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Abstract

Congenital defects in androgen synthesis and action in 46,XY individuals result in impaired
intrauterine masculinisation despite normal testis determination. Defects of androgen synthesis can
occur anywhere along the androgen synthetic pathway, from cholesterol synthesis to peripheral
reduction of testosterone to dihydrotestosterone, while defects of androgen action result from
resistance to the biological actions of androgens, despite typical male androgen concentrations.
Although the testis determination seems to proceed normally in people with the defects of
androgen synthesis and action, but show pathological changes. The seminiferous tubules are small
and solid, with immature Sertoli cells (5Cs) and loss of germ cells (GCs). Leydig cells (LCs) are
predominantly affected, showing aplasia or hypoplasia in the defects of androgen synthesis, but
hyperplasia in androgen insensitivity syndrome (AIS). In a recent immunohistochemical
characterisation of gonadal tissues from a young adult with complete androgen insensitivity
syndrome (CAIS), gonadal tissues with SC tumours have been shown to express HSD17B3 in SCs and
not in LCs, a pattern of expression that differs from the typical adult human testis and resembles the
foetal mouse testis, suggesting an underlying defect of testicular development in defective

androgen signalling.

The current study investigated the effect of congenitally defective androgen signalling on the
differentiation of the different gonadal somatic cell types in 46,XY children, adolescents and young
adults with AIS, caused by androgen receptor loss-of-function variants, and defective androgen
synthesis, caused by CYP17A1 deficiency. Immunohistochemistry (IHC), immunofluorescence (IF),
single molecule fluorescent in situ hybridisation (smFISH) as well as preliminary data from spatial
transcriptomic analysis of formalin-fixed, paraffin-embedded (FFPE) gonadal tissues in children
pubertal and young adults with CAIS and PAIS, and a young adult with CYP17A1 deficiency showed
that defective androgen signalling in these conditions is associated with defective differentiation
and altered function of all somatic cell types in gonadal tissues. The IHC and smFISH assays show the
persistence of HSD17B3 expression in SCs and lack of its expression in LCs, suggesting defective
differentiation of both SCs and LCs in CAIS and CYP17A1 deficiency. Further characterisation of LC
differentiation markers identified two LC populations: a DLK1* foetal/immature and another INSL3*
adult/mature LC populations, corroborating the LC differentiation defects and suggesting a possible
repopulation of foetal LCs. Additionally, the characterisation of SCs in CAIS and CYP17A1 deficiency
with IF and smFISH revealed disruption of some of the proteins of the blood-testis barrier, including
GJA1, CLDN11 and ZO-1, which might contribute to GC loss in these conditions. Furthermore,
characterisation of Peritubular myoid cells (PTMCs) in CAIS and CYP17A1 deficiency shows disruption
of expression of adult markers ACTA2 and MYH11, suggesting defective PTMC differentiation.

Vi



In partial androgen insensitivity syndrome (PAIS), on the other hand, there was a partial switch of
HSD17B3 expression to LCs and normal expression of ACTA2 and MYH11 expression but disruption
of CLDN11 expression, suggesting that the partial gain of androgen signalling in this condition might

rescue the differentiation of LCs and PTMCs but not SCs.

Further characterisation of gonadal tissues from this condition is needed to get more understanding
of GC loss and cancer development and given the rarity of these conditions, archived FFPE gonadal

materials might be informative with the recent advances in spatial transcriptomics and proteomics.
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Zusammenfassung
Angeborene Defekte in der Androgensynthese und -wirkung bei 46,XY-Personen fuihren zu einer

beeintrachtigten intrauterinen Vermannlichung trotz normaler Hodendetermination. Defekte der
Androgensynthese konnen an jeder Stelle des Androgensynthesewegs auftreten, von der
Cholesterinsynthese bis zur peripheren Reduktion von Testosteron zu Dihydrotestosteron, wahrend
Defekte der Androgenwirkung aus einer Resistenz gegeniiber den biologischen Wirkungen der
Androgene resultieren, trotz typisch mannlicher Androgenkonzentrationen. Obwohl die
Hodendetermination bei den Defekten der Androgensynthese und -wirkung normal zu verlaufen
scheint, weisen sie doch einige pathologische Veranderungen auf. Die Hodenkanalchen sind klein
und fest, mit unreifen Sertoli-Zellen (SCs) und einem Verlust an Keimzellen (GCs), wahrend die
Leydig-Zellen (LCs) Uberwiegend betroffen sind und bei Defekten der Androgensynthese eine
Aplasie oder Hypoplasie, beim Androgeninsensitivitdtssyndrom (AIS) jedoch eine Hyperplasie
aufweisen. In einer kirzlich durchgefiihrten immunhistochemischen Charakterisierung von
Keimdriisengewebe eines jungen Erwachsenen mit komplettem Androgeninsensitivitatssyndrom
(CAIS) wurde gezeigt, dass Keimdriisengewebe mit SC-Tumoren HSD17B3 in SCs und nicht in LCs
exprimieren, ein Expressionsmuster, das sich vom typischen erwachsenen menschlichen Hoden
unterscheidet und dem fotalen Maushoden ahnelt, was auf einen zugrundeliegenden Defekt der

Hodenentwicklung durch eine gestérte Androgensignalgebung hindeutet.

In der aktuellen Studie wurde die Auswirkung einer angeborenen Androgensignalstérung auf die
Differenzierung der verschiedenen somatischen Zelltypen der Gonaden bei 46,XY-Kindern,
Jugendlichen und jungen Erwachsenen mit AIS, verursacht durch Androgenrezeptor-
Verlustvarianten, und einer gestérten Androgensynthese, verursacht durch CYP17A1-Mangel,
untersucht. Immunhistochemie (IHC), Immunfluoreszenz (IF), Einzelmolekiil-Fluoreszenz-in-situ-
Hybridisierung (smFISH) sowie vorlaufige Daten aus der rdumlichen Transkriptomanalyse von in
Formalin fixiertem, in Paraffin eingebettetem (FFPE) Gonadengewebe bei pubertaren Kindern und
jungen Erwachsenen mit CAIS und PAIS, und einem jungen Erwachsenen mit CYP17A1-Mangel
zeigten, dass eine fehlerhafte Androgensignalisierung bei diesen Erkrankungen mit einer
fehlerhaften Differenzierung und verdanderten Funktion aller somatischen Zelltypen im
Gonadengewebe einhergeht. Die IHC- und smFISH-Tests zeigen die Persistenz der HSD17B3-
Expression in SCs und das Fehlen dieser Expression in LCs, was auf eine gestorte Differenzierung
sowohl von SCs als auch von LCs bei CAIS und CYP17A1-Mangel hindeutet. Bei der weiteren
Charakterisierung der LC-Differenzierungsmarker wurden zwei LC-Populationen identifiziert: eine
DLK1+ fotale/unreife und eine weitere INSL3+ adulte/reife LC-Population, was die LC-

Differenzierungsdefekte bestatigt und auf eine maogliche Wiederbesiedlung der fotalen LCs

viii



hinweist. Darliber hinaus ergab die Charakterisierung der SCs bei CAIS und CYP17A1-Mangel mittels
IF und smFISH eine Stérung einiger Proteine der Blut-Hoden-Schranke, darunter GJA1, CLDN11 und
Z0-1, die bei diesen Erkrankungen zum GC-Verlust beitragen kénnten. Darliber hinaus zeigt die
Charakterisierung der peritubuldren myoiden Zellen (PTMCs) bei CAIS und CYP17A1-Mangel eine
gestorte Expression der adulten Marker ACTA2 und MYH11, was auf eine gestérte PTMC-

Differenzierung hindeutet.

Beim partiellen Androgeninsensitivitatssyndrom (PAIS) hingegen wurde ein teilweiser Wechsel der
HSD17B3-Expression zu den LCs und eine normale Expression von ACTA2 und MYH11, aber eine
Stérung der CLDN11-Expression festgestellt, was darauf hindeutet, dass die teilweise Verstarkung
der Androgensignalisierung in diesem Zustand die Differenzierung der LCs und PTMCs, nicht aber

der SCs retten konnte.

Eine weitere Charakterisierung von Gonadengewebe aus diesem Zustand ist erforderlich, um ein
besseres Verstandnis des GC-Verlusts und der Krebsentwicklung zu erlangen. Angesichts der
Seltenheit dieser Erkrankungen kdénnten archivierte FFPE-Gonadenmaterialien mit den jlingsten

Fortschritten in der raumlichen Transkriptomik und Proteomik aufschlussreich sein.



1 Introduction
Development of the male reproductive system begins at the foetal stage by the formation of the

gonads and is completed by acquiring secondary sexual characteristics and fertility after puberty.
Male sex development is a dynamic and complex process that involves the interaction of many
genes, proteins, signalling molecules, paracrine and endocrine factors. Male sex determination
involves the process by which the bipotential gonad develops into testes, while male sex
differentiation refers to the consequent development of male genitalia under the effect of peptide
and steroid hormones produced by the developing testis. Male sex determination and
differentiation can be divided into three major components: chromosomal, gonadal and anatomic
sex. In male sex development, chromosomal sex refers to the presence of the Y chromosome;
gonadal sex to presence of the testis; and anatomic sex to presence of male internal and external

genitalia.

1.1 Formation of the bipotential gonad

The formation of gonads starts around day 10.0-10.5 post-coitum (dpc) in mouse (1), week 4-5 post-
conception (wpc) in human (2, 3), as the intermediate mesoderm bulges into the dorsal aspect of the
intraembryonic coelom on each side forming the urogenital ridges. The urogenital ridges further
develop into medial genital and lateral mesonephric ridges. The coelomic epithelium (CE) covering
the genital ridges proliferates and projects into the underlying mesoderm, and together with cells
recruited from the adjacent mesonephric ridge promote further growth of the genital ridges and
formation of the bipotential gonads. The formation of the bipotential gonad in mouse is driven by
several important transcription factors (Figure 1) including Wt1, Nr5al, Lhx9, Cbx2 and Emx2, the
knockout of which is implicated in gonadal dysgenesis in mice in association with extragonadal
defects (1, 4-8). Pathological variants of some of these factors such as WT7 and NR5A1 are involved
in disorders (differences) of sex development (DSDs) in human, supposedly through theirimpact on

multiple components of gonadal development and function (3).

At this point the gonadal ridges do not show any morphological distinctions between the XX and
the XY embryos. Interestingly, the mouse XY genital ridges can be induced to develop into ovaries
and the mouse XX genital ridges into testes either by deletion or ectopic expression of pro-testis
genes Sry and Sox9, respectively (1, 9-15), emphasising the concept that the cells forming either the
XX or the XY gonadal ridges are equally capable of testicular and ovarian development. The fate of
gonadal ridges during normal development is determined by the presence or absence of Sry gene,

with subsequent activation of different networks of genes that lead to the development of the



gonadal ridge into either a testis or an ovary. The process is so tightly regulated that when one

molecular pathway is active, it antagonises the other (1, 16-19).
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Figure 1. The main gene cascades involved in foetal testis and ovary development.

1.2 Specification of the primordial germ cells (PGCs) and colonisation of the
developing gonad

PGCs originate from pluripotent epiblast cells around 6.0-6.5 dpc in mouse (20-22), day 9-16 post-
conception in human (23), far away from the genital ridges, and cluster initially close to the
evagination of the allantois. Shortly afterwards, PCGs move to the underlying endoderm, become
motile and migrate anteriorly along the hindgut into the future genital ridges between 8.0-10.5 dpc
in mouse, 4-5 wpc in human, then further migrate along the dorsal mesentery of the hind gut till
they reach the genital ridges, whose long narrow structure is believed to facilitate the capturing of
migrating PGCs scattered along the hind gut. Once they colonise the genital ridges, PCGs lose their

motility and polarised morphology becoming gonocytes (Figure 2).

In mouse, signalling of PGC specification starts by the action of bone morphogenic protein 4 (Bmp4)
and Bmp8b from the extraembryonic ectoderm (21, 22), and Bmp2 from visceral endoderm (20), on
a subset of epiblast cells to form the founder population of 30-40 PGCs. Bmps act on their receptors
and transduce signals via phosphorylation of Smad1, Smad5 and Smad8 that form a transcriptional
complex together with Smad4 inducing downstream target genes. Knockout of Bmps, Smad],

Smad4 and Smad5 but not Smad8 causes severe reduction to total loss of PCGs in mouse (20-22, 24-
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27). Bmp4 also activates Wnt3, enhancing the epiblast cells to respond to Wnt signalling activation
and inducing another PGC specification transcription factor, Prdm14 (28). The concerted action of
Bmp/Smad and Wnt3/B-catenin signalling pathways maintains the expression of Blimp1 (Prdm1) and
its target genes together with the expression of Prdm14 (28). PCG specification fails in Wnt3 and
Ctnnb1 knockout mice irrespective of Bmp signalling. Blimp1 is a transcription factor the expression
of which commits the cells to the germ linage and the knockout of which leads to failure of PGCs
specification in mice (28). In addition, Blimp1 induces other PGC specification genes including
Prdm14 and Tfap2c, which form a tripartite transcriptional complex with Blimp1 promoting the
expression of their target genes (29). Prdm14 knockout in mice leads to loss of PGCs by 12.5 dpc (30),
while Tfap2c knockout results in loss of PGC cells possibly through somatic differentiation (31).
Blimp1 also induces the expression of Dnd1, Kit and Nanos3 which play essential role in development

and survival of germ cells (GCs) (29, 32).

Paramesonephric duct
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Figure 2. Primordial germ cell migration and colonisation of the developing gonad. Adapted from (33).

The knowledge of specification of PGCs in human is limited because PGC specification is established
in pre-gastrulating human embryo, and the molecular events in this embryonal stage is not well
characterised (23). However, specification of PGC in human is believed to be driven by BMP and WNT
signalling like in mouse. The subsequent PGC development in human is rather well characterised.
The number of PGCs in the endoderm of the yolk sac starts between 30-50 at 3 wpc and significantly
increases to around 1000 in the following days (23). The pre-migratory PGCs at this stage (around 3-
5 wpc) express different markers including TNAP, NANOG, POU5F1, SSEA4 and KIT (34-36).

The molecular factors involved in migration of PGCs are largely unknown in human, but some of
them are characterised in mouse, including Cxcl12/Cxcr4, Scf/Kit, Cdh1 and Itgb1. Cxcl12 is a
chemokine ligand expressed in the genital ridges and its cognate receptor Cxcr4 on the PGCs. The
Cxcl12/Cxcr4 system plays an important role in proper migration of PGCs in the mesenchyme.

Knockout of either Cxcl12 or Cxcr4 decreases the number of PGCs in the genital ridges and ectopic
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Cxcl12 expression causes reorientation and aberrant migration of PGCs (37, 38). Scf/Kit system is
another ligand/receptor system that might be involved in proliferation and motility of PGCs (39). Scf
is produced and released by somatic cells surrounding the migratory and post-migratory PGCs while
its receptor Kit is expressed on PGC surfaces. The Scf/Kit is potentiated by the Wnt5a/Ror2 (40). Cdh1
and Itgb1 are adhesion molecules that contribute to PGC migration, specifically in their exit from the
hindgut (41-43). Cdh1 is a cell-cell adhesion molecule the knockout of which leads to aberrant
migration and ectopic colonisation of PGCs in mice, while Itgb1 mediates the interaction with the
extracellular matrix (ECM) and its knockout leads to impaired colonisation of PGCs in the gonadal

ridges (41-43).

1.3 Specification of Sertoli cells (SCs) and formation of testicular cords

Pre-SCs originate CE covering the genital ridge (44) and are first identified after colonising the XY
gonad by the expression of sex determining region y (Sry) gene (45). In mouse, Sry-expressing pre-
SCs first appear around 11.0 dpc in the central region of the XY gonad and extend towards the caudal
and cranial poles by 11.5 dpc (45, 46). In human, SRY is expressed around 5 wpc (47), although the
centre-to-periphery pattern of expression is not clearly shown. In either case, the expression of SRY
is transient (45-47) and drives the differentiation of pre-SCs through the upregulation of SOX9 (48).
For Sry to upregulate Sox9 expression, it has to reach a threshold expression level within a defined
temporal window, as the delay in its expression leads to sex reversal in mouse, possibly by failure of
inhibition of the ovary-determining pathway (48, 49). Interestingly, Sry expression is not detectable
in all pre-SCs in the developing mouse testis (45), which might be simply explained by the
asynchronous expression of Sry in pre-SCs. Another explanation would be that Sry is not an absolute
necessity for specification of pre-SCs. In support of the latter proposition is the ability of XY SCs to
recruit XX supporting cells into the SC fate in XX-XY chimeras (50), possibly by paracrine
prostaglandin D2 signalling (51). In either case, Sox9 is capable of driving SC differentiation even in
the absence of the Sry gene, as the ectopic expression of Sox9 in XX mouse gonad leads them to the
testicular fate (13). Shortly after Sox9 expression, pre-SCs aggregate around GC clusters forming the
testicular cords. The mechanism pre-SCs aggregation and organisation in testicular cords is not
completely understood, but some factors might be involved, including components of the ECM (52),
neurotrophic factors (53) and growth factors (54). For instance, fibroblast growth factor 9 (Fgf9) is
activated in SCs downstream to Sry and Sox9 and increase the number of SCs in the developing
gonad by stabilising Sox9 expression indirectly by repressing pro-ovary genes like Wnt4 (17, 55). SC
fate is not permanent after specification and should constantly maintained. For instance, Dmrt1
deletion in mouse testis induces Fox/2 expression in SCs and their reprogramming into granulosa

cells (56). Similarly, induced Fox/2 deletion in the adult mouse ovary leads to upregulation of Sox9
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and reprograming of granulosa and theca cells into Sertoli-like and Leydig like cells, respectively (57)
More importantly, endothelial cells migrating from the adjacent mesonephros play a crucial role in
patterning the developing gonad and the organisation of testicular cords (58). Interestingly, the
process of testicular cord formation can proceed normally in GC depleted XY gonads, indicating that
pre-SC aggregation and organisation around GCs in cord formation is mediated by interaction

between SCs with no involvement of GCs in the process (59-62).

At this stage, SCs play crucial role in supporting GCs in the foetal testis. In order for GCs not to
proceed into meiosis, SCs produce molecules/factors including Cyp26b1, which catabolises retinoic
acid which would signal GCs to precociously enter meiosis (63, 64), and Activin A and transforming
growth factor B (Tgff3), which control GC proliferation and ratio to SCs in foetal testis (65, 66).
Postnatally, platelet-derived growth factor and estrogen are also secreted by SCs to enhance their

survival (67).

