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ABSTRACT

Spiradenoma and cylindroma are related sweat gland tumors. To delineate their histogenesis, gene profiles, and their potential drivers, we performed a whole-
transcriptome sequencing analysis of fourteen samples of spiradenoma/cylindroma in comparison to normal samples.

A total of 12 spiradenomas, 5 cylindromas, 3 hybrid spiradenomas/cylindromas and 2 adnexal carcinomas were included in this study.

1335 characteristic genes and transcripts expressed over all 14 spiradenoma/cylindroma tumors were identified, and two groups of expression profiles were

observed.

Highest upregulated top 7 gene signatures characterized benign tumors with developmental and differentiation related genes, and carcinomas with top 7 genes

mainly related to signaling, reorganization and metabolism of membranes.

Immunohistochemistry of protein expressions validated 4 upregulated genes (ODAM, HOXB13, MYB and SOX10) considered important and as potential bio-

markers for spiradenomas and cylindromas.

We further compared the transcriptome of eccrine adnexal tumors with the transcriptome of adenoid cystic carcinoma (ACC) to identify the overlapping genes that
may indicate histogenesis. There were 36 specific genes overlapping between adnexal carcinomas and the epithelial-dominant subtype of ACC, and 27 specific genes
overlapping benign adnexal tumors with the myoepithelial-dominant subtype of ACC, At this point there is no known specific biomarker to aid in the diagnosis of
eccrine spiradenoma and cylindroma in small samples or biopsies within the context of morphological overlap with ACC.

In conclusion, spiradenomas and cylindromas are characterized by overexpressed developmental genes, where LHX2 and activated WNT signaling possibly drive

associated carcinomas.

1. Introduction

Eccrine spiradenoma and cylindroma are closely related tumors [1-
3]. They overlap morphologically, and hybrid tumors with spir-
adenomatous and cylindromatous components are encountered [4-7].
The majority of spiradenoma and cylindroma are solitary neoplasms;
however, there may be multiple tumors in the setting of the Brooke-
Spiegler syndrome [1,2,8-11].

Malignant transformation in spiradenoma, cylindroma, and cylin-
droma-spiradenoma hybrids is rare, with about 200 cases documented
in the literature [12-16]. The malignant component covers a wide
morphological spectrum from frank invasive adenocarcinoma to a more
subtle appearance that is similar to that of basal cell adenocarcinoma of
the salivary glands [9,16-19]. The malignant neoplasms have been
histologically divided into low- and high-grade. The low-grade malig-
nant tumors are diagnostically challenging, with loss of a dual cell

population, increased mitotic activity, and limited cytological atypia
[9,16]. The differential diagnosis of morphologically low-grade spir-
adenocarcinoma is wide and relies on the identification and sampling of
its benign counterpart [9,16]. Primary cutaneous Adenoid cystic car-
cinoma (ACC), for instance, shows many overlapping histological fea-
tures with low-grade spiradenocarcinoma, however, it has a more dif-
fuse infiltrative growth pattern, and prominent perineural invasion
[10,16,20]. Cutaneous metastasis from a salivary gland primary tumor
is also an important differential consideration [9,10,16].

Irrespective of the terminology, the majority of tumors have in-
dolent biological behavior, with benign morphologic features and slow
local growth [7,10,16]. Their rarity r have precluded a standardized
treatment approach but the treatment of choice for spir-
adenocarcinomas is complete surgical removal and follow-up [7,10,16].

In this retrospective study, we performed an in-depth analysis of the
transcriptomes of adnexal eccrine tumors, and thus find and classify
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potential drivers of these tumor types. To our knowledge, this is the first
RNAseq analysis of these neoplasms.

2. Material and methods
2.1. Patients

Patients were identified from the pathology archives at The
University of Texas MD Anderson Cancer Center (Houston, Texas), with
institutional review board approval. Diagnosis was confirmed in-
dependently by two experienced, subspecialized dermatopathologist
(VGP) and a head and neck pathologist (DB).

2.2. Tissue specimens

Primary adnexal FFPE tumor specimens were available for 22 pa-
tients with annotated clinical outcome data. Microdissected adnexal
structures from 7 non-matching normal FFPE skin tissues samples (from
breast revisions) were analyzed in parallel.

