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Introduction

Due to their relative rarity and the large number of histotypes, the diagnosis of sweat gland tumors is often challenging. Notably on acral sites [1], the distinction is notoriously difficult between digital papillary adenocarcinoma (DPA), a rare and aggressive adnexal tumor with frequent local recurrences and possible metastatic spread [1-3] and other acral sweat gland tumors [1,4], such as hidradenoma, tubular adenoma, hidrocystoma/cystadenoma, mixed tumors and poroid hidradenoma [1][2][3][4][5][6].

During the last decade, the identification of highly-specific recurrent genetic alterations has been reported in several sweat gland tumors and can help for diagnosis purposes. In particular, rearrangements of CRTC1::MAML2 and CRTC3::MAML2 have been identified in hidradenomas [7,8] and hidradenocarcinomas [7,9]. Furthermore, mutations in the MAP kinase pathway, particularly BRAF p.V600E, were found in tubular adenomas [10]. More recently, frequent rearrangements of YAP1::MAML2 and YAP1::NUTM1 were observed in poroma, and their malignant counterparts [START_REF] Kazakov | Digital papillary adenocarcinoma[END_REF]12]. In contrast, for a long time, only limited data was available on the genetics of DPA with activating mutation of BRAF exceptionally detected in this setting [START_REF] Surowy | Gene expression profiling in aggressive digital 35 papillary adenocarcinoma sheds light on the architecture of a rare sweat gland carcinoma[END_REF][14][15][START_REF] Dias-Santagata | A potential role for targeted therapy in a 43 subset of metastasizing adnexal carcinomas[END_REF][17]. Recently, Thomas Wiesner[18] reported the integration of human papillomavirus type 42 (HPV42) into the tumor cell genome of a cohort of DPA cases, a result recently confirmed by another group [START_REF] Vanderbilt | Defining Novel DNA Virus-Tumor 1 Associations and Genomic Correlates Using Prospective Clinical Tumor/Normal Matched 2 Sequencing Data[END_REF]20].

Thus, in the present study we aim i) to give an overview of the prevalence of previously identified oncogenic drivers of acral sweat gland tumors, and ii) to genetically characterize the tumor histotypes with not yet identified recurrent genetic alteration.

Methods

Patients and samples

All cases of acral sweat gland tumors (palms and soles) registered in the database of the 

Clinical and follow-up data

Age, sex, stage according to the American Joint Committee on Cancer (AJCC) at the time of surgery [23], location of the primary tumor and follow-up of the patient were collected from patient files.

Step-by-step investigation of tumor samples

The management of the samples is summarized in Figure 1/ Flow chart. Briefly, we have evaluated in the entire cohort the presence of CRTC1/3::MAML2 fusion, mutation of BRAF and HPV42 genome. The cases in which none of these alterations was detected were subsequently screened by immunohistochemistry for rearrangement of YAP1 and NUTM1 [START_REF] Kazakov | Digital papillary adenocarcinoma[END_REF]. The identified cases were further investigated by targeted RNA sequencing (RNA-seq).

Mixed tumors and secretory carcinoma cases were also investigated by targeted RNA sequencing, as fusion transcripts involving the PLAG1[24] and NTRK3 [24] genes have been reported in these entities. All DPA samples with sufficient FFPE material, as well as 13 randomly selected (sealed envelopes) non-DPA samples, were submitted to HPV-capture NGS. Whole-transcriptome RNA-sequencing was performed in tumor groups without identified genetic alterations.

Detection of CRTC1::MAML2 and CRTC3::MAML2 fusion transcripts

All details on the procedures for the detection of CRTC1::MAML2 and CRTC3::MAML2 fusion and BRAF mutation are available in Supplementary Method S1.

In situ hybridization and immunohistochemistry

Detection of HPV42 RNA was performed using the RNAscope® Probe HPV42, (ACD, Bio-Techne SAS, France), according to the manufacturer's instructions (Supplementary Method S2). All details regarding immunohistochemical staining are available in Supplementary Method S2.

Targeted RNA sequencing

The rearrangements of NUTM1, YAP1, PLAG1, and NTRK3 were investigated using nextgeneration sequencing (NGS). The library was prepared using a custom FusionPlex Comprehensive kit (Archer®Dx) and sequenced on a MiSeq System (Illumina). The data obtained were analyzed using Archer Analysis Suite v6.03.2. AMP (Anchored Multiplex PCR) technology.