1.4 Specification of peritubular myoid cells (PTMCs)

PTMCs constitute the outer layer of the seminiferous tubules, making direct contact with the basal
surfaces of SCs. PTMCs are separated from the seminiferous tubules by the ECM, which is contributed
by both PTMCs and SCs. PTMCs form a single layer around the seminiferous tubules in mice and
multiple layers in larger mammals, including human, separated by extracellular connective tissue
(68). Together with this extracellular connective tissue, PTMCs form the lamina propria that separate
the seminiferous tubules form the interstitial tissue and facilitate the transfer of sperms along the
tubules through their contractility. PTMCs first emerge in foetal testis shortly after the formation of
the testicular cords around 13.5-16.5 dpc in mouse (69, 70) and 12-16 wpc in human (71, 72). Their
origin in foetal testis is not completely resolved. They were proposed to originate from the
mesonephros adjacent to the developing gonad (73, 74); however, the migrating cells from the
mesonephros were shown to contribute to vasculature of the gonad and not to PTMCs (58, 75). They
were also proposed to originate either from interstitial cells in the developing gonad or from the CE
covering the gonadal ridges (58). Differentiation of PTMCs involves proper signalling form the
adjacent SCs in the developing gonad. Desert hedgehog (Dhh) is one of the signalling molecules
secreted by pre-SCs shortly after Sry expression (76, 77), and is proposed to promote the
differentiation of PTMCs and foetal LCs via receptor protein patched homolog 1 (Ptch1) expressed
on interstitial cells at the expected time of differentiation of both PTMCs and foetal LCs (78). The
knockout of Dhh in the developing XY mouse gonad disrupts the development of both PTMCs and
foetal Leydig cells (LCs) (78-80), while the ectopic expression of Dhh in the developing XX gonad
induces foetal LCs but not PTMCs differentiation (81), suggesting that Dhh signalling is not necessary

for the initiation of differentiation but for subsequent development of PTMCs. NROB1 (Dax1)
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knockout also disrupts the development of PTMCs and foetal LCs in the developing mouse testis,

which suggests that both cell types originate from a common progenitor population (82).

1.5 Specification of foetal Leydig cells (LCs) and establishment of steroidogenic
function

Foetal LCs first appear in the interstitial tissue of the developing testis at 12.5 dpc in mouse (83) and
around 8 wpc in human (47). The origin(s) of foetal LC progenitors in the foetal testis are not
completely resolved, since the evidence depends mainly on the transcriptional differences between
the foetal and the adult LCs rather than conclusive lineage tracing studies, leaving the definitive
origin(s) of foetal LCs a matter of speculation (1, 84). Several cell populations are proposed to give
rise to foetal LC progenitors including migrating neural crest cells, the CE covering the developing
gonad and other specialised cells along the border between the developing gonad and the adjacent
mesonephros (85). Although neural crest cells can contribute to neuroendocrine cell populations
including chromaffin cells in the adrenal medulla, there is no definitive evidence that they could
contribute to foetal LCs in the developing gonad. Even though LCs express several neural markers
including nestin, Ncam, S-100 and neurofilament protein 200, these neural markers are also
expressed in other non-neural cells with no neural crest cell origin. The expression of these neural
markers in LCs might reflect their functional contribution to neuroendocrinal system rather than a
neural origin (84, 86). The CE covering the genital ridge is believed to contribute to SCs and LCs
through epithelial-to-mesenchymal transition. Lineage tracing studies of CE cells in ex vivo mouse
gonadal tissue explants shows that CE cells labelled earlier in gonadal development can migrate into
the developing testis and reside either in the tubular or the interstitial compartment, while CE cells
labelled later in development become restricted only to the interstitial compartment, denoting
possible foetal LC fate (44). These observations have been recently corroborated by single-cell RNA
sequencing (scRNA seq) analysis of developing mouse and human gonads (47, 87, 88), which show
that SCs and LCs in foetal mouse and human testes share a common progenitor cell population that
arise from CE. However, these studies do not totally exclude the contribution of mesonephros to the
foetal LC progenitor population, since they either investigated a subset of CE cells (88) or excluded
the mesonephros from scRNA seq and/or analysis (47). Some evidence suggests an additional
progenitor population for foetal LCs that arise along the gonad-mesonephros border and invade the
developing gonad in association with vascular endothelial cells during foetal gonad patterning and

testicular cord formation (85).

Dhh is one of the most important factors produced by SCs in the developing testis that drive the
differentiation of foetal LCs through their action on Ptch1 on foetal LCs and PTMCs (78-81). Another

important factor is Nr5a1 (Sf-1) which supports foetal LC differentiation. In mice, Nr5al
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haploinsufficiency results in a delay of foetal LC differentiation but complete blockage of adult LC
differentiation (76, 89, 90). Notch signalling is also important to set the balance between foetal stem
LC renewal and differentiation into foetal LCs. Interestingly, blocking Notch signalling increases the
number of LCs in the foetal mouse testis, while its constitutive activation leads to profound LC loss
and increase in the undifferentiated mesenchymal progenitors (91). Development of foetal LCs in
mice is independent of gonadotropins. In normal mice, the expression of steroidogenic enzymes
starts at 13 dpc, long before the production of luteinising hormone (LH) which begins around 17 dpc
(92). Moreover, the expression of steroidogenic enzymes in hypogonadal mice is comparable to
normal until birth (92). Luteinising hormone receptor (Lhr) knockout in mice does not affect testicular
testosterone production until the first postnatal day (93). In contrast, inactivating variants of
luteinising hormone receptor (LHCGR) as well as LH 3-subunit (LHB) in human negatively impact

foetal LC steroidogenesis and foetal masculinisation (94).

Foetal LCs produce androgens necessary for masculinisation of the male foetus. An interesting
feature of androgen production in foetal mouse testis is that foetal LCs express all the canonical
steroidogenic enzymes necessary for androgen production except 17B-hydroxysteroid
dehydrogenase type 3 (Hsd17b3), the enzyme responsible for reduction of androstenedione to
testosterone, which is expressed in foetal SCs (95, 96). In addition to androgens, foetal LCs also
produce insulin like 3 (Insl3), a member of insulin-relaxin family of peptides, which acts on G-protein
coupled receptor relaxin/insulin-like family peptide receptor 2 (Rxfp2) expressed in the
gubernaculum (97) to induce its thickening and contraction needed for testicular descent as

evidenced in knockout models of both genes (98-101).

The fate of foetal LCs in postnatal testis and their relation to development of adult LCs is
controversial. The experimental evidence form linage tracing studies of mouse testis suggests that
foetal LCs persist in the postnatal and adult mammalian testis, and that their development, unlike
adult LCs, is independent of androgen signalling (102, 103). There are three models proposed for LC
development (83): the first model proposes that both foetal and adult LCs develop from two distinct
progenitor populations. This might be evident from morphological and physiological differences
between foetal and adult LCs. As noted shortly above, development of adult but not foetal mouse
LCs is dependent on LH (93, 104). In addition, foetal LCs are responsive to adrenocorticotrophic
hormone (ATCH) stimulation, while adult LCs are not (105). The second proposes that both foetal
and adult LCs develop form a common progenitor population. In support of this proposition,
constitutive activation of the hedgehog pathway in mouse testis increases the number of foetal LCs
but decreases the numbers of adult LCs in the prepubertal mouse testis (106). What signalling
pathways determine the fate of progenitors into either foetal or adult LCs remain questionable (83).
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Recently, the scRNA-seq analysis of human testicular tissues from the foetal to the adult stages has
shown the foetal LCs as distinct population from the adult LC population, that persist in the normal
adult testis and share a common progenitor with adult LCs and PTMCs (107). The third model
proposes foetal LCs originate from a foetal LC progenitor population and dedifferentiate in the
postnatal testis until puberty, where they redifferentiate to adult LCs. Lineage tracing studies of
foetal LCs in mouse testis has shown that some of them dedifferentiate and reside around
seminiferous tubules until puberty where they develop into adult LCs (108). More interestingly, the

specific disruption of these foetal LCs resulted in a decline in adult LC numbers (108).

Similar to foetal LCs, adult LCs differentiate from their progenitors in response to signalling
molecules from SCs like Dhh and Pddf, since their deletion in mouse results in LC loss (80, 109). But
unlike foetal LCs, androgen signalling might be implicated in maintenance of adult LC stem cells,
since the reduction of androgen action in foetal mouse testis either by androgen receptor knockout
(ArKO) or dibutyl phthalate-induced foetal LC depletion results in reduction of adult LC stem cells
and compensated adult LC failure (110).

Testicular growth is rapid during puberty and is mostly due to the expansion of the GC population.
This expansion is accompanied by growth of the seminiferous tubular diameter in response to
androgens. The expansion of the GC population, or spermatogenesis, is the process of
transformation of diploid spermatogonia into haploid spermatozoa (111). It is a complex biological
process that involves expansion of spermatogonial stem cell (SSC) population by mitosis,
differentiation of SSCs into spermatogonia, division of spermatogonia by meiosis | to form
preleptotene, leptotene and zygotene spermatocytes, then meiosis Il to produce the haploid round
spermatids, which further differentiate into elongated spermatids and then mature spermatozoa
that are released into the lumen of the seminiferous tubules in a process known as spermiogenesis
(111). The developing GCs are arranged in layers within the seminiferous tubules, and the
developmental changes in one layer is in synchrony with those in the other layers, creating a
sequence of stages, I-XIV in mouse and rat (111, 112) and |-Vl in human (113), with each stage

composed of a unique combination of different GCs at different phases of development.

1.6 The blood-testis barrier (BTB)

As spermatogenesis proceeds in the adult seminiferous tubules, GCs traverse the seminiferous
epithelium in a tightly regulated process that involves restructuring of the junction between the
adjacent SCs as well as the junctions between SCs and GCs at the BTB. The BTB is located close to
basal lamina of the seminiferous tubules (Figure 3A), dividing them into a basal and an adluminal

compartment, with spermatogonia and preleptotene spermatocytes residing in the basal



compartment and leptotene and zygotene spermatocytes, round and elongated spermatids
residing in the adluminal compartment (112). The main purpose of this compartmentalisation is to
sequester the meiotic and postmeiotic GCs from the immune system, hence creating an immune
privileged microenvironment for completion of spermatogenesis (112). BTB is a dynamic structure
so that it breaks ahead of meiotic GCs to allow their movement through the barrier and reseals
behind them to keep them protected from the immune system (112). The process of BTB
restructuring is tightly regulated that a third intermediate compartment emerges, sealing the

leptotene spermatocytes from the basal and the adluminal compartments.

BTB between adjacent SCs is mainly formed by tight junctions (TJs), but other cell junctions
contribute to it, including ectoplasmic specialisations, desmosomes and gap junctions (GJs), each
serving a different function (Figure 3). For instance, TJs serve as gates, preventing the passage of
water, solutes and large molecules through the paracellular space, and as fences, preventing the
movement of cell membrane proteins and lipids between apical and basolateral domains, hence
creating SC polarity (112). Desmosomes mediate robust cell-cell adhesion. GJs serve as intercellular
channels, allowing the diffusion of metabolites, secondary messengers and small molecules

between cells.
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Figure 3. Simplified illustration showing the location of the blood-testis barrier and the main proteins

that form it.

Fibrils of TJs are organised around cells in a continuous, anastomosing conformation, creating an
impermeable barrier that seals the paracellular spaces (112). Typically, the fibril is composed of an
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integral membrane protein in association with scaffolding, signalling and cytoskeletal proteins
(Figure 3B and Q). The integral membrane proteins that take part in BTB formation include occludin
and claudins. Occludinis an integral membrane protein having 4 membrane-spanning domains, two
extracellular loops and 2 intracellular segments (114). Occuldin is expressed in mouse and rat testis
but not human testis (115). Overexpression of occludin in epithelial cells increases transepithelial
electrical resistance, indicating that it confers barrier function to cells (116), while its knockdown
disrupts cell polarity (117). Like occludin, claudins can confer barrier function to cells, since the
overexpression of Cldn1 and Cldn2 induces assembly of TJs in fibroblasts inherently lacking TJs (118).
Cldn3 and Cldn11 are expressed in mammalian testis. Cldn3 is detectable in newly formed TJ behind
migrating spermatocytes but undetectable ahead of them (119). Cldn11 knockout leads to
disruption of SC polarity and barrier function and consequently to SC detachment and sloughing in

conjunction with defective spermatogenesis (120, 121).

The area adjacent to the TJs, the cytoplasmic plaque, is enriched in several scaffolding proteins,
whose function is to link the integral membrane proteins of TJ to the cytoskeleton and to recruit
signalling molecules for the regulation of TJs (112). Zona occuldens (ZO) proteins are a family of
scaffolding proteins that are expressed in mammalian testis at the BTB, acting as adaptors for the
attachment of occludins and claudins to the cytoskeleton (Figure 3B) (112). ZO proteins are
composed of three Post synaptic density protein, Drosophila disc large tumour suppressor, and
Zonula occludens-1 protein (PDZ) domains, one SRC Homology 3 (SH3) domain and one GUanylate
Kinase (GUK) domain that mediate their interaction with other proteins supporting the TJs. For
instance, ZO-1 or tight junction protein 1 (Tjp1) plays a role in the internalisation of the gap
junctional plaque by serving as a linker molecule between Gja1 or connexin 43 (Cx43) and actin (122,

123). ZO-1 (Tjp1) promotes the polymerisation of claudins for the assembly of TJs (124).

Regulation of SC junctions at the BTB is mediated by several mechanisms that regulate levels,
localisation and interaction between integral membrane, scaffolding and signalling proteins (112,
125). Transcriptional regulation of BTB proteins is mediated by autocrine and paracrine factors,
including cytokines and testosterone (125). SCs and GCs produce several cytokines, such as tumour
necrosis factor a (TNF-a), transforming growth factor 8 (TGF-B), interleukins and interferons (125).
Binding of cytokines to their receptors recruits adaptor proteins to the receptor/ligand complexes,
activating signalling cascades that up- or downregulates transcription (125). For instance, TNF-a
downregulates occuldin transcription and translation in rat testis (126, 127). Testosterone, on the
other hand, enhances the BTB function (125). SC-specific ArKO leads to downregulation of Cldn3 and
increased BTB permeability (128). Cytokines and testosterone can also regulate endocytosis of

integral membrane proteins of TJs by accelerating their internalisation within early endosomes (125).
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For instance, TGF-B3 and TNF-a induce internalisation of occludin, N-cadherin and junctional
adhesion molecule-A (Jam-A) via clathrin-mediated endocytosis (129). More interestingly, TGF-33
induced ubiguitin-conjugating enzyme E2J1 (Ube2J1), destining the internalised occludin into the
protein degradation pathway (130). While testosterone was shown also to induce clatherin-
mediated internalisation of occludin, itinduced caveolin-1 and Ras-related protein (Rab11), involved
in transcytosis and recycling (130). Cytoskeletal remodelling via cytokines can also regulate the BTB
(125). Filamentous (F-) actin, a cytoskeletal protein organised in hexagonally packed bundles and
linked to TJs, GJs and ectoplasmic specialisations, can be remodelled into a highly branched, less
organised structurer under the effect of cytokines. For instance, interleukin-1a (IL-1a) destabilises
actin bundles and BTB integrity via mislocalisation of epidermal growth factor receptor pathway

substrate 8 (Esp8), a protein involved in actin capping and bundling, from SC surfaces (131, 132).

1.7 46,XY disorders (differences) of sex development (DSDs)

Paediatric disorders (differences) of sex development refers to conditions where the chromosomal,
gonadal or anatomic sex is atypical (133). Sex chromosome DSDs involves conditions with
differences in the number of sex chromosomes and include Klinefelter syndrome (47,XXY and its
variants), Turner syndrome (45,X and its variants), 45,X/46,XY mosaicism and its variants and true
chromosome chimerism (46,XY/46,XX) (3). 46,XX DSDs refer to conditions with normal female sex
chromosome complement with atypical female sex development and can be categorised into
disorders of ovary development, disorders of androgen synthesis and other conditions affecting
female sex development. Similarly, 46, XY DSDs refer to conditions with normal male sex
chromosome complement with atypical male sex development. They can be categorised into
disorders of testis development, disorders of androgen synthesis, disorders of androgen action, and
other conditions affecting male sex development. Disorders of testis development encompass a
spectrum of phenotypes and presentations. Complete testicular dysgenesis is associated with
complete lack of androgenisation of the external genitalia and persistence of Miillerian structures,
due to the lack of androgens and anti-miillerian hormones, respectively. In contrast, partial gonadal
dysgenesis is associated by partial androgenisation of the external genitalia and rudimentary
Mullerian structures. Congenital disorders of androgen synthesis can occur anywhere along the
androgen synthetic pathway, from cholesterol synthesis to peripheral reduction of testosterone to
dihydrotestosterone, resulting impaired intrauterine masculinisation despite apparently normal
testis determination. When the genetic defects affect the early steps of steroidogenesis, which is
common for mineralocorticoids, glucocorticoids, and androgens, they cause adrenal insufficiency in
conjunction with the failure of androgenisation, as in STAR, CYP11A1, HSD3B2 or CYP17A1 deficiency
(134, 135). Conversely, genetic defects in HSD17B3 or SRD5A2 affect the final steps of androgen
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synthesis and cause androgen deficiency, sparing adrenal function (136, 137). On the other hand,
disorders of androgen action result from resistance to the biological actions of androgens, despite
typical male androgen concentrations (138-140). This condition is caused by loss-of-function
variants affecting the androgen receptor (AR) gene and is known as androgen insensitivity syndrome

(AIS) (140-143).

The magnitude of the defects in androgen signalling may correlate with the degree of
masculinisation of external and internal genitalia in affected individuals. The appearance of the
external genitalia may range from a male with hypospadias to a complete female phenotype (144).
Mdillerian-derived structures are usually absent, resulting in a blind vaginal pouch, and Wolffian-
derived structures are usually stabilised but may be missing or hypoplastic (144). Testicular descent
is usually hindered, with testes located intraabdominal or inguinal (145-148), but could be palpable
in the labio-scrotal folds in a few cases (149). Although testis determination in defects of androgen
synthesis and action proceeds apparently in a normal way, little is known about the testicular
structure, function, and pathology (134). In defective androgen signalling in general, seminiferous
tubules are small and solid, with immature SCs and loss of GCs (145). LCs are predominantly affected,
showing aplasia or hypoplasia with an accumulation of lipid droplets in defects of androgen
synthesis (145), but hyperplasia in AIS (147). These observations underline the importance of
androgen signalling for normal interaction between LCs and SCs to maintain a normal
spermatogenesis (134). More interesting is an observation from a recent immunohistochemical
characterisation of gonadal tissues from a young adult with complete androgen insensitivity
syndrome (CAIS). Gonadal tissues with SC tumour have been shown to express HSD17B3 in SCs and
not in LCs (150), a pattern of expression that differs from the typical adult human testis and
resembles an expression pattern observed in the foetal mouse testis (95, 96). This suggests an

underlying defect of testicular development in defective androgen signalling.