2.3. RNA-Seq sample preparation and sequencing

For RNA-Seq, total RNA from FFPE tissue sections of 14 adnexal
tumor (7 spiradenomas, 2 cylindromas, 3 hybrid spiradenomas/cylin-
dromas, and 2 adnexal carcinomas) and 7 normal skin specimens was
extracted using the High Pure FFPET RNA Isolation Kit (Roche
Sequencing Solutions, Pleasanton, CA, USA), according to the manu-
facturer's instructions. Total RNA quality and quantity were verified
spectrophotometrically (NanoDrop 100 spectrometer,
ThermoScientific, Wilmington, DE, USA) and electrophoretically
(Bioanalyzer 2100; Agilent Technologies, Palo Alto, CA).

To construct [llumina-compatible libraries, we used a Kapa Hyper
Prep Kit with RiboErase (Kapa Biosystems at Roche Sequencing
Solutions), according to the manufacturer's instructions. In brief, total
RNA was depleted of ribosomal RNA after hybridization to com-
plementary DNA-oligonucleotides and incubation with ribonuclease H,
followed by DNA digestion with DNase I. The remaining RNA was heat
fragmented and hybridized with random hexamer primers for first-
strand cDNA synthesis. Second-strand cDNA synthesis was performed
by substituting dTTP with dUTP and adding dAMP-tails to the 3-prime
ends. Different types of universal dsDNA adapters with 3-prime dTMP
overhangs were ligated to the construct- allowing for multiplexing in
each sequencing lane. cDNA library strand-specific amplification was
performed, which excluded the dUMP-labeled strand and enabled
strand-specific sequencing.

Sequencing was performed using the HiSeq 3000 platform
(Ilumina, San Diego, CA, USA) with 100 million paired-end reads of
150 nucleotides from each end of the RNA sequence insert, yielding
double-end reads in the range of 43 to 70 million for all samples. The
Bcl2fastq2 v2.17 program (Illumina) was used to demultiplex the se-
quencing data and convert the BCL files to FASTQ file formats. Quality
control analyses of the sequencing and raw sequence data were per-
formed using the real-time program Sequencing Analysis Viewer
(Ilumina) and the program FastQC (Andrews S. et al., Babraham
Institute, Babraham, Camebridgeshire, UK) yielding high-quality se-
quencing data for a total of 21 samples constituted of 14 adnexal tumor
and 7 normal samples.

All RNA sequencing data are available for download from the
National Center for Biotechnology Information (NCBI) sequence reader
archive (reference PRINA492349; NCBI, National Institutes of Health,
Bethesda, MD).

2.4. RNA-Seq analysis of differentially expressed genes and isoforms

The sequencing reads were first aligned to the latest UCSC transcript
set (human GRCh38/hg38 at http://genome.ucsc.edu, University of
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California, Santa Cruz, CA, USA) using the Bowtie2 version 2.1.0 pro-
gram (Ben Langmead et al., Johns Hopkins University, Baltimore, MD,
USA). Quantification of gene and isoform expression was performed
using the software package RSEM v1.2.15 (RNA-Seq by Expectation
Maximization by Bo Li and Colin Dewey, University of Wisconsin-
Madison, Madison, WI, USA).

Using the edgeR program (empirical analysis of DGE in R, by
Robinson, MD et al. at https://bioconductor.org), trimmed mean of M-
values (TMM) were calculated to normalize gene and transcript ex-
pression levels. The differential expression levels of uniquely aligned
genes and transcripts of all 14 tumor samples versus all 7 control
samples were determined (Supplemental Table 1). A statistical analysis
of the 21 tissue specimens (principal component analysis and hier-
archical cluster analysis) further allowed subtype analyses of the 7
control samples (N1 to N6, and N8) versus 2 subtype 1 samples of
malignant adnexal tumors (T1, T7), and 12 subtype 2 samples of benign
adnexal tumors (T8, T9, T11-T13, T16, and T18-T23) (Supplemental
Table 2). Supplemental Tables 1 and 2 represent the human tran-
scriptomes, with 25,343 gene transcripts and 48,009 isoform transcripts
for all adnexal tumor samples, and for each of the two adnexal sub-
types, including long noncoding RNA species, and excluding ribosomal,
small noncoding and control RNAs. All RNA sequencing, analyses, and
quality controls were performed by Technology Center for Genomics
and Bioinformatics at UCLA Pathology and Laboratory Medicine, Los
Angeles, CA, USA.