Whole RNA sequencing

Whole-transcriptome RNA sequencing was performed as previously described [25] (Supplementary Method S3).

HPV42 status determination and search for integration

HPV42 status was determined using real time PCR (qPCR) with primers and probe specific of the L1 genomic region. PCR reactions were run on the LightCycler 480 II (Roche diagnostics, Indianapolis, USA). Primer sequences are available in Supplementary Method S1. The demonstration of the presence and integration of HPV42 was achieved using HPV Capture-Next generation sequencing as previously described [26] (Supplementary Method S4).

Statistical analyses

Continuous data are described by medians and ranges, and categorical data by percentage of interpretable cases. Associations were assessed by Mann-Whitney and two-tailed Fisher's exact tests for continuous and categorical data, respectively.

Results

Patients' characteristics and histological findings

Among the 158 cases of acral sweat gland tumor registered in the CARADERM database, 79 were included in the present study (Figure 1/Flow Chart). The clinical, histopathological, and molecular characteristics of the cases are presented in Table 1, Figure 2, Supplementary Table 1 and Supplementary Figures 1234. After histopathological review, the tumors were classified as: DPA (n=11), hidradenoma and hidradenocarcinoma (n=12 and 12 respectively), porocarcinoma (n=18), poroid hidradenoma (n=3), malignant poroid hidradenoma (n=4), tubular adenoma (n=4), cystadenoma/hidrocystoma-like tumors of the digits (n=4 including 2 atypical cases), mixed tumors (n=4), adnexal adenocarcinoma not otherwise specified (NOS) (n=4), cribriform carcinoma (n=1) and secretory carcinoma (n=1).

Briefly, the cases of DPA had a mixed solid, cystic, and papillary architecture with frequent back-to-back gland formation. The cases of Hidradenoma and hidradenocarcinoma had a mostly solid growth pattern and were composed of clear or eosinophilic cells entrapped in a hyalinized stroma. The tubular adenoma consisted of multiple tubular structures with frequent pseudopapillary projections. The association of epithelial, myoepithelial, and mesenchymal components was observed in all mixed tumors. Hidrocystoma/cystadenoma-like tumors were mainly unilocular structures lined by a double layer of myoepithelial and luminal cells. Among the cases classified as porocarcinoma, two cases harbored unusual architectural and cytological findings, as detailed below. A single case was considered ambiguous without a clear distinction between tubular adenoma and DPA (Supplementary Figure 1).

Follow-up data were available in 22 cases (median duration: 34 months, ranges: 5-156)

(Supplementary Table 1). Only four patients developed metastases and two deaths occurred within the observation time. Among these severe cases, three patients had been diagnosed with DPA and one with adnexal adenocarcinoma NOS.

Recurrent genetic alterations in sweat gland tumors

We then evaluated the presence of these previously reported genetic alterations in our cohort (Figure 1/Table 1). CRTC1::MAML2 rearrangements were detected only in hidradenoma and hidradenocarcinoma (n=9/12 and n=9/12, 75% respectively) and the BRAF p.V600E mutation was observed in all tubular adenoma (n=4/4). Furthermore, an activating BRAF mutation was detected in the morphologically ambiguous case mentioned above (Supplementary Figure 1). ETV6::NTRK3 fusion transcript was detected in the secretory carcinoma case, and TRPS1::PLAG1 fusion transcripts were identified in three of the four cases of cutaneous mixed tumors (75%).

Combined immunohistochemical (Supplementary Table 2, Supplementary Figure 2) and molecular analysis further identified YAP1::MAML2 fusion transcripts in 5 cases of porocarcinoma, while the YAP1::NUTM1 fusion was detected in all cases of poroid hidradenoma, of their malignant counterpart and in 3 cases of porocarcinoma.

Recurrent HPV42 genome detection in DPA

To assess the potential association of DPA with HPV integration as recently described, realtime PCR detection of the HPV42 genome was applied to the entire cohort (n=79). This analysis confirmed the presence of the HPV42 genome in 10 of the Therefore, our results confirmed the existence of primary cutaneous NUT adnexal carcinomas [28] and suggested that RET fusions could constitute an oncogenic driver of hidrocystoma/cystadenoma-like tumors of the digits, and we.