In this study, the effect of congenital defective androgen signalling on the development and
function of gonadal tissues was investigated in archived formalin-fixed, paraffin embedded gonadal
tissues from adolescents and young adults with congenital defects of androgen synthesis and action.
The expression of several steroidogenic, developmental and differentiation markers of the different
somatic cell types was determined at the mRNA level using multiplex fluorescent in situ
hybridisation, and at the protein level by immunohistochemistry (IHC) and immunofluorescence (IF).
To get some insight of how the developmental defects relate to normal testicular development,
publicly available scRNA-seq data from normal human testicular tissues in the foetal, neonatal and
adult stages were reanalysed and the expression of different markers was indirectly compared to the
expression profiles in gonadal tissues from these conditions. Finally, to further investigate gonadal
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differentiation state in these conditions, a preliminary whole transcriptomic analysis was performed
to characterise the transcriptomic signature of the main testicular somatic cell types by leveraging

the power of spatial whole-transcriptomic analysis.
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2 Patients, Materials and Methods

2.1 Patients
To study the effect of androgen signalling on the differentiation of the verious gonadal somatic cell

types in human testis, we investigated archived, formalin fixed, paraffin-embedded (FFPE) gonadal
tissues from one adolescent and three young adults with complete androgen insensitivity syndrome
(CAIS), one young adult patient with CYP17A1 deficiency, and one prepubertal child and one
adolescent with partial androgen insensitivity syndrome (PAIS). The study was conducted according
to the Declaration of Helsinki and approved by the ethical committees at the University of Liibeck,
Libeck, Germany and the State University of Campinas, Sdo Paulo, Brazil (Ethical approval numbers
20-038 and CAAE: 97594718.5.0000.5404, respectively). The clinical diagnosis was based on the
46,XY karyotype, the degree of virilisation, hormonal analysis, and confirmation of pathogenic
variants by Sanger sequencing. Three normal testicular tissues from 14-, 28- and 31-year-old
Caucasians without known comorbidities were provided by Tissue Solution Ltd, a BiolVT company
(Glasgow, Scotland) as normal controls. To investigate the effect of defects of androgen synthesis on
adult mouse testis, archived FFPE testicular tissues from adult wild-type (Wt) and Cyp17aT knockout
XY mice (151) were included. Similar to CYP17A1 deficiency, Cyp17a1 knockout (KO) XY mice have a
female external phenotype, an altered steroid hormone profile including low serum testosterone,
are infertile, have small testis with smaller seminiferous tubules that lack spermatogenesis and lack
wolffian derivative structures, making it a convenient model to study the effects of androgen
synthetic defects on testicular tissue development (151).

Table 1. Summary of the relevant clinical and molecular data of the patients

. Gonad Age at Affected Variant Nucleotide Amino acid
Patient position gonadectomy gene type change® change
(years)
Patients with CAIS
P1 Inguinal 13.7 AR Missense €.1738T>C p.(Cys580Arg)
P2 Inguinal 16.6 AR Frameshift c.549 550del p.(lle184Profs*50)
P3 Abdominal 19.6 AR Missense c.1847G>A p.(Arg616His)
P4 Abdominal 25.8 AR Frameshift c.2453del p.(Pro818GInfs*5)
Patient with CYP17A1 deficiency
. Missense c.287G>A p.(Arg96Gin)
P> Inguinal 234 P AT ameshift | c.1435_1438dup | p.(Pro480Hisfs*27)
Patients with PAIS
P6 Inguinal 6 AR Missense NA p.(Leu831Phe)
P7 Inguinal 18 AR Missense NA p.(Leu831Phe)

aThe positions of AR and CYP17A1 variants are described in relation to RefSeq NM_000044.6 and RefSeq
NM_000102.4, respectively. CAIS and PAIS are X-chromosomal recessive conditions caused by a
hemizygous pathogenic variant in the AR gene, while CYP17A1 deficiency follows an autosomal-recessive
inheritance, thus two pathogenic variants (compound heterozygous) are described.

AR, androgen receptor; NA, not available
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2.2 Materials
2.2.1 Chemicals and reagents

Following is a list of the chemicals and reagents used in the study.

Table 2. List of chemicals and reagents.

Chemicals and Reagents Provider Cat. No. Country
Acrylamide/Bis solution (37.5:1), 30% Carl Roth 3029.2 Germany
Ammonium persulfate Serva 13375 Germany
Ampuwa sterile water Fresenius Kabi B230673 Germany
Bromophenol blue Sigma B6131 Germany
cOmplete protease inhibitor cocktail Merk 04693116001 Germany
Dako Ligid DAB+ Substrate Chromogen System Agilent GV825 USA
Dako REAL Peroxidase-Blocking Solution Agilent $2023 USA
Deoxycholate Sigma D6750 Germany
Diethyl pyrocarbonate (DEPC) Carl Roth K028.1 Germany
Difco skim milk BD 232100 Germany
Dithiothreitol (DTT) Merk 43815 Germany
Dulbecco’s Modefied Eagle Medium (DMEM)/F12 Gibco 11320-033 USA
Dulbecco’s Balanced Salt Solutiuon (DPBS) Gibco 14190-094 USA
Ethanol, 99% ChemSolute 2211.5000 Germany
Ethylenediaminetetraacetic acid (EDTA) Sigma E4884 Germany
Eukitt Quick-hardening Mounting Medium Merk 03989 Germany
Formamide, deionised Thermo Fisher AM9342 USA
Formamide, Hi-Di (highly deionised) Applied Biosystems 4401457 USA
FuGene HD Promega E2311 USA
Glycerol, 99% Sigma G9012 Germany
Glycine Merk 357002 Germany
Hemalum solution acid according to Mayer Carl Roth T865.1 Germany
Hydrochloric acid Carl Roth 9277.1 Germany
Methanol, 100% J T Baker 8045 Netherlands
Normal Goat Serum Abcam Ab7481 UK
Normal Rabbit Serum Vector Laboratories IS-5000 USA
Potassium chloride Carl Roth 6781.3 Germany
Potassium phosphate monobasic Serva 26870 Germany
ProLong Gold Antifade Mountant with DNA Stain DAPI Invitrogen P36941 USA
Proteinase K Thermo Fisher AM2546 USA
Roti Histol Carl Roth 6640.1 Germany
Sodium chloride Sigma 71376 Germany
Sodium dodecyl sulfate (SDS) Sigma L4390 Germany
Sodium phosphate dibasic Carl Roth 4984.2 Germany
SYTO13 Invitrogen S7575 USA
Tetramethylethylendiamin (TEMED) Sigma D8418 Germany
Tris base Sigma T1503 Germany
Tri-Sodium Citrate Dihydrate Merk 71402 Germany
Trypsin-EDTA, 0.05% Gibco 25300-054 USA
Tween20 Sigma P2287 Germany
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2.2.2 Commercially available kits

Following is a list of the commercially available kits used in the study.

Table 3. List of commercially available kits.

Kits Provider Cat. No. Country
Alexa Fluor 488 Tyramide SuperBoost Kit (Goat
anti-Rabbit IgG)
Blocking buffer (10% Goat Serum)
Poly-HRP-conjugated secondary antibody Invitrogen 840922 USA
Alexa Fluor 488 tyramide reagent
Reaction buffer
Reaction Stop Reagent
Dimethylsulfoxide (DMSO)
AMPure XP beads Beckman Coulter A63880 Germany
BrilliantDye Terminator v3.1 Cycle Sequencing Kit
RR sequencing premix
5% sequencing buffer NimaGen BRD3-100 Netherlands
pGEM control
-21 M13 primer
GeoMx RNA Slide Prep Kit containing:
EE::::\SN Nanostring 121300313 USA
Buffer R
Eﬁi“gfovg::imag;c”ptome Atlas (WTA) Human Nanostring 121401102 USA
RNAscope'T“" Intro Pac.k.for Multiplex Fluorescent 393785
Reagent Kit v2 containing:
RNAscope 10x Target Retrieval 322000
RNAscope 50x Wash Buffer 310091
RNAscope Hydrogen Peroxide 322381
RNAscope Multiplex FL v2 AMP 1 323110
RNAscope Multiplex FL v2 AMP 2 323110
RNAscope Multiplex FL v2 AMP 3 Advanced Cell 323110
RNAscope Multiplex FL v2 HRP-C1 Diagnostics / Bio- 323110 USA
RNAscope Multiplex FL v2 HRP-C2 Techne 323110
RNAscope Multiplex FL v2 HRP-C3 323110
RNAscope Multiplex FL v2 HRP blocker 323110
RNAscope Protease Plus 322381
RNAscope TSA Buffer Pack 322809
TSA Vivid Fluorophore 520 323271
TSA Vivid Fluorophore 570 323272
TSA Vivid Fluorophore 650 323273
Vectastain ABC-HRP Kit
Blocking Serum (Normal Goat Serum)
Blot'mylated Secondary Goat Anti-Rabbit Vector Laboratories PK-4001 USA
Antibody
Reagent A (Avidin, ABC)
Reagent B (Biotinylated HRP, ABC)
Western Lightning Plus ECL
Enhanced luminol Reagent Plus Perkin Elmer NEL103001EA USA
Oxidizing Reagent Plus
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2.2.3 Consumables

Following is a list of the consumables used in the study.

Table 4. List of consumables.

Consumables Provider Cat. No. Country
6-well culture plates Greiner Bio-One 657160 Germany
75-cm? culture flasks Sarstedt 83.3911.002 Germany
Aluminum foil Various Various Germany
Cell Scraper, Med, 2-POS Blade Sarstedt 83.3951 Germany
CellStar Tubes, 50 mL Greiner Bio-One 227261 Germany
CellStar Tubes, 15 mL Greiner Bio-One 188271 Germany
Coplin jars Various Various Germany
Cover Slips 24 X 50 mm Fisher Scientific 15737592 Germany
Dako Hydrophobic Barrier Pen (for IHC) Agilent Dako 52002 USA
SafeSeal SurPhob Filter tips (DNase/RNase free) for BioZym Various Germany
10-1,000 pL
Forceps (for slide handling) Various Various Germany
Gel Blotting Papers Whatman 3MM, thickness 0.34 mm Whatman 3030917 UK
ImmEdge Hydrophobic Barrier Pen (For RNAscope) Vector Laboratory H-4000 USA
Kimtech Science Precision Wipes K|mberI¥-CIark 05511 UK
Professional
Microcentrifuge tubes (DNase/RNase free) 1.5-2 mL Eppendorf Various Germany
NucleoSEQ Macherey-Nagel 740523.250 Germany
Immobilon-P transfer membranes Merk IPYHO00010 Germany
Qiashredder homogenizer Qiagen 79654
RNase Away Thermo Fischer 7002PK USA
Series 3 Adhesive Microscope Slides Trajan SC|er1t|f|c and 473042491 Australia
Medical

2.2.4 Devices and equipment

Following is a list of the devices and equipment used in the study.

Table 5. List of devices and equipment.
Devices and equipment Provider Country
3130 DNA Genetic Analyzer Applied Biosystems USA
2100 Bioanalyzer Instrument Agilent USA
ACD EZ-Batch Slide Holder (20 slide capacity) ACD/Bio-Techne USA
Airflow Controller Waldner Germany
Baking Oven Memmert Germany
Balance Sartorius Germany
Biophotometer Plus Eppendorf Germany
Cooling Centrifuge 5804R Eppendorf Germany
Galaxy 170 S CO, incubator Eppendorf Germany
Gel Documentation System Vilber Germany
GeoMx Digital Spatial Profiler Nanostring USA
Heidolph Unimax 1010 Orbital Shaker Heidolph Instruments Germany
Hund Laboratory Microscope Wilovert Standard PH 40 Helmut Hund Germany
HybEZ Il Hybridization System ACD/Bio-Techne USA
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Table 5. List of devices and equipment (cont.)

Devices and equipment Provider Country
HybEZ Humidity Control Tray (with lid) ACD/Bio-Techne USA
IKAMAG RCT magnetic stirrer Kern Germany
Mastercycler nexus - PCR Thermocycler Eppendorf Germany
Mini Protean 3 Cell vertical electrophoresis BioRad USA
Neubauer haemocytometer Paul Marienfeld Germany
NovaSeq platform lllumina USA
Pipettes for 5-1,000 uL Eppendorf Germany
PowerPac 300 BioRad USA
Qubit Fluorometer Invitrogen USA
S20 SevenEasy pH meter Mettler Toledo Germany
Thermomixer 5436 Eppendorf Germany
Vortex-Genie 2 Scientific Industries USA
Water bath Gesellschaft Fuer Labortec Germany
Zeiss AxioVert 200M Carl Zeiss Germany
2.2.5 Preparations of buffers
Following is a list of the buffers used in the study with their respective compostions.
Table 6. List of buffer recipes.
Buffer pH Component Concentration
Citrate buffer 6.0 Na citrate 10 mM
Tween 20 0.05% (v/v)
Tris 40 mM
Lysis buffer C 7.4 EDTA 1 mM
Glycerol 10% (v/v)
Deoxycholate 5% (w/v)
Lysis buffer A (components dissolved in lysis buffer C) SDS 0.8% (w/v)
Triton X-100 1% (v/v)
cOmplete Protease
Lysis buffer A, working inhiEitor cocktail One tablet
Lysis buffer A 7 mL
Tris 100 mM
SDS 4% (w/v)
Laemmli loading buffer, 2x 6.8 Glycerol 20% (v/v)
Bromophenol blue 0.2% (w/v)
Dithiothreitol (DTT) 10 mM
Tris 100 mM
Neutral buffered formalin (NBF) stop buffer Glycine Py,
Nacl 1.73 M
Phosphate buffered saline (PBS), 10x 6.8 Nafl—flloz 12070?1’\&
KH,PO, 18 mM
PBS-T, 1x (prepared in 1x PBS) Tween 20 1% (v/v)
Tris 250 mM
SDS-gel running buffer, 10x Glycine 1.92M
SDS 1% (w/v)
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Table 6. List of buffer recipes (cont.)

Buffer pH Component Concentration
NacCl 3M
Saline sodium citrate (SSC) buffer, 20x 7.0 é,]
Na citrate 300 mM
Tris 165 mM
Transfer buffer, 10x -
ransteributter Glycine 150 mM
Transfer buffer, 10x 100 mL
Wester blotting transfer buffer, 1x Deionised H,O 700 mL
Methanol 200 mL
. Tris-HCI 100 mM
Tris-EDTA (TE) buffer, 10x 9.0
EDTA 10 mM

2.3 Methods
2.3.1 Sanger sequencing

To confirm the sequences of the ¢cDNA clones used for the transfection experiments, Sanger

sequencing was performed using BrilliantDye Terminator v3.1 Cycle Sequencing Kit according to the

manufacturer’s instructions. The kit components including BrilliantDye and the 5x sequencing

buffer were thawed and kept on ice protected from light in addition to the DNA templets (Table 7)

and primers (Table 8).

Table 7. cDNA clones used in the study.

Gene Organism Vector Tag Provider Cat. No.

Cyp17al Mouse PCMV6KN free OriGene MC205573-OR
CYP17A1 Human pCMV-SPORT6 free BioCat BC062997-TCH1003-GVO-TRI
Hsd17b3 Mouse pCMV6-Entry Myc-DDK OriGene MR224793-OR
HSD17B3 Human pCMV-SPORT6 free BioCat BC034281-TCH1003-GVO-TRI

Table 8. List of primers used to confirm the sequences of cDNA clones.

Primer

Sequence

Template

mCyp17a1_897_fwd

5-TGG-GGC-AGG-CAT-AGA-GAC-ACC-T-3’

mouse Cyp17al in

mCyp17a1_566_fwd

5-ACA-AGG-ATC-CGA-TAC-TGA-CTA-CCA-3’

pCMV6-Kan/Neo

mHsd17b3_666_fwd

5-GAC-CCC-TTA-TTC-TAT-TTC-AAC-C-3’

mouse Hsd17b3 in
pCMV6-Entry

HSD17B3_200_fwd

5-AGC-TAG-CAA-AAC-GTG-GAC-TCA-AT-3’

HSD17B3_486_fwd

5-TTT-TAG-TCA-ACA-ATG-TCG-GAA-T-3’

human HSD17B3 in

HSD17B3_652_fwd

5-GCA-AAA-GAA-GTC-ATC-ATC-CAG-GTG-3’

pCMV-SPORT6

For the standard sequencing reaction (20 L), the reaction components were added in 500 pL

microcentrifuge tubes as in the following example (Table 9):
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Table 9. Components of a single sequencing reaction.

Reaction component | Volume (pL)
Ampuwa® sterile water 135
5% sequencing buffer 35
DNA template (0.5 pg) 1.0
primer (20 pmol/pL) 1.0
BrilliantDye 1.0
Total volume (pL) 20.0

The reaction mixtures were briefly swirled and centrifuged then placed in the Mastercycler nexus thermal

cycler, and the cycle sequencing was performed under the following conditions (Table 10):

Table 10. Thermal cycler conditions for the sequencing reaction.

25 cycles
Parameter Incubate | Denature Anneal Extend Hold
Temperature 96°C 98°C 60°C 50°C 10°C
Time (mm:ss) 03:00 00:10 01:30 01:30 until ready to purify

To remove salts, unincorporated dye terminators and dNTPs from sequencing products, the
sequencing reactions were cleaned-up using NucleoSEQ columns First, the columns were centrifuged
at 750 x g for 30 sec to collect the dry gel matrix on the bottom of the cartridge then hydrated with
600 uL Ampuwa sterile water, vortexed to remove air bubbles and left for 30 min. The bottom plugs
were then removed and the columns were placed in collection tubes and centrifuged at 750 xg for 5
min to collect and discard the excess liquid. The hydrated columns were placed in new collection
Eppendorf tubes, and the sequencing reactions were carefully loaded on the centre of the gel resin
and then eluted by centrifugation at 750 x g for 5 min. The purified sequencing reactions were
denatured by incubation with one volume Hi-Di Formamide at 95°C for 2 min and then subjected to

capillary electrophoresis in 3130 DNA Genetic Analyzer for sequencing (Applied Biosystems).