The whole transcriptome tables were then used to select for char-
acteristic differentially expressed (DE) genes using the strict criteria of
log2 fold change > 1, and for all adnexal tumors at false discovery rate
(FDR) < 1E-8 (p-value < 5.4E-10), for subtype 1 at FDR < 2E-3 (p-
values < 1.74E-4), and for subtype 2 at FDR < 1.5E-7 (p-
values < 1.16E-8) (Supplemental Table 3). Gene and transcript anno-
tations were manually updated using the NCBI Entrez Gene, ENSEMBL,
and UCSC Genome Browser databases.

Next, the gene tables that were characteristic for subtype 1 (ma-
lignant adnexal tumors), and subtype 2 (benign adnexal tumors) were
compared to generate 4 groups of genes and transcripts: (1) those un-
ique to subtype 1, (2) those unique to subtype 2, (3) those common to
subtypes 1 and 2 but expressed differently with ALog2(FC) > 0.585
(representing differences in foldchange > 1.5), and (4) those common
to subtypes 1 and 2 and expressed similarly with ALog2(FC) < 0.585
(Supplemental Table 4).

Finally, the RNA-Seq analysis generated gene profiles characteristic
for adnexal tumor subtypes 1 and 2 were compared to those for epi-
thelial and myoepithelial ACC, which were obtained in our previously
study [21]. The results are shown in Supplemental Table 5.

2.5. Cluster analysis and heatmaps

A sample similarity analysis of 14 adnexal tumor and 7 normal
specimens produced a hierarchical cluster dendrogram of all detected
gene and transcript expressions. Heatmaps were generated for the top
100-foldchange differentially expressed (DE) genes, including cluster
analysis dendrograms from gene and sample cluster linkage similarity
calculations.

2.6. Pathway analysis

Pathway core analyses and network analyses of the RNA-Seq dif-
ferential expression data of the adnexal tumor subtypes were performed
using the Ingenuity Pathway Analysis (IPA) program from Ingenuity
Systems (Qiagen Silicon Valley, Redwood, CA, USA).

2.7. Immunohistochemical analysis

An immunohistochemical analysis (IHC) was performed on 18
samples, with antibodies against human ODAM (MyBiosource, San
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Table 1
Clinico-pathological data.
Sample Ageyrs Sex Location Histological diagnosis Tumor infiltrating lymphocytes (TILs) Comments
1 T1 63 M Upper back Adnexal carcinoma Minimal intratumoral/marked peritumoral (early tertiary lymphoid structures)
2 T2 60 F Scalp Cylindroma Minimal intratumoral
3 T3 67 M  Scalp Spiradenoma Minimal intratumoral/minimal peritumoral
4 T4 44 F Breast Spiradenoma Minimal/moderate intratumoral
5 T5 60 F Scalp Cylindroma Minimal intratumoral
6 T7 88 M Helix Spiradenocarcinoma Moderate intratumoral
7 T8 55 M Shoulder Spiradenoma Moderate/marked intratumoral
8 T9 71 F Postauricular ~ Cylindroma Minimal intratumoral/moderate peritumoral
9 T10 76 F Antitragus Cylindroma Minimal intratumoral/minimal peritumoral
10 Ti1 76 F Antitragus Cylindroma Minimal intratumoral/minimal peritumoral
11 Ti2 40 F Elbow Spiradenoma Minimal intratumoral/marked peritumoral
12 Ti3 42 F Scalp Spiradenoma Moderate/marked intratumoral
13 T4 44 F Face Spiradenoma Moderate/marked intratumoral Brooke-Spiegler
14 Ti6 42 F Scalp Spiradenoma Moderate/marked intratumoral Brooke-Spiegler
15 T17 62 F Pinna Spiradenoma Moderate intratumoral/moderate peritumoral
16 Ti18 67 M Scalp Spiradenoma Minimal intratumoral/moderate peritumoral
17 T19 62 F Arm Spiradenoma Moderate intratumoral/marked peritumoral (tertiary lymphoid structures)
18 T20 66 F Shoulder Spiradenoma Minimal intratumoral/moderate peritumoral
19 T21 67 M Scalp Spiradenoma/cylindroma  Minimal intratumoral/minimal peritumoral
20 T22 31 F Scalp Spiradenoma/cylindroma  Minimal intratumoral/minimal peritumoral Brooke-Spiegler
21 T23 64 F Shoulder Spiradenoma/cylindroma  Minimal intratumoral/moderate peritumoral Li-Fraumeni
22 T24 24 F Scalp Spiradenoma Moderate intratumoral Brooke-Spiegler