Discussion

The oncogenesis of adnexal tumor entites is frequently related to one specific recurrent oncogenic driver, highlighting the diagnostic value of these molecular alterations integrated in a given clinical and morphological context. In the present study, we confirmed the high prevalence of previously identified genetic alterations in hidradenoma and hidradenocarcinoma, tubular adenoma, poroid, and mixed tumors, as well as in secretory carcinoma. We further comforted the recent description of the role of HPV42 in the oncogenesis of DPA by detecting the HPV42 genome in 10 DPA (91%) and showed that the episomal form of the virus could also have oncogenic properties, as previously reported for HPV16 [26,[START_REF] Péré | Episomal HPV16 responsible for aggressive and 29 deadly metastatic anal squamous cell carcinoma evidenced in peripheral blood[END_REF]. Finally, we identified two NUT adnexal carcinomas with BRD3::NUTM1 or NSD3::NUTM1 fusion, an extremely rare tumor, and detected NCOA4::RET and CCDC6::RET fusions in two hidrocystoma/cystadenoma tumors of the digits.

Hidradenoma is one of the first adnexal tumors for which a recurrent oncogenic event was identified, i.e. CRTC1::MAML2 fusion. Although previous series reported this alteration in less than 50% of cases of hidradenoma [7,30], Russell-Goldman et al. recently reported the detection of MAML2 fusion in up to 90% of cases [START_REF] Russell-Goldman | MAML2 Gene Rearrangement Occurs in Nearly All 36 Hidradenomas: A Reappraisal in a Series of 20 Cases[END_REF] as confirmed in our study. Similarly, by analogy to their salivary counterpart, rearrangements of the PLAG1 gene have been identified in cutaneous mixed tumors [32,33], as observed in our study that demonstrated In 2019, Thomas Wiesner reported at the International Society of Dermatopathology conference that HPV42, a "low-risk" HPV [START_REF] Okodo | Koilocytic changes are not elicited by human 46 papillomavirus genotypes with higher oncogenic potential[END_REF], could be integrated into the DPA cell genome [18]. Accordingly, the recurrent detection of HPV42 in almost all DPA tested in our cohort, the high coverage of the entire viral genome by sequencing, as well as the viral integration in some samples strongly supports the contribution of HPV42 to the oncogenesis of DPA.

Interestingly, although prominent glandular and papillary structures were observed in most HPV42 positive tumors, therefore classified as DPA, integration of the HPV42 genome was detected in one more sample that consisted of undifferentiated neoplasia (Supplementary Figure 4). Therefore, detection of HPV42 in this sample rise the hypothesis of a poorly differentiated DPA.

Among mimickers of DPA, tubular adenoma is genetically characterized by BRAF p.V600E mutation [10], while this mutation seems to be rare in DPA (detected in only two cases in the literature) [14,17]. Consequently, this canonical p.V600E mutation of BRAF was detected in all cases of tubular adenoma in our study and in one case for which the morphological distinction between DPA and tubular adenoma was considered doubtful (Supplementary Importantly, our study further demonstrated the existence of primary cutaneous NUT carcinoma by identifying BRD3::NUTM1 and NSD3::NUTM1 fusion in two adnexal tumors with poroid characteristics (Figure 4). Although these cases were initially diagnosed as porocarcinoma based on the association of malignant characteristics and duct formation, these tumors showed microscopic features distinct from porocarcinoma and similar to the one observed in extracutaneous NUT carcinoma [START_REF] French | BRD4-NUT fusion oncogene: a novel 48 mechanism in aggressive carcinoma[END_REF]37] : prominent nucleoli, clear chromatin, a distinct growth pattern and a combination of ducts and foci of keratinization.

Until now, only three potential primary cutaneous NUT carcinomas have been reported [28,38,39]. Identification of additional cases is required to determine which phenotypic characteristics are specific to this entity.