2.3.2 HEK-293 and Hela cell line culture
HEK-293 and Hela cell vials were thawed in 37°C water bath for 1 min, decontaminated with 70%

ethanol, rapidly transferred to 15-mL tubes containing prewarmed Dulbecco’s Modified Eagle
Medium (DMEM)/F-12 containing 10% foetal bovine serum without antibiotics, then centrifuged at
300 x g for 3 min. The supernatant was discarded and the cells were resuspended in fresh prewarmed
culture medium, transferred to 75-cm? culture flasks and incubated in the 37°C Galaxy 170 S CO;
incubator with ~95% relative humidity and 5% CO,. The culture medium was changed as needed till
80-90% confluency before passaging. The culture medium was aspirated cautiously and the cells in
culture flasks were rinsed twice with Dulbecco's Balanced Salt Solution (DPBS), then incubated with
3 mL of prewarmed Trypsin-EDTA solution in the 37°C incubator for 3 min. After complete
detachment, Trypsin-EDTA in culture flasks was inactivated by 10 mL DMEM/F-12, and the cell
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suspensions were transferred to 50 mL tubes, centrifuged at 300 x g for 3 min, the supernatant was
discarded, and cells were resuspended in fresh prewarmed culture medium and transferred to 75-
cm? culture flasks and incubated as before. At 80-90% confluency, the cells were harvested with
trypsinisation as described above, counted using Neubauer haemocytometer and subcultured in 6-
well plates at seeding cell densities 450,000 and 350,000 cells/well for HEK-293 and Hela cells,

respectively, for subsequent transfection.

2.3.3 FuGene HD transient transfection
Transfection experiments were performed using FuGene HD according to the manufacturer’s

instructions. The transfection complex was prepared by adding FuGene HD reagent and the DNA
clones at a ratio of 3:1 (ul/pg) directly to serum free DMEM, so that the final concentration of the DNA
was 20 ng/uL, and the mixture was swirled immediately then left for 15 min at RT. At ~80% confluent
cells were either transfected by sprinkling transfection mixture containing either of the DNA clones
(2 ug per well) or left without transfection as negative controls. The plates were then agitated gently
on Heidolph Unimax 1010 Orbital Shaker and returned to the incubator.

2.3.4 Cell lysis and protein extraction

One day after transfection, the culture medium was removed by aspiration, and the cells were
washed twice with ice cold 1x PBS. The cells were lysed with 300 pL lysis buffer per well for 6-well
plate, rapidly scraped with cell scraper and rapidly transferred to 1.5-mL Eppendorf tubes on ice. To
homogenise cell lysates, the lysates were centrifugated at 14,000 x g for 1 min at 4°C, then loaded
on the inner wall of Qiashredder homogenizer and centrifuge again at 13,000 x g for 1 min at 4°C.
The homogenised lysates were quick-frozen at -20°C till further analysis by western blotting.

2.3.5 SDS-polyacrylamide gel preparation and pouring

The Mini-Protean glass plates (with 1.5 mm spacer) were assembled according to the manufacturer’s
instructions. 10% resolving gels were prepared by mixing the following components (Table 11):

Table 11. Preparation of two resolving 10% polyacrylamide gel casts

Component Volume
Deionised water 4.0 mL
30% acrylamide/bis solution | 3.3 mL
1.5 M Tris, pH 8.8 25mL
10% SDS 100 pL
10% ammonium persulfate 100 pL
TEMED 4 uL

After addition of tetramethylethylenediamine (TEMED), the mixture was swirled and poured
immediately in gap between the glass plates, leaving around 1 cm for the staking gels. The

acrylamide solutions were overlayed with 99% ethanol and placed in vertical position at RT to
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polymerise. After polymerisation of resolving gels, the stacking gels were prepared by mixing the

following components (Table 12):

Table 12. Preparation of two stacking polyacrylamide gel casts

Component Volume
Deionised water 34 mL
30% acrylamide/bis solution | 0.83 mL
1 M Tris, pH 6.8 0.63 mL
10% SDS 50 pL
10% ammonium persulfate 50 uL
TEMED 5uL

The overlay was poured off, the gel tops were washed with deionised water, and the remaining water
was drained using the edges of Gel Blotting Papers Whatman 3MM Again, after addition of TEMED,
the mixture was swirled and poured immediately onto the surface of the polymerised resolving gels,
clean Teflon combes were inserted into the stacking gels, and the gels were placed in vertical

position at RT to polymerise.

2.3.6 Sample preparation for SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)
One volume of 2x Laemmli buffer containing 10 mM dithiothreitol was added to one volume of

sample, and the samples, along with the protein marker, were vortexed and heated at 95°C for 3 min

to denature the proteins.

2.3.7 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
The Mini Protean 3 Cell was assembled according to the manufacturer’s instructions. The inner

chamber was filled with 1x SDS-gel running buffer, ensuring that there was no leakage to the outer
chamber, and that the wells are filled with the buffer. The outer chamber was filled with 1x running
buffer, and samples and the protein marker were loaded in the assigned wells and separated in SDS-
PAGE at constant voltage of 100 V for 80 min. After the electrophoretic separation, a gel knife was
inserted between the glass plates of the cassette at the notched (“well”) side to remove the top plate
and, then used to cut and discard the staking gel. The gel with separated proteins was immersed in

transfer buffer to equilibrate for 10 min before blotting.

2.3.8 Western blotting
PVDF membranes were activated in 100% methanol for 15 sec, then equilibrated in 1x transfer buffer

for 5 min along with filter papers. A gel sandwich is constructed for wet transfer in order from anode
to cathode (fiber pad, filter paper, PVDF membrane, gel, filter paper, fibre pad), ensuring the removal
of air bubbles for even transfer of proteins. The apparatus was assembled according to the
manufacturer’s instruction, the frozen cooling unit was added and the tank was filled with 1x transfer

buffer. The proteins were transferred to the PYDF membranes at a constant voltage of 100 V for 80
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min. After complete transfer, the PYDF membranes were blocked in 5% skim milk (Table 2) in 1x PBS
with agitation for one hour then incubated with the primary antibodies (Table 13) diluted in 5% skim
milkin 1x PBS-T at 4°C overnight. The day after, the membranes were washed in wash buffer 1x PBS-
T 5 times with agitation, 5 min each, then incubated with secondary antibodies (Table 13) diluted in
5% skim milk in 1x PBS-T at RT for 1 hour. The membranes were washed in 1x PBS-T 5 times with
agitation, 5 min each, then incubated with enhanced chemiluminescent substrate working solution
for one minute. Excess substrate was drained and the membranes were wrapped in sheet protectors,
ensuring the removal of air bubbles, and the signals were detected on Chemiluminescent Imaging
system. For reprobing the membranes without stripping, the membranes were blocked with 5%
skim milk in 1x PBS for one hour at RT then reprobed with the primary and secondary antibodies as

described above.

Table 13. Antibodies used in western blots.

Antibodies Conjugate Hoft Dilution | Provider Cat. No.
Species

CYP17A1 non Rabbit 1:1000 | ProteinTech | 14447-1-AP

HSD17B3 non Rabbit 1:1000 | ProteinTech | 13415-1-AP

B-actin non Rabbit 1:1000 Sigma A2066

GAPDH non Rabbit 1:2500 abcam ab9485

Goat anti-rabbit secondary antibodies HRP Rabbit 1:2000 Abcam A6721

2.3.9 Immunohistochemical and Immunofluorescent Assays
Five-um FFPE tissue sections were deparaffinised and hydrated, and then incubated in 10 mM citrate

buffer, 0.05% Tween 20, pH 6.0 at 99°C for 30 min for heat-induced epitope retrieval (HIER).
Endogenous peroxidase in the tissues was blocked with Dako REAL Peroxidase-Blocking Solution.
Thereafter, and the tissue sections were then blocked with serum, and incubated with the primary
antibodies (Table 14). In immunohistochemical assays, chromogenic signal amplification and
development was performed using VectaStain ABC-HRP Kit (Table 3) according to manufacturer’s
instruction. The tissue sections were incubated with biotinylated secondary antibodies (Table 14),
washed, then incubated with avidin-bitotin-horseradish peroxidase (HRP) complex (ABC-HRP), washed
again, and then incubated with Dako DAB+ chromogenic substrate for chromogenic signal
development. The tissue sections were then washed, counterstained with Mayer's Haematoxylin,

dehydrated and mounted with Eukitt™ Quick-hardening mounting medium.

In immunofluorescence assays, detection of abundant proteins in tissue sections is achieved by
incubation with fluorophore-conjugated primary antibodies (Table 14). Otherwise, secondary
antibodies were used for protein detection, conjugated with either fluorophores or HRP (Table 14) with
subsequent tyramide signal amplification (TSA) for signal development. TSA and fluorescent signal

development were achieved using Tyramide SuperBoost™ Kit with Alexa Fluor 488-conjugated
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Tyramide according to the manufacturer’s instructions. After incubation with the HRP-conjugated
secondary antibodies, the tissue sections were washed three times in 1xPBS for 10 min each, incubated
with Alexa Fluor 488-conjugated tyramide working solution for 10 min, and then the reaction was
stopped with stopping buffer. The tissue sections were then washed again three times in 1xPBS for 10

min each, counterstained and mounted with ProLong Gold Antifade Mountant with DNA Stain DAPI.

Table 14. Antibodies used in immunohistochemistry and immunofluorescent assays.

Antibodies Conjugate Hos.t Dilution | Provider Cat. No.
Species
Steroidogenic markers
CYP17A1 non Rabbit 1:500 ProteinTech 14447-1-AP
HSD17B3 non Rabbit 1:100 ProteinTech 13415-1-AP
AKR1C3 (HSD17B5) non Goat 1:160 Novus NB-100-1940
CYP21A2 non Rabbit 1:200 Sigma HAP048979
Sertoli cell markers
SOX9 | non | Rabbit | 1:1000 | Sigma |  AB5535
Germ cell markers
DDX4 | non | Rabbit | 12200 | Abcam | ab13840
Leydig cell development markers
DLK1 non Rabbit 1:400 Abcam ab21682
INSL3 non Rabbit 1:100 Sigma HPA028615
Blood-testis barrier markers
CLDN11 non Rabbit 1:50 Sigma HPA013166
GJA1 (CX43) non Rabbit 1:50 Sigma HPA035097
TJP1 (ZO-1) non Rabbit 1:1000 | ProteinTech 21773-1-AP
Peritubular myoid cell markers
ACTA2 Alexa Fluor 594 | Mouse 1:20 Bio-Techne IC1420T
MYH11 non Rabbit 1:500 Sigma HPA015310
Secondary antibodies
FITC goat anti rabbit FITC Goat 1:200 Sigma F2765
Cy3 goat anti mouse Cy3 Goat 1:200 Sigma A10521
Alexa Fluor 647 goat anti rabbit | Alexa Fluor 647 Goat 1:500 Sigma A21244
Biotinylated goat anti rabbit Biotin Goat 1:200 VectorlLabs BA-1000-1.5
Biotinylated rabbit anti goat Biotin Rabbit 1:200 VectorLabs BA-5000-1.5

2.3.10 Single molecule Fluorescent In Situ Hybridisation (smFISH) Assays
The RNA fluorescent in situ hybridisation assays were performed using RNAscope Intro Pack for Multiplex

Fluorescent Reagent Kit v2 (Table 3) according to the manufacturer’s instructions (152). Figure 4 briefly
shows how the RNAscope technology works. Five um FFPE tissue sections were baked at 60°C for 1 hour,
deparaffinised three times in Roti Histol for 5 min each, dehydrated two times in 99% ethanol for 5 min
each and dried in a baking oven at 60°C for 5 min. Endogenous peroxidase was blocked by incubation
with hydrogen peroxide (Table 3) for 10 min. Antigens were retrieved by HIER in 1x RNAscope retrieval
buffer at 99°C for 30 min and RNA targets were exposed by RNAscope Proteinase Plus digestion at 40°C
for 15 min. The tissue sections were incubated with 1x RNAscope target probes (Table 15) in HybEZ ||

24



Hybridization System (Table 5) at 40°C for 2 hours, washed twice in 1x RNAscope wash buffer (Table 3)
for two min each, then preserved in 5x SSC overnight at RT. The day after, signal amplification was
achieved by sequential incubations of preamplifier, amplifier and HRP-conjugated label probes at 40°C
for 30 min, with two-times wash steps in 1x RNAscope wash buffer for two min each after each
incubation. Fluorescent signal was developed by incubation with TSA Vivid Fluorophores (Tables 3 and
16) at 40°C for 30 min, with subsequent washes in 1x RNAscope wash buffer and HRP blocking with
RNAscope HRP Blocker at 40°C for 15 min.

(A) RNAscope signal amplification for senestive and specific detection of RNA target

Amplifier probes Channel-specific HRP
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(B) Multiplex fluorescent detection of different RNA targets with channel specific HRP

Tyramide-conjugated
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Figure 4. Schematic representation of RNAsope signal amplification. (A) RNAscope signal amplification for
sensitive and specific detection of RNA targets. A set of approximately 20 ZZ probe pairs hybridises contiguously
to complementary sequences on the target mRNA. Only a ZZ probe pair specifically binds to a preamplifier to
insure specific detection of the target mRNA. The ZZ probe pairs are detected by sequential hybridisation of
preamplifier, amplifier and channel specific HRP to yield up to 8000 labels for each target mRNA insuring sensitive
detection. Nonspecific detection of the target probes is unlikely since a head to tail annealed ZZ probe pair is
necessary to stabilise the amplification tree, insuring specific detection. (B) Multiplex fluorescent detection of
different RNA targets with channel-specific HRP. Following the building of the ampilification tree the first HRP C1
is added followed by incubation with one tyramide-conjugated fluorophore which precipitates around the target
mRNA. For detection of the second mRNA target, the HRP C1 is inactivated, the second HRP C2 is added, then
incubated with a different tyramide-conjugated fluorophore, and so on.
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Table 15. RNAscope target probes.

Target Target
Target Probe Species | Region (bp) | No. of Pairs | Conc. Provider Cat. No.
Hs-HSD17B3? Human 190-1130 20 1x 467661
Hs-CYP17A1-C3° Human 332-1250 20 50x 467251-C3
Hs-CLDN11° Human | 2-1538 20 x A;:Z:Zificcse/” 525671
Hs-INSL3-C3® Human 2-750 17 50x . 1060371-C3
Bio-Techne

Hs-DLK12 Human 200-1542 22 1X 529961
Mm-Hsd17b3-No-XHs? Mouse 2-1274 17 1X 516601

2 C1 target probes are supplied as 1x solution.

b C3 target probes are supplied as 50x solution that can be diluted in prob diluent buffer in single

fluorescent assays or in 1x C1 target probes in multiplex fluorescent assays.
Multiplex fluorescent in situ hybridization assays were developed by different sets of target probes,
each detected by corresponding sets of preamplifiers, amplifiers and HRP-conjugated label probes.
Each set of target probes along with the corresponding preamplifiers, amplifiers and target probes
are referred to as channel probe and is assigned a number: C1, C2 or C3. In our multiplex fluorescent
in situ hybridisation assays, C1 and C3 probe channels were used to detect RNA targets in tissue
sections. C3 target probes were diluted in the target probes of the C1 probe channel, and the target
probe mixture was hybridised to RNA targets in tissue sections under the previously specified
conditions. Fluorescent signal development was achieved sequentially firstly for C1 channel. After
detection with TSA fluorophores, HRP-C1 was blocked, the tissue sections were incubated with HRP-
labelled C3-probes and detected with a different TSA Vivid fluorophore (Table 16). The tissue
sections were washed, blocked again with RNAscope HRP Blocker, counterstained and mounted

with ProLong Gold Antifade Mountant with DNA Stain DAPI.

Table 16. TSA Vivid Fluorophores

Fluorophore Dilution | Excitation [nm] | Emission [nm]
TSA Vivid Fluorophore 520 1:1000 488 520
TSA Vivid Fluorophore 570 1:1500 555 570
TSA Vivid Fluorophore 650 1:1000 654 668

The fluorophores are diluted in TSA buffer
In combined fluorescent in situ hybridization /immunofluorescent assays, the RNAscope fluorescent
assay is developed first followed by immunofluorescent assay as described in section 2.3.9 starting

at serum blocking.

2.3.11 Reanalysis of publicly available scRNA-seq data

To determine the proportion of cells expressing HSD17B3 and AKR1C3, publicly available scRNA-Seq
data from 20 human testicular tissue samples (Supplementary materials, Table 19), obtained from
the embryonal to adult stages through 10x Genomics platform (107, 153, 154), were reanalysed. The

raw sequences were processed and aligned to the human reference ¢cDNA GRCh38 using fastp
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(v0.22.0) (155), Kallisto (v0.46.1), and BUStools (v0.39.3) (156). The downstream filtering and analyses
were performed with the R package Seurat v4.1.1 (157). Genes were retained if they were expressed
in at least three cells, and the cells were retained if they expressed between 500 and 9000 genes,
with <25% of mitochondrial genes, and <40 000 mMRNA molecules detected. Gene counts in each cell
were normalised by total cell expression using the NormalizeData function, with log-transformation
and a scale factor of 10000. Samples were integrated using FindIntegrationAnchors and
IntegrateData functions. Cells were clustered with a shared nearest neighbour modularity
optimisation, and cell populations were classified using the same marker genes as in the original
(107, 153, 154) and other publications (158, 159). The average expression levels of HSD17B3 and
AKR1C3 between all cells of LCs and SCs clusters were calculated with the function
AverageExpression of Seurat using the default parameters. The percentage of LCs and SCs was also
estimated relative to the total number of cells present in each individual. Plots were generated using

ggplot2 v3.3.6 (160) and ggprism v1.0.3 (161) packages from R v4.1.2 (162).