Diego, CA), HOXB13 (Antibodies-online Inc., Atlanta, GA, USA), MYB
(Abcam, Cambridge, MA, USA), and SOX10 (Novus Biologicals,
Littleton, CO, USA). For each protein, the results were categorized as
positive (> 10% of the entire tissue specimen was positive) or negative
(< 10% of the entire tissue specimen was stained), with an intensity
score of 2-3+. Subcellular localization for ODAM was nuclear and cy-
toplasmic, while nuclear staining accounted for the other 3 biomarkers.

3. Results
3.1. Clinical and histologic data

The 22 tumors were classified as 12 spiradenomas, 5 cylindromas, 3
hybrid spiradenomas/cylindromas, 2 adnexal carcinomas. Clinical
characteristics of the 22 patients are given in Table 1.

Median age at diagnosis was XX (range: 24to 88 yo). Most patients
were female (n = 16, 73%), the more frequent primary site was in the
head and neck (n = 15: scalp- 9, ear- 5, face- 1). The tumors' histo-
pathological similarities and differences are illustrated in Fig. 1A and B.

The presence of lymphocytes was noted in all 22 tumors, with
minimal-to-moderate intratumoral localization (Table 1).

3.2. Genome-wide RNA sequencing analysis

Differential gene expression profiles from 7 spiradenomas, 2 cylin-
dromas, 3 hybrid spiradenomas/cylindromas, 2 adnexal carcinomas
versus 7 normal adnexal skin structures were generated and compared
to each other.

RNA-Seq data cluster analysis and heatmap results (Fig. 2) from all
adnexal tumor samples allowed separation of two main groups, which
were designated as adnexal tumor subtype 1- malignant (samples T1
and T7) subtype 2- benign (samples T8, T9, T11-T13, T16, and T18-
T23) (Supplemental Table 3).

Detailed comparisons of the two tumor subtypes revealed genes and
transcripts that were specific for each group and genes and transcripts
that were commonly expressed in both subtypes at different or similar
expression values (Supplemental Table 4).

The benign adnexal tumor samples were dominated by at least 12
development- and differentiation-related genes and transcripts. Of the
top 7 highest differentially expressed (DE) signature genes, 4 (DMRTA2,
HOXB13, TLX1, and SOX14) are related to development and differ-
entiation, and 3 (ODAM, KCTD14, and CPA6) are related to signaling
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and protein metabolism.

In addition, we identified 8 more upregulated developmental and
differentiation- related genes and transcripts that are listed in order of
decreasing DE: BARX1, DLX1, DLX2, HOTAIR (HOX transcript antisense
RNA), PAX9, VAX2, ONECUT2, and HOXC11. This highly varied group
of development- and differentiation-related genes may correlate with a
highly diverse population of adult adnexal stem cells with neoplastic
features.

In contrast to this, the specific and characteristic DE genes from the
malignant adnexal tumor samples had a strikingly different top 7 gene
signature, represented by membrane signaling and metabolism-related
proteins (GRIA1, CLVS2, SEZ6L, THSD7B, NPTX1, MALRD1), and LHX2
as the only development and differentiation-related gene.

To identify for similarities and differences between adnexal tumors
and ACC, we compared both adnexal subtypes to epithelial and
myoepithelial ACC on the basis of our adnexal RNA-Seq data and data
from our previous RNA-Seq study [21] (Supplemental Table 5).

The comparative analysis resulted in the highest number of specific
DE genes shared between adnexal subtype 1 and epithelial ACC (36
specific genes) versus only 16 specific genes shared with myoepithelial
ACC. Furthermore, the expression values of the specific genes shared
between adnexal subtype 1 and epithelial ACC were all equally upre-
gulated or downregulated, in contrast to those with myoepithelial ACC
in which 2 of the 16 specific genes were oppositely regulated.

For adnexal subtype 2, the highest number of shared specific DE
genes was observed for myoepithelial ACC (27 specific genes), which
was only slightly higher than that for epithelial ACC with (21 shared
specific genes). In adnexal tumor subtype 2, several of the shared spe-
cific genes are oppositely regulated, with 10 of 27 (37%) oppositely
expressed in myoepithelial ACC, and 6 of the 21 (29%) specific genes
oppositely expressed in epithelial ACC.

