adnexal 29-type tumors as references. It was possible to distinguish basal
cell carcinoma from squamous cell carcinoma, sebaceous carcinoma, and pilomatrixoma with significant
differences, along with porocarcinoma from squamous cell carcinoma. Furthermore, unsupervised machine
learning “computational pathology” was used to derive a multiregion whole-exome sequencing fusion method
termed “genocomputed pathology.” The genocomputed pathology of three representable adnexal carcinomas
(porocarcinoma, hidradenocarcinoma, and spiradenocarcinoma) was evaluated for total nine cases. We
showed that there was more heterogeneity than expected within the tumors as well as the coexistence of
components lacking driver fusion genes. The presence or absence of potential driver genes, such as PIK3CA,
YAP1, and PTEN, in each region was identified, highlighting a therapeutic strategy for cutaneous adnexal car-

cinoma encompassing heterogeneous tumors.
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INTRODUCTION
Skin adnexal tumors are neoplasms of the skin that show
differentiation toward various skin appendages (Elder et al.,
2018). They can be classified into following three main
groups: hair follicle (HF) tumors, sebaceous tumors, and
sweat gland tumors (eccrine and apocrine).

Adnexal tumors occasionally show multilineage differ-
entiation (Elder et al., 2018). Although some adnexal car-
cinomas are clinically aggressive and exhibit poor clinical
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outcome, their morphological diversity and rarity of
adnexal carcinomas make them difficult to diagnose and
classify for precise management (Elder et al., 2018; Hile
and Harms, 2021; Prieto-Granada et al., 2020); therefore,
a better understanding of the molecular features of adnexal
tumors is required. Recently, significant progress has been
made toward understanding the molecular biology of these
tumors (Hile and Harms, 2021). Notable findings include
YAP1—MAML2 and YAPT—NUTMI fusions in poroid
neoplasms (Sekine et al., 2019) and the ALPKT hot spot
alteration in spiradenomas and spiradenocarcinomas
(Rashid et al., 2019). Nevertheless, there is a lack of
exome or genome-wide studies and studies into the path-
ogenesis, such as the mutational signatures of these pre-
sumed nonultraviolet neoplasms (Hile and Harms, 20271;
Lu and Fuchs, 2014).

Sex determining region Y—box 9 (SOX9) is a member of
the SOX (Sry—type HMG box) family of transcription
factors. SOX9 is essential during various organ develop-
ment. In skin, studies using mouse models have revealed
that SOX9 is not only pivotal for initial stem cell function
and specification during HF and sebaceous organs (pilo-
sebaceous unit) morphogenesis but also for other skin
adnexal lineage including sweat glands. SOX9 is also
required for maintenance of adult HF stem cells, which
are thought to reside in structures called bulge and sec-
ondary hair germ which is located at the base of bulge (Jo
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Figure 1. Nontumor skin adnexa and adnexal tumors show characteristic SOX9 expression. Percent positivity and H-score of SOX9 IHC in normal skin adnexa
(@) and skin adnexal tumors (b) All data points are shown; boxes define the interquartile range, with whiskers extending to lowest and highest data points. **P <
0.01, ***P < 0.001. “Benign sweat gland tumors” include tubular apocrine adenoma, hidradenoma, cylindroma, mixed tumor, spiradenoma, and syringoma.
“Malignant Sweat gland tumor, miscellaneous” include adenoid cystic carcinoma, cribriform carcinoma, and digital papillary carcinoma. (c) Hierarchical

clustering by standardized mean values of SOX9 IHC percent positivity and H-score. Skin adnexa and adnexal tumors were divided into three groups (a, b, c).
(d) ROC curve for differential diagnosis of BCC versus SCC and adnexal tumors belonging to group a and b versus SCC. AUC, area under curve; BCC, basal cell

carcinoma; SCC, squamous cell carcinoma.