2.3.12 GeoMx Digital Spatial Analysis of RNA

The GeoMx digital spatial profiler (DSP) is one of the recent technologies that allow spatially resolved
transcriptomic profiling of tissue sections by combining standard immunofluorescent techniques
with digital barcoding (Figure 5A). It quantifies the abundance of RNAs by counting unique indexing
oligos assigned to each RNA target. These indexing oligos are covalently attached to a mRNA
hybridisation probes with a UV-photocleavable linker (Figure 5B). The assay starts by
deparaffinisation and hydration of the FFPE sections followed by HEIR, then mild proteinase K
digestion to expose the RNA targets followed by a post-fix to preserve the tissue morphology. The
tissue sections are then hybridised to RNA probes that target more than 18,000 protein coding genes
then washed to remove off target probes and stained for up to three protein or RNA targets in
addition to nuclear stains to identify the tissue morphology. The slides are then loaded on the GeoMx
DSP and scanned to produce a high-resolution, full image of the tissue sections, which are used to
guide the ROIs selection. The selected ROIs can be of any shape thanks to the programmable digital
micromirror device (DMD) (Figure 5C), which projects UV light precisely to illuminate the ROIs and
release the photocleavable oligos (163). Next generation sequencing (NGS) libraries are prepared
from the collected photocleaved oligos for generation of NGS readouts that are further processed in
bioinformatic pipelines to generate NGS digital counts. Those are further filtered by quality control

then normalised to give matrix of expression values of genes in the ROIs.
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(A) The workflow of GeoMx digital spatial profiler for the RNA assay

UV-photocleavable

1. The slide is hybridysed to barcoded 2. The slide is imaged and ROls are 3. UV light is projected on ROls, one
RNAprobes targetting >18,000 protein- seletced at a time, by digital micromirrors to
coding genes, then stained with release the photocleavable oligos

fluorescent antibodies

Illlumina Sequencer

Photocleaved

Oligo <
N
4. The photocleaved oligos are aspirated 5. Oligos released from an ROl are dispensed 6. A library is prepared from the oligos
by a microcapillary in single well in a 96-well plate and sequenced by NGS for quantitative
readout
(B) The GeoMx target RNA probe (C) lllumination of ROIs by the digital micro-
mirror chip
UV-photocleavable
linker Indexed oligos in the
Target complementary \ illuminated areas only
sequence DSP barcode are released
%\/ (indexed oligo)

Target RNA

Sequencing primer
read 1 (SPR1)

Unique molecular

identifier (UMI)
Read tag sequence
identifier (RTS ID)

Sequencing primer
read 2 (SPR2)
UV light

| [t SRR Digital micromirror chip

~ million 1 pm' mirrors
20 nt I 26 bp 26 nt

DSP barcode (indexed oligo)

Figure 5. Overview of the GeoMx Digital Spatial Profiler RNA assay. (A) The workflow of the GeoMx DSP
RNA assay. (B) The GeoMx target RNA probe. The indexed oligo contains a readout tag sequence identifier (RTS
ID) to identify the biological target and a unique molecular identifier (UMI) to enable the removal of duplicates
introduced by the PCR reaction. The sequencing primer reads (SPR) 1 and 2 enable the hybridisation of the
oligos to the sequencing primers with the i7 and i5 indexing sequences. (C) lllumination of ROIs by the digital
micromirror chip. The digital micromirror device (DMD) is composed of around one million of micromirrors
each 1 um? which are programmable to allow for the precise illumination of ROIs. Created with BioRender.
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2.3.12.1 Manual Slide Preparation for RNA Analysis

The slides were prepared for spatially resolved, whole transcriptome analysis using the GeoMx DSP
instrument according to the manufacturer’s instructions (164). A five-um FFPE tissue section from P1
was backed at 60°C for 1 hour, deparaffinised three times in Roti Histol (Table 2) for 5 min each,
rehydrated two times in 99% ethanol for 5 min each, one time in 95% ethanol for 5 min and one time
in 1x PBS, and then subjected to HIER in 1x Tris-EDTA buffer (pH 9.0) at 99°C for 30 min, then washed
in 1x PBS for 5 min. The RNA targets in the tissue section were exposed by incubation with Proteinase
K (Thermo Fisher) in 1x PBS at a concentration of 1 pg/mL at 37°C for 15 min. To preserve the tissue
morphology after Proteinase K digestion, the tissue section was fixed in 10% neutral buffered
formalin (NBF) for 5 min, then the post-fix reaction was stopped by two washes in NBF stop buffer
(0.1 M Tris, 0.1 M glycine) for 5 min each, then one time in 1x PBS for 5 min. The tissue section was
hybridised with Whole Transcriptome Atlas (WTA) probe mixture (containing more than 18,000
different UV-cleavable oligonucleotide probes) diluted in puffer R (Nanostring) at 37°C overnight.
The next day, the off-target probes were removed by two stringent washes in 50% deionised
formamide in 2x SSC at 37°C for 25 min each, followed by two additional washes in 2x SSC for 2 min
each at RT. To identify the tissue morphology with IF for subsequent selection of regions of interest
(ROIs), the tissue section was blocked with buffer W (Nanostring) for 30 min at RT. The section was
then incubated with primary antibodies (Alexa Fluor 594 conjugated mouse anti ACTA2 and
unconjugated rabbit anti CYP17A1) mixed with the nucleic acid stain SYTO13 and diluted in buffer
W (Nanostring) for 1 h at RT. Unbound antibodies and excess SYTO13 were removed by one wash in
2% SSC for one min, then additional four incubations in 2x SSC for three min each. A secondary
antibody incubation step using the Alexa Fluor 647 goat anti rabbit antibodies (Table 14) was
performed to detect the unconjugated CYP17A1 antibodies followed by another wash step in 2x
SSC. The tissue section was then transferred in 2x SSC to be loaded on the GeoMx digital spatial

profiler (DSP) for spatially resolving target probes hybridised to target RNAs in the tissue section.

2.3.12.2 Selection of ROIs and collection of target probes on GeoMx DSP

Scanning of tissue section, selection of ROIs and collection of target probes was performed on the
GeoMx DSP using GeoMx DSP software v3.1 according to the manufacturer’s instructions (165). The
tissue sections were scanned in each fluorophore channel at the appropriate exposure time to
generate a fullimage with overlayed fluorescent signals, and hence visually identify the morphology
of the tissues. Assuming that cells with same identity and same expression profile of morphology
markers have the same transcriptomic signature, we have created ROIs to illuminate areas
comprising either Leydig or Sertoli cells (Figure 6). The ROIs were selected in accordance with the

criteria recommended by the manufacturer (Table 18). After selection of ROlIs, a data collection run
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was started to collect the target probes sequentially from each ROl in a corresponding well in the

collection plate.

Figure 6. Distribution of the ROIs selected in a gonadal tissue from a 13.7-year-old patient with CAIS
(P1) for spatially resolved whole transcriptome analysis with GeoMx DSP. LCs were targeted with
antibodies labelling CYP17A1 (green) and PTMCs were targeted with antibodies labelling ACTA2 (red), while
the nuclei were counterstained with SYTO13 (blue). Unexpectedly, ACTA2 was expressed only in myoepithelial
cells around blood vessels (open arrow) and not in PTMCs around the seminiferous tubules. Selection of ROls
comprising either LCs or SCs was based on the presence or absence of CYP17A1 expression, respectively. The
morphology markers in the image are given pseudo-colours for easy visual identification.

2.3.12.3 Next-generation sequencing (NGS) readouts of photocleaved DNA oligos
The NGS library preparation and sequencing was performed according to manufacturer’s
instructions (166). After collection, photocleaved DNA oligos from each ROI were indexed with
lllumina’s i5xi7 dual-indexing primers and then decontaminated from carryover products by
incubation with uracil DNA glycosylase (UDG) and amplified in a PCR in a Thermocycler under the
conditions specified in Table 17. The PCR products were pooled and purified in two rounds with
magnetic AMPure XP beads (Beckman Coulter). Each round of purification consists of pelleting the
beads on a magnetic stand, discarding the supernatant, washing twice with 80% ethanol, pelleting
the beads, discarding the supernatant, drying the beads then resuspending them in elution buffer
and transferring the supernatant containing the sequencing library into a new tube for the second
round of purification. The quality of the sequencing library was assessed by capillary electrophoresis
in 2100 Bioanalyzer Instrument (Agilent) and the concentration was quantified by Qubit Fluorometer
(Invitrogen). The libraries were paired-end sequenced on the NovaSeq platform (lllumina) and
demultiplexed on the instrument to produce one pair of FASTQ files per ROI. The raw sequencing
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reads were processed using TrimGalore for removing the adaptor sequences and Paired-End Read
Merger for merging the overlapping pair-end reads, then aligned to analyte barcodes using Bowtie.
To generate NGS digital counts from the processed reads, PCR-introduced duplicates were removed
using UMI-tools. The generated Digital Count Conversion (DCC) files were uploaded into R for data

processing using the GeomxTools open software package.

Table 17. Thermal cycler conditions for the PCR

Step Temp Time (mm:ss) No. of cycles
UDG incubation 37°C 30:00 1%

UDG deactivation 50°C 10:00 1x
Initial denaturation | 95°C 03:00 1x
Denaturation 95°C 00:15

Annealing 65°C 01:00 18%
Extension 68°C 00:30

Final extension 68°C 05:00 1x
Hold 4°C | until pooling and AMPure cleanup 1x

UDG, uracil DNA glycosylase

2.3.12.4 Data Analysis

The analysis of the NGS readouts was performed according to the manufacturer’s instructions (167).
To determine the overall quality of data, some of the basic metrics collected from the run were
compared to the expected range of values. ROIs with a minimum of 1000 raw reads, 80% trimmed
reads, 80% aligned reads, 50% sequencing saturation were retained for further analysis. To exclude
global outlier probes for genes that are detected by multiple target probes, probes having 10% or
less average counts across all ROIs and probes failing Grubb’s outlier test in 20% or more of the ROIs
were filtered out. For high confidence detection of gene expression, the limit of quantification (LOQ)
was set to two, and ROIs with less than 10% of their genes showing expression above this LOQ were
filtered out. Similarly, genes expressed in less than 5% of ROIs were filtered out. For subsequent
statistical analysis, the probe counts were normalised with Quartile 3 (Q3) Normalisation method
using the normalisation function from NanoStringNCTools. To investigate how related the different
ROIs with SCs or LCs are, uniform manifold approximation and projection dimension reduction
analysis (UMAP) was performed using the umap package. ROIs which cluster apart from each other

were further subjected to differential gene expression using the linear mixed-effect model (LMM).
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Table 18. Features of ROIs selected for whole transcriptome profiling by GeoMx DSP

ROI Profiled cell type Surface area (um?) Number of cells Tot'al number of
aligned reads
001 Sertoli cell 13751 193 36579720
002 Leydig cell 22416 163 28625259
003 Sertoli cell 13551 184 27222081
004 Sertoli cell 17019 239 27218868
005 Sertoli cell 9977 140 11690454
006 Sertoli cell 11761 175 29761802
007 Sertoli cell 13743 175 31881339
008 Sertoli cell 12727 146 20835738
009 Leydig cell 12918 111 22316390
010 Leydig cell 10045 112 7971312
011 Leydig cell 11954 111 8476835
012 Leydig cell 17108 126 28306285
013 Leydig cell 28055 216 45215466
014 Leydig cell 13758 183 28463446
015 Leydig cell 23899 158 33816451
016 Sertoli cell 18796 258 34455348
017 Leydig cell 22950 180 28079228
018 Sertoli cell 12145 160 10718693
019 Leydig cell 13751 193 36579720
020 Sertoli cell 22416 163 28625259
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3 Results

3.1 Validation of CYP17A1 and HSD17B3 antibodies for detection of the
corresponding proteins from human and mouse

Detection of mouse Hsd17b3 protein in immunohistochemistry assays is challenging due to the lack
of specific antibodies. Specific detection of mouse Hsd17b3 protein in previous
immunohistochemistry and immunofluorescence studies was achieved either by antibodies
produced in house (95, 102, 168) or commercially by Santa Cruz (169) which were discontinued. To
predict whether the CYP17A1 (ProteinTech, 1447-1-AP) and HSD17B3 (13415-1-AP) antibodies,
being raised in rabbit against fusion proteins containing amino acid sequences identical to the
corresponding human proteins, would also detect the corresponding mouse proteins, the
sequences of these fusion proteins were aligned to the corresponding mouse proteins. The mouse
Cyp17a1 protein shared only 65% identity with the epitope while Hsd17b3 shared 87% identity with
the epitope (Figure 7A and B), suggesting that the chances are not heigh to detect the mouse
Cyp17al and Hsd17b3 proteins with these antibodies. To further validate the specificity of CYP17A1
and HSD17B3 antibodies in detecting the corresponding proteins from human and mouse, HEK-293
and Hela cell lines were cultured and either transfected with human CYP17A1, mouse Cyp17al,
human HSD17B3 or mouse Hsd17b3 cDNAs, or left without transfection as a negative control. After
24 hours, the cells were then lysed, and the extracted proteins were blotted on PVDF membranes
and probed with either CYP17A1 (ProteinTech, 14447-1-AP) or HSD17B3 (ProteinTech, 13415-1-AP)
antibodies. The CYP17A1 antibodies detected clear bands at ~50 kD corresponding to the
recombinant humanand mouse CYP17AT1 proteins in both transfected HEK-293 and Hela cells, while
no bands are seen in the non-transfected cells (Figure 7C), indicating that the CYP17A1 antibodies
can specifically detect both the human and the mouse proteins in western blots and that they have
the potential to detect them in immunohistochemistry assays. On the other hand, the HSD17B3 blot
show clear bands in HEK-293 and Hela cells only transfected with the human protein at ~25 kD,
while no bands were seen either in cells transfected with the mouse Hsd17b3 cDNA or in the non-
transfected cells (Figure 7D, middle panel). To exclude the possibility that the mouse Hsd17b3
protein was not detectable in cells transfected with the mouse cDNA because the transfection did
not succeed in these cells, the membrane was reprobed with Myc-tag antibodies (Cell Signalling,
2272S), making use of the Myc-tag at the C-terminus of the mouse protein. The Myc-tag antibodies
could detect the mouse Hsd17b3 protein in transfected HEK-293 and Hela cells at ~34 kD (Figure
7D, lower panel), indicating that the HSD17B3 antibodies are non-specific for detection of the
Hsd17b3 mouse protein in western blot, and most probably will not detect the mouse protein in
immunohistochemistry assays. Therefore, an alternative method should be used for detection of

Hsd17b3 expression in FFPE mouse testicular tissues.
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Score Expect Method Identities Positives Gaps
485 bits(1248) 6e-175 Compositional matrix adjust. 227/349(65%) 278/349(79%) 0/349(0%)

CYP17A1 fusion prote:j.n 1 HNGQSIDISFPVFVAVTNVISLICFNTSYKNGDPELNVIQNYNEGIIDNLSKDSLVDLVP 60
Mouse Cypl7al protein 159 YD.E.R.L.TLI.KS.I.I.CT....I.FE.K..I.TT..TFT...V.V.GHSD...IF. 218

CYP1721 fusion protein 61  WLKIFPNKTLEKLKSHVKIRNDLLNKILENYKEKFRSDSITNMLDTLMQAKMNSDNGNAG 120
Mouse Cypl7al protein 219 ........ N..MI.E.T...EKT.VEMF.KC....N.E.LSSLT.I.I.....AE.N.T. 278

CYP17A1 fusion prote:i.n 121 PDQDSELLSDNHILTTIGDIFGAGVETTTSVVKWTLAFLLHNPQVKKKLYEEIDQNVGFS 180
Mouse Cypl7al protein 279 EG..PSVF..K...V.V.......I...S..LN.I....V...E..R.IQK....Y.... 338

CYP17A1 fusion prOtEin 181 RTPTISDRNRLLLLEATIREVLRLRPVAPMLIPHKANVDSSIGEFAVDKGTEVIINLWAL 240
Mouse Cypl7al protein 339 ,,.SFN..TH..M.......... ) 3 SR TPDH s o0 uis 398

CYP1721 fusion protein 241 HHNEKEWHQPDQFMPERFLNPAGTQLISPSVSYLPFGAGPRSCIGEILARQELFLIMAWL 300
Mouse 'Cypl7al protein 399 . .DKN.:D...R:..s:ciDeTuaSHi T TR: oo sions s one o semers IF..L. 458

CYP17A1 fusion protein 381 LQRFDLEVPDDGQLPSLEGIPKVVFLIDSFKVKIKVRQAWREAQAEGST 349
Mouse Cypl7al protein 459 ..... FD.S: K. . .C VDL ciin et Doiinne T i KD..V.V.. 507

B Score Expect Method Identities Positives Gaps
251 bits(640) 3e-89 Compositional matrix adjust. 119/152(78%) 133/152(87%) 0/152(0%)

HSD17B3 fusion protein 1 RFSRCVLLNYWKVLPKSFLRSMGQWAVITGAGDGIGKAYSFELAKRGLNVVLISRTLEKL 60

Mouse Hsdl7b3 protein 22 ...QHLF.RFC.A..S...icueineccssonssvsssossocss RH. 5506 o spars s e s o 81
HSD17B3 fusion protein 61 EATATEIERTTGRSVKIIQADFTKDDIYEHIKEKLAGLEIGILVNNVGMLPNLLPSHFLN 120
Mouse Hsdl7b3 protein 82 QT..E....... SC...V..... RE...D....H.E....oovvinnnnn. SFF..... S 141
HSD17B3 fusion protein 121 APDEIQSLIHCNITSVVKMTQLILKHMESRQK 152
Mouse Hsdl7b3 protein 142 TSG.S.N............... ) (- R. 173
C HEK-293 HelLa D HEK-293 HelLa
Transfection: - 1 2 - 1 2 Transfection: - 3 4 - 3 4
50 kD - — — — CYP17A1 50 kD - ""M‘ B-actin
35 KD — " s S s s s GAPDH
25 kD - - HSD17B3
UKD - - e
25 kD - - — Myc-Tag