These comparisons indicate a strong similarity between adnexal
subtype 1 (malignant) and epithelial ACC and a weak similarity be-
tween adnexal subtype 2 (benign) and myoepithelial ACC rather than
with epithelial ACC.

3.3. Biomarker analysis

To validate the gene expression patterns of the adnexal tumor types
detected by RNA-Seq analysis, we characterized the protein expression
levels of 4 selected genes by immunohistochemistry (IHC). The 4 an-
tibodies were selected on the basis of the specificity and upregulation of
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Fig. 1. A. Histopathological similarities and differences. Spiradenoma (a, b). At scanning power, the silhouette of spiradenoma is distinctive, with typically rela-
tively few large, round, smooth-bordered aggregations of epithelial cells. Cylindroma (¢, d). The histopathologic features of cylindroma are very much like those of
spiradenoma but differ in silhouette at scanning power. The aggregations were more numerous and smaller, packed together in a “jigsaw puzzle” pattern.
Spiradenocylindroma (e, f). Collision between spiradenoma and cylindroma. Eccrine spiradenocarcinoma (g, h). Presence of focal necrosis, increased mitotic
activity and stromal reaction associated with infiltrative growth (T7). Panel B. The other adnexal carcinomas (T1) displayed features of eccrine spiradenoma (b, €),
basal cell carcinoma (a, f), trichoblastoma (c, d) and focal sebaceous differentiation. This sample segregated at the gene expression level, as noted from the heat maps

and cluster analysis.

their genes for the adnexal tumor types and the availability of high-
quality antibodies. This resulted in the selection of genes that were
specific for adnexal subtype 2: ODAM, HOXB13 with Log2 fold changes
(Log2(FC)) of 10.02 and 8.65, respectively; and, SOX10 with Log2(FC)
for adnexal tumor type 1 = 2.82 and for type 2 = 4.06, and MYB with
Log2(FC) for adnexal tumor type 1 = 2.57 and for type 2 = 3.24, which
were commonly expressed in all adnexal tumors (Supplemental
Table 4).
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The IHC analysis of the expressed proteins revealed that ODAM was
positive in 83%, SOX10 in 89%, and HOXB13 and MYB each 67%, of
tested tumors. The expression of these biomarkers was absent or oc-
casionally present in eccrine glands from normal skin though ODAM
expression was noted in basal cells and dermal trichilemmal cells from
normal skin. A representative illustration of the selected biomarkers is
shown in Fig. 3 and detailed IHC analysis results are given in Table 2.
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Fig. 1. (continued)

3.4. Pathway analysis

IPA pathway core analysis of adnexal tumor subtype 1 as well as for
subtype 2 revealed the highest score for cancer as result of the top
diseases and top biological functions.

For adnexal tumor subtype 1, IPA determined the top network as-
sociated with embryonic development, endocrine system development
and function, and organ development; the network pathway included
associations between upregulated LHX2 and WNT signaling (Fig. 4A).
For adnexal tumor subtype 2, IPA determined the top network asso-
ciated with embryonic development, organismal development, and
tissue development; the network pathway included associations be-
tween the overexpressed developmental and the differentiation-related
transcription factors SOX4, SOX10, SOX11 and DLX2 (Fig. 4B).

4. Discussions

In this study, we performed an RNA-Seq analysis of FFPE skin ad-
nexal neoplasms and identified the genes and transcripts that define
these neoplastic tissues with insights into their histogenesis.

The synchronous occurrence of follicular, sebaceous, or apocrine
differentiation in cutaneous adnexal neoplasms is a known event, more
often encountered in benign neoplasms. There have been only
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anecdotal reports of cutaneous malignant adnexal tumors with multi-
lineage differentiation [22]. These cases illustrate the spectrum of di-
versity encountered in malignant proliferations, with differentiation
toward the folliculosebaceous-apocrine unit [22]. One of the adnexal
carcinomas (T1) in our study displayed features of eccrine spir-
adenoma, basal cell carcinoma, trichoblastoma, and focal sebaceous
differentiation. This sample obviously segregated at the gene expression
level, as noted from the heatmaps and cluster analysis. The other ad-
nexal carcinoma (T7) had eccrine spiradenocarcinoma morphologic
features, and although the heatmap highlighted gene expression dif-
ferences, this tumor clustered together with T23 (hybrid spiradenoma/
cylindroma) and T18 (spiradenoma) and thus had an eccrine pro-
genitor. The next cluster included T19 (spiradenoma), T8 (spir-
adenoma), and T22 (hybrid spiradenoma/cylindroma). The dominant
group of 7 tumors included 3 spiradenomas (T20, T16, and T13), 3
cylindromas (T9, T12, and T11) and 1 hybrid spiradenoma/cylindroma
(T21).