In conclusion, our study confirmed the recurrent presence of HPV42 in DPA, further demonstrated the existence of primary cutaneous NUT adnexal carcinoma and finally evidenced recurrent RET fusion in hidrocystoma/cystadenoma-like tumors of the digits.
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  skin cancers, CARADERM[21] between 2015 and 2020 were considered for inclusion (local ethics committee, Tours, France; ID: RCB2009-A01056-51)[22]. Additionally, one case of DPA and one case of hidrocystoma/cystadenoma-like tumor of the digits were extracted from the consultation cases of EC, AZ and ET. Only cases with sufficient tumor material for representative hematein phloxin saffron (HPS) slide staining and DNA extraction were included in the present analysis. All cases were histopathologically reviewed by 2 pathologists (MB, BC).
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of BRD3::NUTM1, NSD3::NUTM1 in NUT adnexal carcinoma and NCOA4::RET, CCDC6::RET fusion transcripts in hidrocystoma/cystadenoma-like tumors of the digits

  with a higher number of HPV42 reads in DPA cases (median number of HPV42 reads: 155,288; range: 46,418 to 1,296,665) compared to the other tumors (median number of HPV42 reads: 745, range: 380 to 57,555) (p<10 -4 ).In our cohort, two tumor cases, morphologically classified as 'porocarcinoma' due to an infiltrative growth pattern and duct formation, still showed morphological characteristics distinct from other porocarcinoma cases (Figure4/Supplementary Table4). These specimens were composed of epithelial strands, cords, and tubules with a reticulated growth pattern entrapped in a hyalinized stroma. Tumor cells were medium-sized with large round nuclei, clear chromatin, and prominent nucleoli. Ducts were present in both cases, whereas keratocysts were observed in one. Importantly, immunohistochemistry detected a discordant positivity for YAP1 and NUT in these cases. Accordingly, RNA sequencing revealed

	Identification
	Importantly, only HPV genotype 42 sequences were present. Integration sites were identified
	in 3 DPA cases (Cases # 2, 3 and 7) involving non-coding regions in two cases and in intronic
	sequence of the FRYL gene in one case (Supplementary Table 3). Furthermore, DPA
	associated with the episomal form of the virus (4 cases) were characterized by a higher
	number of HPV reads (Cases #1, 4-6, reads number: 155288-1296665) than HPV integrated
	tumors (p=0.03). It should be noted that in situ detection of HPV42 transcripts (RNA scope)
	revealed intense positivity in more than 90% of the cells in all tested cases of DPA (n=5)
	To further comfort, the implication of HPV42 in DPA oncogenesis, seven cases of DPA (cases

11 DPA samples. The clinical, and histopathological characteristics of the cases are presented in Table 2/Supplementary Figure 3. Among non-DPA samples, the detection of the HPV42 genome was only possible in an undifferentiated tumor diagnosed as adnexal adenocarcinoma NOS (case #12) (Supplementary Figure 4).

#1-7) and 13 samples of randomly selected non-DPA cases (cases #12-24) were submitted to HPV-capture next-generation sequencing. This analysis identified HPV42 sequences in all samples tested (Table

2

/Figure

3 A-B

)

(Figure 3C, Table

2

), while no signal was observed in 8 of the non-DPA samples included as controls.

Therefore, the high prevalence of the HPV42 genome in DPA and the almost lack in other sweat gland tumors strongly suggest the detection of HPV42 as a highly relevant tool for the diagnosis of DPA in current practice (Sensitivity=91%, Specificity= 99%).

BRD3::NUTM1 and NSD3::NUTM1 fusion transcripts in these cases, therefore demonstrating that these tumors are cutaneous NUT adnexal carcinomas, a recently described tumor distinct from porocarcinoma.

Finally, whole transcriptome RNA sequencing was performed in tumor groups without identified genetic alteration. No recurrent fusion or mutation was observed in cases of adenocarcinoma NOS (2 analyzed cases). On the contrary, analysis of the two hidrocystoma/cystadenoma-like tumor cases, for which library generation was possible, revealed a NCOA4::RET and a CCDC6::RET fusion transcript previously described in salivary intraductal carcinoma

[27]

. Importantly, these tumors (cases #35 and #79/Figure

5

, Supplementary Table

5

) consisted of cystic lesions that formed glands, pseudopapillary projection, and anastomotic epithelial tufts. One case was classified as atypical due to poor circumscription.

Table 1 . Genetic characteristics of the cohort according to tumor types. Table 2. Clinical, microscopic, immunohistochemical and molecular characteristics of DPA. Figure 1. Flow chart.
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