Figure 7. Validation of specificity of (A) CYP17A1 and (B) HSD17B3 antibodies in detecting the
corresponding proteins from human and mouse. Panels A and B show alignment of amino acid sequences
of the epitope used to generate the CYP17A1 and HSD17B3 antibodies against the corresponding mouse
proteins. The epitopes are given black font and the mouse proteins are given red font. The matching amino
acids are represented as black dots while the mismatching amino acids are named as one-letter abbreviations
and given red font. Panels C and D show the specificity of both antibodies in detecting the corresponding
proteins form human and mouse in Western blots. HEK-293 and Hela cells were cultured in 6-well plates and
transfected with either (1) human CYP17AT1, (2) mouse Cyp17a, (3) human HSD17B3 or (4) mouse Hsd17b3
cDNAs at 80% confluency, then lysed and harvested one day after. Non-transfected cells were used as a
negative control. The proteins in cell lysates were purified and subjected to western blotting. Panel C shows
protein bands at ~50 kD corresponding to the human and mouse proteins in transfected cells and no
detectable bands in the non-transfected cells after detection with CYP17A1 antibodies (ProteinTech, 14447-1-
AP). Panel D shows protein bands at ~25 kD corresponding to the protein only in cells transfected with the
human cDNA after detection with HSD17B3 antibodies (ProteinTech, 13415-1-AP), but neither in cells
transfected with mouse cDNA nor in non-transfected cells. Reprobing the membrane with Myc-Tag antibodies
(Cell Signalling, 2272S) could detect the Myc-tagged Hsd17b3 mouse protein, excluding the possibility of
failed transfection or Hsd17b3 protein expression. GAPDH and B-actin house-keeping proteins were used in
CYP17A1 and HSD17B3 blots, respectively, to insure equal loading of samples.
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3.2 HSD17B3 is exclusively expressed in SCs in gonadal tissues from adolescents and
young adults with CAIS and patients with CYP17A1 deficiency
In foetal mouse testis, androgen synthesis is a concerted action of both LCs and SCs. Foetal LCs

express all steroidogenic enzymes needed for testosterone synthesis except Hsd17b3, which is
expressed in foetal SCs (95, 96, 102), making the latter the site of reduction of androstenedione to
testosterone in foetal mouse testis. In adult mouse testis, however, LCs express Hsd17b3, and hence
are capable of reduction of androstenedione to testosterone. In a recent case report, a gonadal tissue
from a young adult patient with CAIS was shown to express HSD17B3 in SCs and not in LCs in a SC
tumour and the adjacent tissue (150), a pattern of expression that resembles the foetal mouse testis
and suggests that differentiation of both LCs and SCs in gonadal tissues from CAIS patients might be
defective. To test whether this foetal pattern of HSD17B3 persists in gonadal tissues from pubertal
and young adult patients with congenital defects of androgen signalling, gonadal tissue sections
from pubertal and young adult patients with CAIS (P1-P4) and a young adult patient with CYP17A1
deficiency (P5) were immunostained for HSD17B3 and compared to normal control testicular tissue.
In the normal control testicular tissue, HSD17B3 was strongly expressed in LCs and less in
seminiferous tubules (Figure 8A, Supplementary materials Figure 29A), whereas HSD17B3 was
exclusively expressed in seminiferous tubules in all CAIS gonadal tissues (Figure 8B, Supplementary
materials Figure 29B-D), and not in hyperplastic LCs in the interstitium, identified by CYP17A1
expression (Figure 8E, Supplementary materials Figure 29F-H). The HSD17B3-expressing cells in
these seminiferous tubules are SCs and not GCs, because the seminiferous tubules in CAIS gonadal
tissue highly expressed SC marker SOX9 (Figure 8K, Supplementary materials Figure 29J-L) but did
not express GC marker DDX4 (Figure 8N, Supplementary materials Figure 29N-P). Similarly, HSD17B3
was expressed exclusively in seminiferous tubules and not in interstitial tissue in gonad the young
adult patient with CYP17A1 deficiency (Figure 8C). This patient harbours the pathogenic compound
heterozygous CYP17A1 mutation p.(Arg96GlIn)/p.(Pro480Hisfs*27) and the LCs in the interstitial
tissue in this gonad weakly expressed CYP17A1 (Figure 8F) but strongly expressed the adult LC
marker INSL3 expression (Figure 8l). the HSD17B3-expressing cells in this gonadal tissue are SCs
because they expressed SOX9 (Figure 8L) but did not express DDX4 (Figure 80).

In all gonadal tissues except for the oldest (25.8-year-old), there were small regions where the
seminiferous tubules had some residual, DDX4* GCs (Figure 9A and B, Supplementary materials
Figure 30A-F). The adjacent SCs in these tubules, identified by SOX9 expression (Figure 9C,
Supplementary materials Figure 30G-I), expressed HSD17B3 (Figure 9D, Supplementary materials
Figure 30J-L), while the neighbouring LCs, identified by CYP17A1 expression (Figure OFE,
Supplementary materials Figure 30M and N), did not express HSD17B3 (Figure 9D, Supplementary

materials Figure 30J-L).
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CYP17A1 deficiency
Normal testis (28y) CAIS gonad (P2, 16.6y) gonad (PS5, 23.4y)

SOX9 INSL3 CYP17A1 HSD17B3

DDX4

Figure 8. HSD17B3, CYP17A1, INSL3, SOX9 and DDX4 protein expression in testicular tissue from a 28-
year-old control compared with a gonadal tissue from a 16.6-year-old patient with CAIS (P2) and a 23.4-
year-old patient with CYP17A1 deficiency (P5). HSD17B3 is expressed in the interstitial tissue and, to a lesser
extent, in the seminiferous tubules in normal adult testicular tissues (A), but only in the seminiferous tubules
in CAIS gonadal tissue (B) or CYP17A1-deficient tissue (C). LCs in the interstitial tissues were identified by the
expression of CYP17A1 in normal adult testis (D) and showed typical Leydig cell hyperplasia in CAIS gonad (E)
and only faint staining in CYP17A1-deficient tissue (F). INSL3 was used as a second Leydig cell marker (G-I).
Cells in the seminiferous tubules of the control adult testis express both SOX9 (J) and DDX4 (M), but cells in the
seminiferous tubules of the CAIS or CYP17A1-deficient gonad express only SOX9 (K, L), and are mostly devoid
of germ cells and do not express DDX4 (N, O). Scale bar, 100 um. Reproduced from (170) according to the terms
of the creative Commons Attribution-NonComercial License (https://creativecommons.org/ licenses/by-
nc/4.0/).
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Figure 9. DDX4, SOX9, HSD17B3, and CYP17A1 protein expression in gonadal tissue from a 13.7-year-
old patient with CAIS (P1) in a region containing residual germ cells. At some regions in the CAIS gonad
residual germ cell containing tubules could be detected. These germ cells are positive for DDX4 (A, B). Like in
tubules without germ cells, Sertoli cells within these tubules identified by SOX9 are also positive for HSD17B3
(C, D), while adjacent Leydig cells strongly express CYP17A1 (E). Scale bar, 100 um. Reproduced from (170)
according to the terms of the creative Commons Attribution-NonComercial License
(https://creativecommons.org/ licenses/by-nc/4.0/).
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To confirm HSD17B3 expression pattern in CAIS gonadal tissues, HSD17B3 and CYP17A1 mRNAs were
detected in gonadal tissue from the pubertal CAIS patient (P1) with fluorescent in situ hybridisation.
Similar to the protein distribution of HSD17B3 described above in CAIS gonadal tissues, HSD17B3
MRNA was expressed exclusively in the seminiferous tubules (Figure 10D and E) and not in LCs
identified by CYP17A1 mRNA expression (Figure 10D and F). In contrast, in the normal control testis,
HSD17B3 mRNA is strongly expressed in LCs (Figure 10A and B). Collectively, the results show the
maintained foetal pattern of HSD17B3 expression in pubertal and adult patients with defective

androgen signalling (170).

3.3 Hsd17b3 mRNA is expressed in SCs in adult Cyp77a1 KO mouse testis

As shown in section 3.1, the gonadal tissue of the young adult with CYP717A1 deficiency shows exclusive
expression of HSD17B3 in SCs and not in LCs, a feature of foetal mouse testis, suggesting that the lack of
androgen synthesis in this condition is associated with defect of SC and LC differentiation. It was
interesting to investigate whether the lack of androgens would produce the same effect in mouse testis.
Therefore, Hsd17b3 expression was investigated in adult Cyp17a7 KO compared to wild-type (Wt) mouse
testis. Since specific antibodies against mouse Hsd17b3 protein are not readily available (see section 3.1),
the expression of Hsd17b3 mRNA was evaluated instead by smFISH. In adult Wt mouse testis, Hsd17b3
was highly expressed in LCs with no detectable Hsd77b3 mRNA in the seminiferous tubules (Figure 11A
and B). In contrast, Hsd17b3 mRNA was mainly expressed in seminiferous tubules in the adult Cyp17a1
KO mouse testis and much less in LCs (Figure 11C and D), suggesting that the lack of testosterone in the
Cyp17a1 KO mouse testis also leads to persistence of the previously described foetal pattern of Hsd17b3
expression in mouse testis (95, 96) and emphasising a similar role of androgens in SC and LC

development in mouse and human testis.

3.4 HSD17B3 expression switches from SCs in prepubertal PAIS gonadal tissues to
LCs in young adult PAIS gonadal tissues

To further investigate whether the switch of HSD17B3 expression from SCs to LCs is dependent on
androgen signalling, gonadal tissue sections from a prepubertal and a pubertal patient with PAIS were
stained for HSD17B3 protein. HSD17B3 was expressed in seminiferous tubules of gonadal tissue from a
prepubertal patient with PAIS (Figure 12B) and not in peritubular LCs, identified by CYP17A1 expression
(Figure 12E). In gonadal tissue from a pubertal patient with PAIS, HSD17B3 was expressed in some LC
nodules and to a lesser extent in SCs (closed arrow in Figure 12C and Figure 13C), comparable to the
testicular tissue from the young adult control (Figure 12A). However, some LCs in the pubertal PAIS
gonadal tissue did not express HSD17B3 including a large LC nodule (Figure 13B). Interestingly, SCs in
the seminiferous tubules adjacent to this LC nodule strongly expressed HSD17B3 (closed arrows in Figure

13B). Taken together, the results suggest that PAIS gonadal tissues maintain the foetal pattern of
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HSD17B3 before puberty and that the partial gain of androgen signalling during puberty might partially

induce the switch of HSD17B3 expression from SCs to LCs, rescuing LC and SC maturation to some extent.

HSD17B3 ] CYP17A1 HSD17B3 CYP17A1
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Figure 10. HSD17B3 and CYP17A1 mRNA expression in testicular tissue from a 28-year-old control
compared to gonadal tissue from a 13.7-year-old patient with CAIS (P1). HSD17B3 is expressed in Leydig
cellsin the interstitial tissue and, to a lesser extent, in the seminiferous tubules in normal adult testicular tissues
(A and B), but only in the seminiferous tubules in CAIS gonadal tissue (D and E). Leydig cells are identified in
both tissues by their expression of CYP17A1, and show the typical hyperplasia known for CAIS gonadal tissues.
Scale bar, 50 um.

CAIS gonad (P1, 13.7y) Normal testis (28y)
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Figure 11. HSD17B3 mRNA and Acta2 protein expression in wild-type mouse testicular tissue compared
to Cyp17a1 knockout mouse testicular tissue. HSD77B3 mRNA is expressed in Leydig cells in the interstitial
tissue of the wt adult mouse testis (A and B), but only in the seminiferous tubules in the Cyp17al knockout
mouse testis (C and D). Acta2 protein is expressed in PTMCs surrounding the seminiferous tubules in both the
Wt and the Cyp17al knockout mouse testes, allowing the visual discrimination of the tubular and the
interstitial compartments in both tissues. Wt; wild-type, KO; knockout. Scale bar, 50 um.
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Figure 12. HSD17B3, CYP17A1, SOX9 and DDX4 protein expression in testicular tissue from a 28-year-
old control compared to gonadal tissues from a 5-year-old (P6) and 15-year-old (P7) PAIS patients.
HSD17B3 is expressed in the interstitial tissue and, to a lesser extent, in the seminiferous tubules in the normal
adult testicular tissue (A) but only in the seminiferous tubules in the prepubertal patient with PAIS (B), and not
in CYP17A1-expressing LCs residing around the seminiferous tubules (E). In contrast, HSD17B3 is expressed in
LC nodule in the young adult with PAIS (closed arrow in C). The different cells in the seminiferous tubules in
testicular tissue from the adult normal control express SOX9 (G) and DDX4 (J). In contrast, most of the cells in
the seminiferous tubules in gonadal tissues from the prepubertal and the young adult patients with PAIS
express SOX9 (H and I) and few spermatogonial cells express DDX4 (open arrows in L). Scale bar, 200 um.
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Figure 13. Partial rescue of LC and SC differentiation in PAIS. HSD17B3 and CYP17A1 protein expression in
two Leydig cell nodules in gonadal tissue from an 18-year-old patient with PAIS (P7) compared to testicular
tissue from a 28-year-old control. HSD17B3 is expressed in Leydig cells in the interstitial tissue and, to a lesser
extent, in the seminiferous tubules in normal adult testicular tissues (A). HSD17B3 is not expressed in a large
Leydig cell nodule in the interstitial tissue in the pubertal PAIS gonad (B). Like in CAIS, it is expressed in the
nearby seminiferous tubules (arrows in B). Another smaller Leydig cell nodule resembles the normal control
and expresses HSD17B3, but not in the nearby seminiferous tubules (C). CYP17A1 labels Leydig cells in normal
adult testicular tissue (D) and in the pubertal PAIS gonadal tissue (E and F). Scale bar, 200 pm.

3.5 AKR1C3 is expressed in LCs in gonadal tissues from adolescents and adults with CAIS
Post-pubertal individuals with CAIS show normal or even elevated testosterone compared to normal
male controls, despite any signs of virilisation. The exclusive expression of HSD17B3 in SCs in CAIS
gonadal tissues raises the question whether reduction of androstenedione takes place solely in SCs
or could be contributed by LCs. AKR1C3, also known as HSD17B5, is an isoenzyme of HSD17B3 that
can reduce androstenedione to testosterone (171), and is expressed in normal adult LCs. The
expression of AKR1C3 has been reported in LCs in gonadal tissue from a 46,XY pubertal patient with
HSD17B3 deficiency and was proposed as possible source of testosterone production in this patient
(136). To investigate whether LCs can contribute in reduction of androstenedione to testosterone in
gonadal tissues from patients with CAIS, gonadal tissue sections from pubertal and young adult
patients with CAIS were stained for AKR1C3 protein. AKR1C3 was expressed in LCs in control
testicular tissues (Figure 14E and Supplementary materials Figures 311 and 32E) and in hyperplastic
LCs in gonadal tissues from all CAIS patients (Figure 14F and Supplementary materials Figure 31J-L).
The same pattern was also observed in CYP17A1 deficiency (Supplementary materials Figure 32). This
expression pattern suggests that LCs, lacking HSD17B3 expression, might still contribute to testicular
testosterone production by reduction of androstenedione to testosterone by expressing AKR1C3

(170).
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Flgure 14 AKR1 C3 (HSD1 785), HSD1 7B3 and CYP17A1 protein expressmn in gonadal tissue from a13.7-
year-old patient with CAIS (P1) compared to testicular tissue from a 28-year-old control. CYP17A1
expression identifies Leydig cells in both normal adult testicular tissue (A) and CAIS gonadal tissue (B).
HSD17B3 is expressed mainly in Leydig cells and to a lesser extent in seminiferous tubules in normal adult
testicular tissue (C), but exclusively in seminiferous tubules in CAIS gonadal tissue (D). AKR1C3 is expressed in
Leydig cells in both normal adult testicular tissue (E) and CAIS gonadal tissue (F). Scale bar, 100 um. Adapted
from (6) according to the terms of the creative Commons Attribution-NonComercial License
(https://creativecommons.org/ licenses/by-nc/4.0/).

3.6 HSD17B3 is expressed in human foetal (and neonatal) SCs while its isoenzyme
AKR1C3 is expressed mainly in adult LCs

It was interesting to investigate whether the pattern of HSD17B3 expression shown previously in
gonadal tissues from pubertal and young adult patients with CAIS and CYP17A1 deficiency is also
present in normal foetal human testis. Publicly available scRNA-seq data from human testicular
tissues acquired at different developmental stages from foetal to adult (Supplementary materials
Table 19) were reanalysed to estimate relative expression levels of HSD17B3 in SCs and LCs. HSD17B3
expression starts in SCs in the embryonal and foetal stages and then declines gradually until birth,
rises again at mini-puberty, then decreases and stays low through adulthood (Figure 15A). In
contrast, HSD17B3 is barely expressed in LCs in the embryonal and foetal stages, but its expression
starts in LCs at mini-puberty and through puberty, still relatively lower than in SCs (Figure 15A). In
adulthood, HSD17B3 expression in LCs is low, although relatively higher than SCs (Figure 15A). The
expression of AKR1C3 in LCs, on the other hand, starts low in the embryonal and foetal stages and
remains so in the prepubertal stage, then rises through puberty and adulthood (Figure 15B). The
change in LC percentages in samples from foetal, neonatal, pubertal and adult stages captures the
triphasic nature of LC proliferation during development (Figure 15C), and highlights their role during
male sex development, either by providing testosterone precursors during foetal (and mini-

pubertal) stages or by directly synthesising testosterone during the pubertal and adult stages (170).
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Figure 15. Reanalysis of publicly available single-cell RNA sequencing data from testicular tissues
collected from embryonal, foetal, neonatal, prepubertal, pubertal and adult stages.

(A) Bar plot comparing the average expression of HSD17B3 in Leydig cells versus Sertoli cells in normal
testicular tissue samples collected at different developmental stages. (B) Bar plot comparing the average
expression of AKR1C3 (HSD17B5) in Leydig cells versus Sertoli cells in the same samples. (C) Bar plot comparing
the cellular composition of these testicular tissues. The average expression values and cell percentages
represented in the blots are extracted from publicly available single-cell RNA sequencing data from the studies
listed in Table S1.LC, Leydig cell; SC, Sertoli cells. Reproduced from (170) according to the terms of the Creative
Commons Attribution-NonComercial License (https://creativecommons.org/ licenses/by-nc/4.0/).
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3.7 DLK1 and INSL3 are expressed in subsets of LCs in CAIS and CYP17A1-deficiency
gonadal tissues

The persistence of foetal expression pattern of HSD17B3 in gonadal tissues from pubertal and young
adult patients with CAIS and CYP17A1 deficiency suggests that LCs in these gonadal tissues might
represent repopulation of foetal LCs or persistence of immature adult LCs. In adult Ar gene knockout
mouse testis, adult LCs develop but lack Hsd17b3 expression, and hence considered immature adult
LCs (102, 172). To our knowledge, no specific markers can differentiate foetal from adult LCs. Some
markers of LC development have been proposed, though. DLK1 is expressed in LCs in human foetal
testis but only in progenitor and immature LCs in adult human testis, and is expressed inversely
proportional to INSL3 (173). To assess LC differentiation in gonadal tissues from patients with
congenital defective androgen signalling, gonadal tissue sections from pubertal and young adult
patients with CAIS and CYP17A1 deficiency were stained for DLK1 and INSL3 protein. In control
testicular tissue, LC showed high INSL3 expression and low DLK1 expression (Figure 16A and B and
Supplementary materials Figures 33A and B and 34A and B). DLK1 was expressed in subsets of LCs
in gonadal tissues from CAIS patients (Figure 16D and Supplementary materials Figure 33C and E).
INSL3 expression varied among gonadal tissues, with strong expression in gonadal tissue from
pubertal CAIS patient P1(Supplementary materials Figure 34D), moderate expression in gonadal
tissues from young adult CAIS patients (P2 an P3) (Supplementary materials Figure 33D and Figure
16C) and no expression in gonadal tissue from oldest CAIS patient P4 (Supplementary materials

Figure 33F).