Historically, spiradenoma has been described as eccrine in origin,
dating back to the largest case series published (134 cases in 1956) from
The Armed Forces Institute of Pathology (AFIP) [2]. The histogenesis of
cylindroma was also promoted as eccrine by AFIP [1,3,23] and is
equally controversial. Several studies have supported a folliculosebac-
eous lineage, on the basis of the results of immunohistochemical studies
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Fig. 2. A. Heatmap of the top 100 highest differentially expressed genes and transcripts with dendrograms for the samples and genes.
B. The cluster dendrogram shows similarities between the neoplastic adnexal samples and normal samples.

[24,25]. Arguments in support of folliculosebaceous-apocrine unit de-
rivation include the frequent co-localization of spiradenoma and cy-
lindroma with trichoepithelioma in patients with Brooke-Spiegler syn-
drome, the association of cylindromas with trichoepitheliomas and
milia in patients with Rasmussen syndrome, and the anatomical

location of spiradenomas and cylindromas, in contrast to poromas,
which do not occur in areas rich in eccrine glands, such as the palms
and soles, but instead favor locations rich in hair follicles, such as the
face and scalp (reviewed in Sellheyer [24]).

Sellheyer focused the analysis on CD200 and the presence of local
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Fig. 3. The gene expression patterns detected by RNA sequencing analysis were validated using IHC analysis and the protein expression levels of 4 selected genes.
Immunoperoxidase studies were conducted using antibodies against homeobox protein Hox-B13 (a), odontogenic ameloblast-associated protein Odam (b), SRY-

related HMG-box Sox10 (c), and myeloblastosis transcription factor Myb (d).

immune response [24]. The stem cell marker transmembrane glyco-
protein CD200 represents an immunoprotective membranous molecule
that is highly specific for the hair follicle bulge. The author reported the
presence of numerous lymphocytes within the epithelial component of
both spiradenomas and cylindromas, as well as the absence or rare
presence of lymphocytes that were confined to stroma in hidradenoma,
poroma, dermal duct tumor, and hidroacanthoma simplex. CD200 and
the lymphocytes that represent the immunoregulatory cells found in
spiradenomas and cylindromas may be somehow associated with the

histogenesis or immunosurveillance of these adnexal neoplasms [24].
The hair follicle bulge represents a site of relative immune privilege;
when the immunoprotection of the bulge area gets out of control, a
cutaneous malignancy or an adnexal tumor may develop (reviewed in
Sellheyer [24]). On the basis of the expression of stem cell markers in
the tumors examined in Sellheyer's study (mainly CD200), it was con-
cluded that both spiradenoma and cylindroma are not eccrine but fol-
licular tumors [24].

Our RNA-Seq analysis of adnexal tumors reveals the highest

Table 2

Biomarker validation and detailed immunohistochemistry analysis.
Sample ID HOX B13 ODAM SOX10 MYB