et al., 2014; Lee et al.,, 2017; Ming et al., 2022; Morita
et al, 2021; Nowak et al, 2008; Sarkar and
Hochedlinger, 2013; Vidal et al., 2005). These important
roles of SOX9 in skin appendages led to studies that
focused on SOX9 expression in basal cell carcinoma
(BCC) and other adnexal neoplasms (Kim et al., 2018;
Krahl and Sellheyer, 2010; Vidal et al., 2005, 2008). More
recent studies have focused on BCC, which presumably
arises from hair bulges and secondary hair germs and
naturally expresses SOX9 (Peterson et al., 2015).
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However, SOX9 expression is not well-understood in most
adnexal neoplasms. This study examined SOX9 expression
in nontumor human adnexa as well as benign and ma-
lignant adnexal tumors using SOX9 immunohistochemistry
(IHC) staining. We focused on three malignant sweat
gland tumors (porocarcinoma, hidradenocarcinoma, and
spiradenocarcinoma) and performed multiregion whole-
exome sequencing (M-WES) to examine intratumoral het-
erogeneity, combined with digital image analysis and
unsupervised machine-learning.
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Figure 2. Representative H&E and SOX9 IHC images of normal skin adnexa and benign sweat gland tumors. Benign tumors include poroma, hidradenoma and

spiradenoma. Bar = 100um.

RESULTS

SOX9 expression is characteristic of nontumor human skin
adnexa

We used digital whole-slide images and open-source soft-
ware QuPath (Bankhead et al., 2017) to examine SOX9
expression using IHC (percentage positivity and H-score) of
nontumor human adnexa (Figure Ta and Figure 2; Table 1).
H-score is considered more useful for quantitatively evalu-
ating protein expression than percentage positivity. SOX9
expression was high in eccrine ducts (96%, mean value) and

secretory coil (87%) but significantly lower in apocrine
glands (14%, P < 0.001). In HFs, SOX9 expression was high
in the outer root sheath (96%), lower in the isthmus of the
outer root sheath (61%, P < 0.01), and was not expressed in
the hair matrix (0%). These findings are consistent with those
of a previous study that showed that B-catenin was exclu-
sively expressed in the hair matrix (Krahl and Sellheyer,
2010). Sebaceous organs showed varied SOX9 expression,
with percentage positivity and H-score ranging from low to
high. Mature sebocytes generally showed higher SOX9
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Table 1. SOX9 Expression Using IHC in Nontumor
Human Adnexa

% Positivity H-score
Skin adnexa mean median mean median
Appocrine gland (n = 6) 13.65 9.31 14.00 10.15
Eccrine duct (n = 10) 95.85 97.28 245.82  238.95
Eccrine secretory coli (n = 12) 87.50 87.88  214.83  214.09
Germinative sebocyte (n = 5) 40.81 32.76 42.86 34.48

Hair matrix (n = 5) 0.06 0.00 0.06 0.00

Outer root sheath (n = 7) 95.61 96.59 243.90 247.66
Outer root sheath (isthmus) (n =7)  61.08 67.78 105.86 97.78
Sebaceous duct (n = 6) 57.36 64.92 79.68 85.08
Sebocyte (n = 10) 69.65 76.73 149.64  160.96

expression (69%) than germinative sebocytes (41%, P =
0.05), with significantly different H-scores (P < 0.001). Taken
together, SOX9 expression was unique for each adnexa.

Skin adnexal tumors recapitulate SOX9 expression of
corresponding nontumor adnexa

We next examined SOX9 expression in various skin adnexal
tumors (Figure 1b and Figures 2—4; Tables 2 and 3). Most
sweat gland tumors showed generally high SOX9 expression,
whereas apocrine carcinoma and mucinous carcinoma
showed very low expression. Porocarcinomas and hidrade-
nocarcinomas, which are representative sweat gland carci-
nomas, showed highly variable SOX9 percentage positivity
and H-scores. HF tumors, such as trichoblastomas and
proliferating trichilemmal tumors, showed high SOX9
expression. Pilomatrixomas showed generally no or very low
expression, although some exhibited high SOX9 expression,
likely reflecting differentiation into organs other than hair
matrix. Sebaceous tumors showed variable expression pat-
terns similar to those of their corresponding nontumor seba-
ceous organs. All BCCs examined showed high percentage
positivity and H-scores for SOX9 expression. SOX9 expres-
sion was also detected in some squamous cell carcinomas
(SCCs) but was weakly expressed in a small proportion of
cells.

We observed similar SOX9 expression in many adnexal
tumors and their corresponding nontumor adnexa. Hierar-
chical clustering based on standardized mean SOX9 per-
centage positivity and H-score revealed that cutaneous
nontumor adnexa and tumors were broadly clustered into
three groups (Figure 1c). The group with the highest SOX9
expression (group a) included eccrine sweat glands, all
benign sweat gland tumors, most malignant sweat gland tu-
mors, and most HF tumors. The group with lowest SOX9
expression (group c¢) included hair matrix, pilomatrixoma,
apocrine glands, and apocrine carcinoma. The group with
intermediate SOX9 expression (group b) included sebaceous
organs and sebaceous glands, hidradenocarcinoma, and
porocarcinoma. Clustering analysis indicated that many
adnexal tumors and their corresponding nontumor adnexa
showed similar SOX9 expression.