Although it was difficult to confirm that DLK1 and INSL3 were expressed in different subsets of LCs,
few LC aggregations (LC nodules) in gonadal tissues from CAIS P1 and P3 overexpressed DLKT
(Supplementary materials Figure 34E and Figure 16F) but barely expressed INSL3 (Supplementary
materials Figure 34F and Figure 16E), supporting the proposition that DLK1* and INSL3* LCs are
different populations of LCs (170). It was difficult to show the mutual exclusive pattern of DLK1 and
INSL3 in gonadal tissue from the young adult with CYP17A1 deficiency (Supplementary materials
Figure 335G and H), though.

Therefore, the expression of DLKT and INSL3 mRNAs was further investigated in CAIS gonadal tissues by
smFISH. Most of LCs in the control testicular tissue co expressed DLK7 and INSL3 mRNAs (Figure 17A-C).
In contrast, most LCs in the interstitial tissue of the CAIS gonad exclusively expressed DLK1, some
exclusively expressed INSL3 and very few co-expressed both markers (Figure 17D-F), while LCs in the LC
nodule exclusively expressed DLKT (Figure 17G and H) with no detectable expression of INSL3 (Figure
17G and I). This expression pattern corroborates the protein expression patterns shown above and gives

further support to the proposition that DLK7* and INSL3* LCs represent different differentiation stages.
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Figure 16. INSL3 versus DLK1 protein expression in gonadal tlssue from a 19 6 -year- old patient with
CAIS (P3) compared to normal testicular tissue from a 28-year-old control. INSL3 is expressed in most of
Leydig cells in the normal adult testicular tissue (A) while DLK1 is expressed in some of them (B). INSL3 and
DLK1 are expressed in subsets of Leydig cells in the young adult CAIS gonadal tissue (C and D). A Leydig cell
nodule in the CAIS gonadal tissue barely express INSL3 (E) but highly express DLK1 (F). Scale bar, 100 pum.
Reproduced from (170) according to the terms of the creative Commons Attribution-NonComercial License
(https://creativecommons.org/ licenses/by-nc/4.0/).

3.8 HSD17B3* nodules express DLK1 and INSL3, while HSD17B3" nodule express only
DLK1 in the young adult PAIS gonadal tissue

As shown above, two LC nodules were seen in the young adult PAIS gonadal tissue: one that
expressed HSD17B3 like mature/adult LCs and another that did not express HSD17B3 like
immature/foetal LCs. To examine differentiation state of LCs in both of the LC nodules, the mRNA
expression of mature/adult LC marker INSL3 and the immature/foetal LC marker DLK1 was
investigated using in situ hybridisation. Like LCs in the adult control testicular tissue, the HSD17B3*
LC nodule 2 strongly expressed INSL3 mRNA and moderately expressed DLKT mRNA (Figure 18G-I).
In contrast, the HSD17B3 LC nodule 1 highly expressed DLKT mRNA and did not express INSL3 mRNA
(Figure18D-F) like LC nodules observed in CAIS gonadal tissues of P1 and P3. The results suggest that
the partial rescue of response to androgenic stimulation the young adult PAIS gonadal tissue could
advance the differentiation of some LCs but not the others, that there is a threshold for testicular
androgenic stimulation needed to drive the differentiation of LCs, and that other local factors

possibly act in concert with androgen signalling for proper differentiation of LCs in human testis.
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Figure 17. DLK1 versus INSL3 mRNA expression in gonadal tissue from a 19.6-year-old patient with CAIS (P3)
compared to normal testicular tissue from a 31-year-old control. DLKT and INSL3 are co-expressed in most LCs
in the interstitial tissue in the control testis (A-C). DLKT is expressed in most Leydig cells in the interstitial tissue (D
and E) and the Leydig cell nodule (G and H), while INSL3 is expressed in fewer Leydig cells in the interstitial tissue (F)
but not in the Leydig cell nodule (I). Very few Leydig cells co-express DLKT and INSL3 in the interstitial tissue of the
CAIS gonad (open arrows in Eand F).

3.9 Further characterisation of the DLK1-overexpressing LC nodules

Overexpression of DLK1 in LC nodules in gonadal tissues from CAIS patients P1 and P3, along with
polygonal shape of their LCs suggests that LCs in these nodules might be still in the foetal state. To
further characterise these LC nodules, gonadal tissue sections from CAIS patients P1 and P3 were
stained for steroidogenic markers CYP17A1, HSD17B3 and AKR1C3. The LC nodules strongly
expressed CYP17A1 (Figure 19C and Supplementary materials Figure 35C) but barely expressed
HSD17B3 (Figure 19F and Supplementary materials Figure 35F), like interstitial LCs in the same
gonadal tissues (Figure 19B and E, and Supplementary materials Figure 35B and E). In contrast to the
interstitial LCs (Figure 19H and Supplementary materials Figure 35H), the LC nodules barely
expressed AKR1C3 (Figure 191 and Supplementary materials Figure 35I). Since the enzyme is
proposed to be expressed in the adult but not foetal LCs, the LCs in the DLK1-overexpressing LC

nodules might represent LCs with foetal characteristics (170).
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The LC nodules bore some resemblance to testicular adrenal rest tumours (TARTs), a common
complication in patients with congenital adrenal hyperplasia. Similar to the LC nodules reported in
this study, TARTs express DLK1 but not INSL3. In addition, TARTs express other adrenal markers
including CYP11A1, CYP21A2 and ACTH receptor/melanocortin two receptors (MC2R) (174). To
exclude that the LC nodules in gonadal tissues form CAIS patient P1 and P3 are TARTSs, gonadal tissue
sections were stained for CYP21A2. Neither LCs in the interstitial tissues nor in the LC nodules
expressed CYP21A2 (Figure 19K and L, and Supplementary materials Figure 35K and L). This excludes
the possibility that these LC nodules represent TARTs in CAIS gonadal tissues (170).

DLK1/1INSL3 DLK1 INSL3

Normal testis (31y)

Leydig cell nodule 1

PAIS gonad (P7, 18y)
Leydig cell nodule 2

Interstitial tissue

Figure 18. Expression of DLK1 and INSL3 mRNAs in in gonadal tissue from an 18-year-old patient with
PAIS compared to normal testicular tissue from a 31-year-old control. DLK1 and INSL3 mRNAs are co-
expressed in most Leydig cells in the control adult testis (A-C). DLKT mRNA is highly expressed in Leydig cell
nodule 1 (D and E), while INSL3 mRNA is not (D and F). Both DLKT and INSL3 mRNAs are expressed in Leydig
cell nodule 2 (G-). Leydig cells in the interstitial tissue express DLKT mRNA either alone (closed arrows in Kand
L) or in conjunction with INSL3 mRNA (open arrows in Kand L). Scale bar, 50 um.
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Figure 19. CYP17A1, HSD17B3, AKR1C3 and CYP21A2 protein expression in interstitial Leydig cells
versus Leydig cell nodule in gonadal tissue form a 19.6-year-old patient with CAIS. CYP17A1 is expressed
in Leydig cells in the normal adult testicular tissue (A) as well as Leydig cells in the interstitial tissue (B) and the
Leydig cell nodule (C) in the young adult CAIS gonadal tissue. HSD17B3 is expressed in Leydig cells and to a
lesser extent in Sertoli cells in the normal adult testicular tissue (D), but neither in Leydig cells in the interstitial
tissue (E) nor in Leydig cells in the Leydig cell nodule (F). AKR1C3 (HSD17B5) is expressed in Leydig cells in the
normal adult testicular tissue (G) and Leydig cells in the interstitial tissue (H) in the young adult CAIS gonadal
tissue, but barely in the Leydig cell nodule (I). CYP21A2 is not expressed in Leydig cells in the normal adult
testicular tissue (J), Leydig cells in the interstitial tissue (K) or Leydig cell nodule (L). Inner set in (J) represents
CYP21A2 staining in normal adult adrenal cortical tissue as positive control in the experiment. Scale bar, 100
pum. Reproduced from (6) according to the terms of the creative Commons Attribution-NonComercial License
(https://creativecommons.org/ licenses/by-nc/4.0/).
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3.10 Proteins of the blood-testis barrier (BTB) are aberrantly expressed in SCs in
gonadal tissues from CAIS and CYP17A1 deficiency

As shown above, gonadal tissues from pubertal and young adult patients with CAIS and CYP17A1
deficiency maintain the expression of HSD17B3 in SCs, a feature that is known in foetal mouse testis
and was shown recently in foetal human testis (107, 170, 175), suggesting that defective androgen
signalling in CAIS and CYP17A1 deficiency gonadal tissues is associated with defective differentiation
of SCs. Since adult SCs play a central role in supporting germ cells, this defect in SC differentiation
might be involved in germ cell loss shown above in these gonadal tissues, although the mechanism
is not fully understood. A recent study investigated the role of androgen signalling on SC maturation
and spermatogenesis and has shown that SCs in gonadal tissue from a young adult patient with CAIS
does not express GJAT, also known as connexin 43 (CX43) (176), one of the gap junction proteins
that take part in the formation of the blood-testis barrier in adult testis. The loss of expression of
GJA1 (CX43) in this CAIS gonadal tissue suggests that the blood-testis barrier is deformed because
of defective androgen signalling, making germ cells accessible to the immune system and possibly
contributing to germ cell loss. To assess the integrity of the blood-testis barrier in gonadal tissues
from adolescents and young adults with congenital defects of androgen signalling, the expression
of GJAT(CX43), CLDN11(Claudin 11) and TJP1 ((Tight Junction Protein 1, also known as Zona occludens 1,
Z0O-1) was investigated in adolescents and young adults with CAIS and CYP17A1 deficiency.

3.10.1 GJA1 (CX43) expression is lost in SCs in gonadal tissues from adolescents and
young adults with CAIS and CYP17A1 deficiency

Recently, gonadal tissue from a young adult patient with CAIS were shown to express GJA1 (CX43)
only in LCs and not in SCs (176), suggesting that defective androgen signalling might be implicated
in blood-testis barrier formation and SC maturation. To test whether GJA1 (CX43) expression is lost
in gonadal tissues of pubertal and young adults with congenital defects in androgen signalling,
gonadal tissue sections from patients with CAIS (P1-P3) and a young adult patient with CYP17A1-
deficiency (P5) were immunostained for GJA1 (CX43). Compared to testicular tissue from the normal
adult control, GJAT1 (CX43) localised only to the membranes of hyperplastic LCs in CAIS gonadal
tissues (P1-P3) (Figure 20C and D, Supplementary materials Figure 38C-F) and the membranes of
hypoplastic LCs in CYP17A1-deficincy gonadal tissue (P5) (Figure 20E and F), with no expression in
seminiferous tubules in all gonadal tissues. Loss of GJAT (CX43) expression in SCs in gonadal tissues
form patients with CAIS and CYP17A1-deficiency patients suggests that androgen signalling might
play a role regulation of GJA1 expression, although not directly, since GJA1 (CX43) expression is

maintained in LCs in gonadal tissue from these patients.
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Figure 20. Loss of GJA1 protein expression at the blood-testis-barrier in Sertoli cells. Immunofluorescent
detection of GJA1 protein was detected by TSA in gonadal tissues of a 19.6-year-old patient with CAIS (P3) and
a 23.4-year-old patient with CYP17A1 deficiency (P5) in comparison to normal testicular tissue of a 28-year-old
control. GJA1 localises not only to membranes of Leydig cells, but also to the basal surfaces of the adjacent
Sertoli cells at the site of blood-testis-barrier in the normal adult control (A and white arrows in B). In contrast,
GJA1 localises only to the membranes of hyperplastic Leydig cells in the young adult patient with CAIS (C and
D) and hypoplastic Leydig cells in the young adult patient with CYP17A1 deficiency (E and F) and not in the
seminiferous tubules (C-F). To identify seminiferous tubules (here shown inside the dashed white lines) from
the surrounding interstitial tissue, DMRT1 was used to label Sertoli cells and spermatogonia in tissue sections.
DMRT1 is moderately expressed in Sertoli cells and highly expressed in spermatogonia in seminiferous tubules
from the normal adult testicular tissue (A and B). In contrast, all cells in seminiferous tubules in both gonadal
tissues from patients with CAIS (C and D) and CYP17A1 deficiency (E and F) moderately express DMRT1, being
composed of Sertoli cells only, consistent with germ cell loss shown earlier in these tissues. Scale bar, 50 um.

3.10.2 CLDN11 protein expression is lost although mRNA expression is maintained in
SCs in gonadal tissues from adolescents and young adults with CAIS

Claudins are integral membrane proteins that form tight TJ fibrils to seal adjacent epithelial and
endothelial cells and create cell polarity (118). In mouse testis, Cldn3 and Cldn11 contribute to TJs at
the blood-testis barrier. Cldn3 is regulated by androgens as SC-specific ArKO (SCArKO)
downregulates Cldn3, but not Cldn11, and increases the permeability of BTB (128). Cldn11 knock out
is associated with disruption of the BTB and germ cell apoptosis in adult mouse testis (120). In adult
human testis, CLDN11 localises to the basal of seminiferous tubules, and its expression is disrupted
under the effect of gonadotropin suppression, suggesting that CLDN11 might be regulated by
follicle -stimulating hormone (FSH) and androgens (177, 178). To investigate whether the expression
of CLDN11 is disrupted in gonadal tissues from pubertal and young adults with congenital resistance
to androgen action, gonadal tissue sections from patients with CAIS (P1-P4) were immunostained

for CLDN11. In testicular tissue from the normal adult control, CLDN11 was expressed in the
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seminiferous tubules near the basal lamina (Figure 21A and Supplementary materials Figure 39A). In
contrast, no CLDN11 protein could be detected in seminiferous tubules in gonadal tissues from
patients with CAIS (Figure 21B, Supplementary materials Figure 39B-D). To further investigate
CLDN11 expression in CAIS gonadal tissues, accumulation of CLDN77 mRNA was analysed in these
tissues by fluorescent in situ hybridisation. Unexpectedly, CLDN117 mRNA expression in seminiferous
tubules of CAIS gonadal tissues (Figure 21E and F, Supplementary materials Figure 39G-L) was
maintained to a level comparable to the normal adult testicular tissue (Figure 21C and D,
Supplementary materials Figure 39E and F). Taken together, the results suggest that defective
androgen signalling in CAIS gonadal tissues affects protein expression or accumulation but not the
transcription of CLDN17 and that androgen signalling may be implicated in regulation of CLDN11

expression at a post-transcriptional level.

CLDN11 CLDN11 | CYP17A1 CLDN11] CYP17A1

CAIS gonad (P1, 13.7y) Normal testis (28y)

Figure 21. CLDN11 protein versus mRNA expression in gonadal tissue from a 13.7-year-old patient with
CAIS (P1) compared to normal testicular tissue from a 28-year-old control. CLDN11 protein localises to
the basal surfaces of the adjacent Sertoli cells in the normal adult testicular tissue (A) at the site of blood-testis
barrier, but is undetectable in the seminiferous tubules of pubertal CAIS gonadal tissue (B). In contrast, CLDN71
MRNA is expressed not only in the seminiferous tubules in the normal adult testicular tissue (C and D) but also
in pubertal CAIS gonadal tissue (E and F). CYP17AT mRNA detection was used as an internal control in the
multiplex fluorescent in situ hybridisation assay, being an abundantly expressed mRNA in both tissues, and
labels normal and hyperplastic Leydig cells in the normal adult testicular tissue (Cand D) and the pubertal CAIS
gonadal tissue (E and F), respectively. Scale bar, 50 um.

3.10.3 CLDN11 protein and mRNA expression is lost in gonadal tissue from the young
adult with CYP17A1 deficiency

To further investigate whether the expression of CLDN11 is disrupted in gonadal tissues from
pubertal and young adults with congenital defects in androgen synthesis, CLDN11 expression was

assessed in gonadal tissue sections from a young adult with CYP717A1 deficiency (P5) using
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immunofluorescence and in situ hybridisation. Like CAIS gonadal tissues, CLDN11 protein is not
expressed in SCs in the CYP17A1 deficiency gonadal tissue (Figure 22B). Interestingly however,
CLDN11 mRNA was also undetectable in the CYP17A1 deficiency gonadal tissue (Figure 22E and F).
The downregulation of CLDN11 at both the protein and the mRNA levels in the CYP17A1 deficiency
gonadal tissue suggests that other factors in addition to the androgen receptor (AR) play a role in

CLDNT11 regulation, acting at the transcriptional level.
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Figure 22. CLDN11 protein versus mRNA expression in gonadal tissue from a 23.4-year-old-patient with
CYP17A1 deficiency (P5) compared to normal testicular tissue from a 14-year-old control.

CLDN11 protein localises to the basal surfaces of the adjacent Sertoli cells in the pubertal testicular tissue (A)
at the site of the blood-testis-barrier, but is not expressed in the seminiferous tubules in the young adult
gonadal tissue with CYP17AT deficiency (B). CLDN11 mRNA is expressed only in the seminiferous tubules in the
normal adult testicular tissue (C and D) and not in the young adult CYP17AT deficiency gonadal tissue (E and
F). INSL3 mRNA detection was used as an internal control in the multiplex fluorescent in situ hybridisation assay,
being expressed in both tissues, and labels Leydig cells in the pubertal control testicular tissue (C and D) and
the young adult CYP17A1 deficiency gonadal tissue (E and F). Scale bar, 50 pm.

3.10.4 CLDN11 mRNA expressed in the pre-pubertal and maintained in the young
adult PAIS gonadal tissue, while CLDN11 protein is not expressed in both gonadal
tissues

To further investigate the expression of CLDN11 in partial resistance to androgen action, CLDN11
expression was investigated in one pre-pubertal and one pubertal PAIS gonadal tissue with
immunofluorescence and in situ hybridisation. Like CAIS and CYP17A1 deficiency gonadal tissues,
CLDN11 protein is neither expressed in the pre-pubertal (Figure 23B) nor in the young adult (Figure
23(C) PAIS gonadal tissue. Surprisingly, CLDN71 mRNA is already expressed in the pre-pubertal PAIS
gonadal tissue (Figure 23E and F) and likewise in the young adult PAIS gonadal tissue (Figure 23G
and H). The results suggests that CLDN11 expression in the pre-pubertal testis might be suppressed
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post-transcriptionally and that the partial rescue of response to androgen stimulation specifically in

this young adult PAIS gonadal tissue was not enough to rescue the accumulation of CLDN11 protein.