67% 83% 89% 67%

T1 Negative Positive Negative Negative (< 5%)
T5 Positive (30%) Negative Negative Positive (30%)
T7 Negative Positive Positive (> 80%)- basal Negative (< 5%)
T8 Negative Positive Positive (> 80%)- basal Negative
T9 Positive (80%) Positive Positive (> 80%)- basal Positive (30%)
T10 Negative (< 5%) Positive Positive (> 80%) Positive (50%)
T11 Positive (30%) Positive Positive (> 80%) Positive (50%)
T12 Negative Positive Positive (> 80%)- basal Positive (20%)
T13 Positive (30%) Positive Positive (> 80%)- basal Positive (80%)
T14 Positive (30%) Negative Positive (> 80%)- basal Positive (30%)
T16 Positive (30%) Positive Positive (> 80%)- basal Positive (30%)
T17 Positive (50%) Positive Positive (> 80%)- basal Positive (50%)
T18 Positive (30%) Positive Positive (> 80%)- basal Negative
T19 Positive (80%) Positive Positive (> 80%)- basal Negative
T20 Positive (30%) Positive Positive (> 80%)- basal Positive (20%)
T21 Positive (30%) Positive Positive (> 80%)- basal Positive (30%)
T22 Negative (< 5%) Positive Positive (> 80%)- basal Positive (50%)
T23 Positive (30%) Negative Positive (> 80%)- basal Negative (< 5%)
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expressed genes and transcripts were predominantly development- and
differentiation-related genes and transcripts with ODAM, KCTD14,
DMRTA2, HOXB13, TLX1, SOX14, and HOTAIR specific for subtype 2;
LHX2 specific for subtype 1, and SOX11, SOX10, SOX8, IRX4, LEF1
(Iymphoid enhancer-binding factor 1) and MYB common in all adnexal
tumors (Supplementary Table 4).

The biological functions of some of these genes are described here to
categorize them as biomarkers for these adnexal tumors.

ODAM, odontogenic ameloblast associated, (Log2(FC) 10.02) is in-
volved in odontogenesis of dentin-containing tooth, the regulation of
actin cytoskeleton organization, and the positive regulation of GTPase
activity, as well as in inflammatory response and gene expression. The
ODAM protein inhibits the growth and migration of human melanoma
cells and elicits PTEN elevation and inactivation of PI3K/AKT signaling
[26]. ODAM has been proposed to have diverse functions that vary with
protein location in various cell lines. Nuclear ODAM appears to be as-
sociated with MMP-20 regulation and tumorigenesis [27], whereas
other functions may take place in the cytoplasm and extracellular ma-
trix [27]. Ectopic ODAM expression in melanoma cell lines suppresses
growth and migratory activity in these cells while initiating elevated
PTEN expression and AKT activity suppression [26]. ODAM expression
maintains cancer cell adhesion, resulting in the prevention of metastasis
via the regulation of RhoA signaling in breast cancer cells [28] and
inhibition of breast cancer tumorigenesis [29].

LHX2 may be involved in the overexpression of WNT10B to activate
WNT signaling [30], and this probably contributes to the cancer stem
cell features and the malignancy of this adnexal tumor type. This might
be corroborated by the discovery of the LHX2 - WNT10B pathway in
stem cells from epithelial keratinocytes that reside in the outermost
bulge layer of hair follicles [31], thus indicating that a similarity exists
between the adnexal tumor subgroup 1 and epithelial hair follicle stem
cells.

The intronless gene SOX11, SRY (sex determining region Y)-box 11,
(Log2(FC) 5.54) encodes a member of the SOX (SRY-related HMG (High
Mobility Group)-box) family of transcription factors that are involved in
the regulation of embryonic development and the determination of cell
fate. The encoded protein may act as a transcriptional regulator after
forming a protein complex with other proteins and may function in the
developing nervous system and play a role in tumorigenesis [32-34].

LEF1, (Log2(FC) 3.5) belongs to a family of proteins that share
homology with the high mobility group protein-1 (HMGB1) and can
bind to a functionally important site in the T-cell receptor-alpha en-
hancer, conferring maximal enhancer activity. The LEF1 transcription
factor is involved in the WNT signaling pathway and may function in
hair cell differentiation and follicle morphogenesis [35-37]. Mutations
in the LEF1 gene have been found in somatic sebaceous tumors [38,39]
and basal cell carcinoma [40]. The LEF1 gene has also been linked to
other cancers, including androgen-independent prostate cancer [41].
Alternative splicing results in multiple transcript variants.