We next explored the diagnostic and clinical use of SOX9.
With receiver operating characteristic curves, percentage
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positivity and H-score showed an outstanding (>0.9) area
under the curve (Mandrekar, 2010) for differentiating BCC
and SCC (0.97 and 0.94) and also showed an excellent area
under the curve (0.8—0.9) for differentiating adnexal tumors
belonging to groups a and b and SCC (both 0.86) (Figure 1d).
For the distinction of several tumors, P-values, the sensitivity
and specificity with cutoff of both SOX9 percent positivity
and H-score are listed in Table 4. For BCC versus SCC,
sensitivity 96% and specificity 82% were obtained with
cutoff 80% positivity, and sensitivity 85% and specificity 87%
were obtained with cutoff H-score 150. For BCC versus
pilomatrixoma or sebaceous carcinoma, specificity was 90%
and 73% for each with same cutoff 80% positivity. Thus, in
practice, SOX9 diffuse staining would indicate BCC in these
differential diagnoses. Similarly, for the distinction of several
kinds of sweat gland tumors and apocrine adenocarcinoma,
diffuse percentage positivity of SOX9 (80%) could be quite
useful with sensitivity around 80% and specificity 75%.
SOX9 percentage positivity and H-score were lower for ma-
lignant tumors with metastasis or recurrence than those
without, though the differences were not statistically signifi-
cant (Figure 5; Table 5).

Morphological single-cell unsupervised clustering revealed
intratumoral heterogeneity

Analysis of SOX9 expression in various skin adnexal tumors
revealed intertumor and intratumor divergence of expression,
especially in malignancies. We hypothesized that some
adnexal tumors could be biologically heterogenous, thus
SOX9 expression as a differentiation marker would also be
heterogenous. We focused on three representative malignant
sweat gland tumors, porocarcinoma, hidradenocarcinoma,
and spiradenocarcinoma, three cases for each. Three
cases (porocarcinoma 1, hidradenocarcinoma 1, and spi-
radenocarcinoma 1) contained both pathologically benign
and pathologically malignant regions. Other cases contained
only pathologically malignant regions.

We first assessed intratumoral morphological variation.
For each tumor, a sufficient number of regions of interest
(ROIs) were set in one slide (Figure 6a—c and Figure 7a—f).
Each ROl was selected rather randomly to decipher
morphological heterogeneity in objective manner as
possible. For each ROI, morphological data for every cell
were measured with QuPath. StarDist, which is a deep
learning—based method of nuclei segmentation, was used
within QuPath for precise detection (Schmidt et al., 2018)
(Figure 8a). Dimensional reduction of measurement data was
performed using uniform manifold approximation and pro-
jection (Mclnnes et al., 2018). After selecting an appropriate
number of clusters based on Akaike information criterion
and Bayesian information criterion plots, the Gaussian-
mixture model of unsupervised clustering of every cell was
performed (Figure 8b—d, Figure 9a—c, and Figure 10a—c).
The proportion of clustered cells for each ROl was calcu-
lated and the similarities with each other were compared
with hierarchical clustering. In porocarcinoma 1, the ROlIs of
histologically benign regions were clustered into distinct
group from ROls in malignant regions, which were also
clustered into several large clusters (Figure 8e). In hidrade-
nocarcinoma 1, benign and malignant regions were also
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Figure 3. Representative H&E images of various adnexal tumors and SC8ar ¥ 100mm.

clustered into separate groups and further clustered into M-WES revealed distinct genomic probles of sweat gland
several groups Figure ). However, in spiradenocarcinoma carcinomas

1, benign regions K and L were split into two. Region L was We then performed sampling from multiple sites within one
clearly distinct from other malignant ROIs, but K was in the slide for M-WES to investigate genomic heterogeneity
same cluster of malignant P region. The ROIs of the malig- (Figure &ef, Figure 12aef, and Figure 13. Sampling sites
nant regions were clustered into several clusters were basically chosen for each group (clusters) based on the
(Figure 10d). ROIls in other tumors were clustered similarly above clustering results. We additionally measured the
into several distinct groups Figure 1laef) areas of each group and calculated their proportions in
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