HOTAIR, (Log2(FC) 4.43) is located within the homeobox C (HOXC)
gene cluster on chromosome 12 and is co-expressed with HOXC genes.
HOTAIR functions as a noncoding RNA transcript, and is the first
IncRNA that has been identified to regulate genes from a far distance in
its subcellular localization within the nucleus and cytoplasm. The
HOTAIR transcript binds lysine-specific demethylase 1 (LSD1) and
polycomb repressive complex 2 (PRC2) and serves as a scaffold to as-
semble these regulators at the HOXD gene cluster, thereby promoting
epigenetic repression of HOXD. The HOTAIR IncRNA is highly ex-
pressed in multiple tumors [42,43], including breast cancer, gastric
cancer, liver cancer, sarcoma and nasopharyngeal cancer, where it
promotes cancer cell proliferation, invasion and metastasis, while in-
hibiting apoptosis. HOTAIR-knockout can reduce tumor growth. As a
result, HOTAIR has been suggested to be an oncogene. HOTAIR is
known to modulate the cancer epigenome and reprogram the chromatin
state. Specifically, HOTAIR binds PRC2 and lysine-specific demethylase
1 (LSD1) forming a HOTAIR-PRC2-LSD1 complex that targets and
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silences genes of the HOXD locus on chromosome 2, including genes
that are involved in the suppression of metastasis by silencing the genes
HOXD10, MMP1/3, PTEN, SNAI1/2 (snaill/2), and WIF-1. Conversely,
depletion of HOTAIR ncRNA by RNA interference in primary human
fibroblasts leads to dramatic transcriptional activation across 40 kb of
the HOXD locus on chromosome 2, including HOXD8, HOXDO9,
HOXD10, HOXD11, and multiple ncRNAs.

Similar to ACC of the salivary gland, the MYB-NFIB gene fusion
product, as a result of t(6;9)(q22-23;p23-24) translocation, has been
shown in a subset of dermal cylindromas with overexpression of MYB
protein [16,44,45]. In this study, the MYB RNA transcript was ex-
pressed at a higher level in the benign adnexal tumor type 2 at higher
DE values (Log2(FC) 3.24) than in the malignant adnexal tumor sub-
type 1 (Log2(FC) 2.57). The MYB protein was expressed in 67% of tu-
mors (positive in all tested cylindromas and hybrids, and positive in 5 of
8 tested spiradenomas), with very focal MYB expression of < 5%
(scored as negative) in both adnexal carcinomas.

Loss of MYB expression in the malignant components of spir-
adenomas was reported by van der Horst and collaborators [16]. In our
unpublished experience, MYB is not an entirely specific biomarker for
ACC and adnexal tumors (mainly cylindromas), with immunoreactivity
occasionally seen in basal cell carcinoma and other basaloid neoplasms.

Similarly, SOX10 expression, which is mainly confined to myoe-
pithelial cells and basal cells in various biphasic salivary and adnexal
tumors, is known and accounts for less specificity as a biomarker. Of the
18 cases in our IHC analysis, 89% had SOX10 immunoreactivity, which
was mainly confined to basal cells.

Although engrailed homeobox 1 (EN1) was not detected in the top
100 strongly differentially expressed genes, given the morphological
overlap between eccrine adnexal tumors and ACC, we tested the im-
munoreactivity between these tumors and anti-EN1. Two spiradenomas
(T14 and T17) showed EN1 expression, while the other samples were
negative or had weak expression. Our previous experience with high
expression of EN1 in ACC shows a reliable correlation between tran-
scriptome, methylation, and protein expression [21,46,47]. Miura et al.
[48] recently reported on the EN1 protein expression in most of the
tumor cells of sweat gland neoplasms with eccrine gland differentiation,
while negative in sebaceous and hair follicle neoplasms.

We further compared the transcriptome of eccrine adnexal tumors
with the transcriptome of ACCs reported in our previous study [21], to
identify the overlapping genes that may indicate histogenesis. There
were 36 specific genes overlapping between adnexal tumor type 1 and
the epithelial-dominant subtype of ACC, including TBX1, CBXS,
FOXM1, and FOXO03, and 27 specific genes overlapping adnexal tumor
type 2 with the myoepithelial-dominant subtype of ACC, including
ODAM, DPP4 (T cell activation antigen CD26), and TP53 (Supplemental
Table 5). At this point there is no known specific biomarker to aid in the
diagnosis of eccrine spiradenoma and cylindroma in small samples or
biopsies within the context of morphological overlap with ACC.

In conclusion, spiradenomas and cylindromas seem to be mainly
defined by the high number of overexpressed developmental genes,
mostly homeobox genes, which provide the potential for transformation
and plasticity, though these tumors are also defined by the differ-
entiation and proliferation behavior of their neoplastic cells. These data
may help us understand the contribution of different adnexal epithelial
cell types to the etiology and molecular pathology of dermal adnexal
disease.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.anndiagpath.2019.04.015.
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