CLDN11 CLDN11 | CYP17A1 CLDN11| CYP17A1

PAIS gonad (P6, 6y) Normal testis (14y)

PAIS gonad (P7, 18y)

Figure 23. CLDN11 protein versus mRNA expression in gonadal tissues from 6- and 14-year-old patients
with PAIS compared to testicular tissue from a 28-year-old control. CLDN11 protein localises to the basal
surfaces of the adjacent Sertoli cells in the pubertal testicular tissue (A) at the site of the blood-testis-barrier,
but is expressed neither in the pre-pubertal (B) nor in the young adult (C) PAIS gonadal tissues. In contrast,
CLDN11 mRNA is expressed not only in the seminiferous tubules in pubertal control testicular tissue (C and D)
but also in the prepubertal (E and F) and the young adult (G and H) PAIS gonadal tissue. CYP77A7T mRNA
detection was used as an internal control in the multiplex fluorescent in situ hybridisation assay, being an
expressed in both tissues, and labels Leydig cells in the pubertal control testicular tissue (D and E) and the pre-
pubertal (E and F) and young adult (G and H) PAIS gonadal tissues, respectively. Scale bar, 50 um.
3.10.5 TJP1 (ZO-1) expression in SCs in CAIS gonadal tissues show loss of cell polarity
The cytoplasmic plaque adjacent to the TJ are enriched in several scaffolding proteins, which bring
integral membrane TJ proteins together and link them to the cytoskeletal elements (112). Zona
occludens (ZO) proteins represent a category of these scaffolding (adaptor) proteins that are known to
interact with connexins and claudins at the junctions between epithelial cells (112). They belong to the
membrane-associated guanylate kinase (MAGUK) family and include ZO-1 (TJP1), ZO2 (TJP2) and ZO3
(TJP3) (112). ZO proteins have three PDZ domains, one SH3 domain and one GUK domain that mediate
their interaction with other proteins supporting the TJs. Interestingly, Tjp1 (ZO-1) interacts with Gja1
(Cx43) in 42GPA9 SC lines not only at the membranes but more closely intracytoplasmic after drug-
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induced gap junction endocytosis, suggesting that it plays a role in the internalisation of the gap
junctional plaque (122) possibly by serving as a linker molecule between Gja1 (Cx43) and actin (123).
Similarly, TJP1 (ZO-1) promote the polymerisation of claudins for assembly of TJs (124). Deletion of ZO-
1 and suppression of ZO2 expression together, but not either of them, in mouse epithelial cell lines
disrupts the TJs, and the ectopic expression of either ZO-1 or ZO2 can rescue Cldn3 localisation to TJs
and the barrier function (124). The rescue of TJs by ectopic ZO-1 is mediated by its PZD, SH3 and GUK
domains, since claudins did not polymerise by ectopic expression of the N-terminal ZO-1 lacking these
domains (124). These data suggest that ZO-1 plays an important role in regulation of connexins and
claudins and that its disruption might lead to mislocalisation of both proteins. To investigate whether
the disruption of GJA1 (CX43) and CLDN11 proteins is associated with disruption of TJP1 (ZO-1)
expression, TJP1 (ZO-1) was immune detected in gonadal tissues from pubertal and young adult
patients with CAIS. TJP1 (ZO-1) was weakly expressed in the seminiferous tubules in CAIS gonadal
tissues and localised to the whole membranes of SCs (Figure 24C and D, Supplementary materials
Figure 40C-F) compared to the testicular tissue from the normal pubertal control, where the protein
shows stronger expression and basolateral localisation in adjacent SCs in seminiferous tubules, the site
of BTB (Figure 24A and B, Supplementary materials Figure 40A and B). These observations suggest that
the loss of GJAT and CLDN11 in these gonadal tissues is not the result of disruption of TJP1 expression

but still shows the of polarity in the seminiferous epithelium is missing.

TJP1 (ZO1)
-
-

Figure 24. TJP1 (ZO-1) protein expression in gonadal tissue from a 16.6-year-old patient with CAIS (P2)
compared to testicular tissue from a 31-year-old control. TJP1(ZO-1) protein localises to the basolateral

surfaces of the adjacent Sertoli cells at the site of the blood-testis-barrier in the normal adult testicular tissue (A
and B), but the whole membranes of Sertoli cells in young adult CAIS gonadal tissue (C and D). Scale bar, 50 pm.
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3.11 Adult PTMCs protein markers ACTA2 and MYH11 are aberrantly expressed in
CAIS gonadal tissues

To discriminate the interstitial and the tubular compartments in gonadal tissue from a pubertal
patient with CAIS (P1) for spatial whole transcriptome analysis, several morphology/cell type markers
were tested. Therefore, the tissue was stained with fluorescently labelled antibodies and scanned in
the GeoMX DSP in a dry run without addition of the WTA probes to the hybridisation mixture. These
marker proteins must be abundant, because the RNA probe hybridisation step requires a previous
proteinase digestion that may fully degrade low abundant proteins. One of the tested markers was
ACTA2 or a-smooth muscle actin which is expressed in normal adult testis in PTMCs surrounding the
seminiferous tubules, separating them from the interstitial tissue. Unexpectedly, ACTA2 was found
to be expressed only in the myoepithelial cells around blood vessels and not in PTMCs around the
seminiferous tubules in gonadal tissue from P1, suggesting that PTMCs in gonadal tissues of patients
with CAIS might not be fully differentiated. To investigate whether PTMCs in gonadal tissues of
patients with CAIS are fully differentiated or not, gonadal tissues from P1-P3 were double
immunostained with antibodies targeting two adult PTMCs protein markers ACTA2 and MYH11.
Compared to the testicular tissue of the normal adult control, ACTA2 and MYH11 were not expressed
around most of the seminiferous tubules in gonadal tissues from patients with CAIS (P1-P4) (Figure
25D and E, Supplementary materials Figure 41D-L). However, few seminiferous tubules from P1 and
P3 were incompletely surrounded by cells expressing ACTA2 and MYH11 (Supplementary materials
Figure 41D-L). The aberrant expression of adult PTMC markers ACTA2 and MYH11 suggests that
PTMCs are not fully differentiated in gonadal tissues from pubertal and young adult patients with
CAIS and that this differentiation defect might be attributed to defective androgen signalling in

these patients.

3.12 Adult PTMCs protein markers ACTA2 and MYH11 are aberrantly expressed in
CYP17A1 gonadal tissues

To further investigate whether the defects in androgen synthesis would have a similar effect on the
development of PTMCs, ACTA2 and MYH11 expression was investigated in the young adult CYP17A1
deficiency gonadal tissue by immunofluorescence. As is the case in CAIS gonadal tissues, ACTA2 and
MYH11 proteins were not expressed around most of the seminiferous tubules in the young adult CYP17A1
deficiency gonadal tissue (Figure 26D-F) except for a single region with fibrous tissue, where MYH11
expression extends from the fibrosis to surround some of the seminiferous tubules (Figure 26G and I). The
results corroborate the proposition that defective androgen signalling, either by lack of androgens or the
resistance to their actions, affects the differentiation of PTMCs in pubertal and young adults with CAIS and
CYP17A1 deficiency and supports the proposed role of androgens in PTMCs development in human testis.
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Figure 25. ACTA2 and MYH11 protein expression in gonadal tissue from a 16.6-year-old patient with
CAIS (P2) compared to testicular tissue from a 31-year-old control. ACTA2 and MYH11 are expressed in
PTMCs around the seminiferous tubules in the normal adult testicular tissue (A-C), but only in myoepithelial
cells around blood vessels and not in PTMs around seminiferous tubules in the young adult CAIS gonadal tissue
(D-E). Scale bar, 50 um. Scale bar, 50 um.

3.13 Adult PTMCs protein markers ACTA2 and MYH11 are normally expressed in

young adult PAIS gonadal tissues
To further investigate whether PTMCs differentiation would be rescued in partial resistance to

androgenic stimulation, ACTA2 and MYH11 expression was investigated in the young adult PAIS
gonadal tissue by immunofluorescence. Compared to the pubertal control testicular tissue, ACTA2 and
MYH11 were expressed in PTMCs around all the seminiferous tubules in the young adult PAIS gonadal
tissue (Figure 27D-E), suggesting that the partial rescue of response to androgen stimulation in these

patients was enough for proper differentiation of PTMCs in this young adult PAIS gonadal tissue.

3.14 Preliminary results of the GeoMx digital spatial whole transcriptome analysis of
FFPE gonadal tissue of the 13.7-year-old CAIS individual
To further analyse LCs and SCs in conditions with congenital defects of androgen signalling, an

uncontrolled spatial whole transcriptome analysis of a single FFPE gonadal tissue from the 13.7-year-old
CAIS individual, being the most recent tissue acquired with higher probability of relatively more intact
mRNAs. The spatial whole transcriptome analysis of this gonadal tissue was performed using the GeoMx
DSP, which allows specific collection of photocleavable probes hybridised to the tissue sample guided by
fluorescent-labelling of target cells. The inclusion of a control adult testicular tissue would not be
informative for normal SCs, since they nurse relatively large number of GCs and it would be not possible to
collect the hybridised probes form theses SCs with contamination form the GCs. However, it was possible
in CAIS gonadal tissue since the seminiferous tubules feature GC loss. It was also possible to collect the

hybridised probes from enough number of LCs, since the CAIS gonadal tissue show LC hyperplasia.
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Figure 26. ACTA2 and MYH11 protein expression in gonadal tissue from a 23.4-year-old patient with
CYP17A1 deficiency (P5) compared to testicular tissue from a 14-year-old control. ACTA2 and MYH11 are
expressed in PTMCs and myoepithelial cells in pubertal control testicular tissue (A-C) but only in myoepithelial
cells and not in PTMCs around most of the seminiferous tubules in gonadal tissue from the young adult with
CYP17A1 deficiency (D-F). In one region, however, ACTA2 is expressed in fibrous tissue and myoepithelial cells
(G and H), and MYH11 in myoepithelial cells and in PTMCs around some of the seminiferous tubules (G and I).
Scale bar, 50 um.

The whole transcriptome of 10 ROls comprising SCs and 8 regions comprising LCs was first subjected
to UMAP analyses using the umap package. ROIs with SCs clustered together and away from ROls
with LCs (Figure 28A), reflecting the differences in the transcriptomic signature of both cell types.
Secondly, the transcriptomic data from the ROIs were subjected to differential gene expression using
the LMM, retaining genes with more than one Log, fold change and adjusted p-value less than 0.05.
More than 2000 genes were differentially expressed between ROIs comprising SCs and ROls
comprising LCs. Among the genes that are differentially expressed in ROls comprising LCs are most
of the genes involved in the steroidogenic pathway, including STAR, FDX1, CYB5A, POR, CYP11AT and
CYP17A1 (Figure 28B and C). The only exception was HSD17B3 (Figure 28B and C) which showed
higher expression in ROIs of (Log, fold change=1.98, adjusted p-value=2.5x10") as shown in smFISH
results (Figure 10). Other genes involved in steroid metabolism including APOE, APOC1, SCARB1 and
MVD as well as other LC-specific genes like LHGCR and DLK1 were also enriched in these ROIs (Figure
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28B and Q). In contrast, ROIs comprising SCs were enriched in SC-specific genes including AMH,
INHBB, SOX9 and BEX1 among others (Figure 28B and C). Interestingly, GJAT and CLDN11 were also
among the genes enriched in ROIs with LCs and SCs, respectively. The full list of differentially
expressed genes between ROIs with LCs and ROIs with SCs is provided in the supplementary
materials (Table 21).

ACTA2 / MYH11 ACTA2 MYH11

-
0.
E E F

Figure 27. ACTA2 and MYH11 protein expression in gonadal tissue from an 18-year-old patient with PAIS
(P7) compared to testicular tissue from a 31-year-old control. ACTA 2 and MYH11 are expressed in myoepithelial
cells and in PTMCs around seminiferous tubules in the control adult testicular tissue (A-C) and the young adult PAIS
gonadal tissue (D-F). Scale bar, 50 um.

Normal testis (31y)

PAIS gonad (P7, 18y)
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Figure 28. Preliminary analysis of spatial whole transcriptome data from 10 ROIs comprising Sertoli
cells and 8 ROIs comprising LCs. (A) Dimension reduction representation of ROIs via UMAP. (B) Volcano plot
representing the differentially expressed genes between ROIs with Sertoli cells and ROIs with Leydig cells.
(C)Heat map of the top 30 differentially expressed genes (P<0.05, fold change>2.5) between regions
comprising Leydig and regions comprising Sertoli cells in gonadal tissue from a 13.7-year-old CAIS patient.
Blue colour depicts low expression and red high expression with white marking moderate levels of expression
in between.
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4 Discussion

This study shows that defective androgen signalling in adolescents and young adults with CAIS and
CYP17A1 deficiency is associated with defective differentiation and altered function of all somatic
cell types in gonadal tissues. The data show that HSD17B3 is expressed in SCs and not in LCs in
pubertal and adult gonadal tissues with congenital defects of androgen signalling, a pattern of
expression that is known in foetal mouse (95, 96), and probably human (107, 170, 179) testis and
suggests that androgen signalling is required for proper differentiation of LCs and SCs in adult
human testis. Further characterisation of LC differentiation markers in these gonadal tissues
identified two different populations of LCs: DLK1* foetal/immature and INSL3* adult/mature LCs,
suggesting that defective androgen signalling in these tissues is associated with abnormal
development of adult LCs or possible repopulation of foetal LCs (170). Reanalysis of scRNA-seq data
from testicular tissue samples from the foetal to the adult stage (107, 153, 154, 180) shows a higher
expression of HSD17B3 mRNA in SCs than in LCs in foetal and neonatal samples, like in adult CAIS
gonadal tissue, but also shows a decrease in the expression of HSD17B3 afterwards and an increase
in the expression of its isoenzyme AKR1C3 (HSD17B5) beginning at puberty (Figure 15 and
Supplementary materials Figures 36B and 37).

On the other hand, SCs in gonadal tissues of individuals with androgen signalling defects aberrantly
express some of the proteins that contribute to the blood-testis barrier including GJAT and CLDN11,
which prevents an immune-privileged environment for spermatogenesis, and may contribute to
germ cell loss observed in these patients. Although CLDN11 protein is lost in these gonadal tissues,
CLDNT1 mRNA was still expressed in SCs, suggesting that androgen signalling regulates the
expression of CLDN17 at a post-transcriptional level. Furthermore, PTMCs aberrantly express adult
markers ACTA2 and MYH11, suggesting that they are not fully differentiated. In addition, the study
shows that partial gain of androgen signalling in individuals with PAIS is associated with switching
of HSD17B3 expression from SCs in prepubertal to some LCs in pubertal gonadal tissues, suggesting
a partially rescued LC differentiation in these PAIS gonadal tissues at puberty. CLDN11 protein
accumulation is almost lost in SCs in pubertal PAIS gonadal tissues, suggesting that partial gain of

androgen signalling did not rescue full differentiation of SCs in these gonadal tissues.

4.1 Differentiation of Leydig and Sertoli cells

Testosterone synthesis in foetal mouse testis is contributed by LCs and SCs (95, 96). Since foetal
mouse LCs do not express Hsd17b3, they provide androgen precursors up to androstenedione,
which is then reduced by Hsd17b3 exclusively expressed in foetal mouse SCs. The exclusive

expression of Hsd17b3 in the tubular compartment of foetal and neonatal mouse testis was shown
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in in situ hybridisation and northern blot assays (96). Moreover, when purified from foetal mouse
testis, cultured in primary cell cultures and supplemented with androgen precursors, foetal LCs could
only produce androgens up to androstenedione, whereas foetal SCs could reduce androstenedione
to testosterone (95). The immunohistochemical characterisation of gonadal tissues form adolescents
and young adults with CAIS and CYP17A1 deficiency suggests that the foetal pattern of HSD17B3
expression observed in mice also exists in foetal humans and is corroborated by the reanalysis of
scRNA-seq data (170). Similarly, adult Cyp17a7l KO mice show the same expression pattern of
Hsd17b3 in the seminiferous tubules like foetal mouse testes, suggesting that the low testicular
testosterone in these testicular tissues is also associated with LC and SC differentiation defects.
Furthermore, immunohistochemical characterisation of PAIS gonadal tissues shows the switch of
HSD17B3 expression form SCs in the prepubertal gonadal tissue to LCs in the pubertal gonadal
tissue. These results suggest that defective androgen signalling in these gonadal tissues is associated

and might be implicated in improper differentiation of both LCs and SCs.

The exclusive expression of HSD17B3 in SCs in CAIS gonadal tissues suggests that testicular
reduction of androstenedione to testosterone is an exclusive function of SCs in these gonadal
tissues; however, it was interesting to investigate whether LCs still contribute to testicular reduction
of androstenedione to testosterone through the expression of AKR1C3 (HSD17B5), an isoenzyme of
HSD17B3. The immunohistochemical staining shows the expression of AKR1C3 in LCs of pubertal
and young adult CAIS gonadal tissues, suggesting that LCs might still contribute to testicular
reduction of androstenedione to testosterone, although the extent of this contribution is still
unknown. Although the observation might be irrelevant in functional terms, since androgen
receptors are non-functional, it shows that LCs in these gonadal tissues could acquire some adult
characteristics. The reanalysis scRNA-seq from testicular tissue from the foetal to adult stages in this
study (Figure 15 and Supplementary materials Figures 36 and 37) showed an upregulation of AKR1C3
and some downregulation of HSD17B3 to lower level at puberty (170). A virilisation and increase of
testosterone levelin 46,XY individuals with HSD17B3 deficiency at puberty together with an pubertal

increase of AKR1C3 expression supports the role for AKR1C3 in testosterone biosynthesis (136).

The lack of HSD17B3 expression in LCs in CAIS and CYP17A1 deficiency gonadal tissues could be
interpreted in two different ways: Either LCs in these gonadal tissues represent a failure of
maturation of adult LCs or a repopulation of foetal LCs (181). In line with the first proposition, scRNA-
seq analysis of normal adult human testicular tissues shows that HSD17B3 is expressed only in
mature adult LCs but neither in progenitor nor in immature LCs. The role that androgens play in LC
development in humans is not yet stablished but well studied in ArKO mouse model. LCs in adult
ArKO mouse testes show reduced expression of Hsd17b3 along with other adult LC-specific
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transcripts, denoting that the lack of Ar expression in these cells leads to failure of adult LC
maturation in adult mouse testes (102, 172, 182, 183). On the other hand, lineage tracing studies of
foetal LCs show that they persist in testicular tissues from normal and ArKO mice while they still lack
the Hsd17b3 expression, suggesting they develop as androgen-independent LC population in
mouse testis. In either case, the lack of HSD17B3 expression in LCs of CAIS and CYP17A1 deficiency
gonadal tissues shows that the development of LCs in both conditions is defective. To further
characterise the development of LCs in these gonadal tissues, the expression of DLK1T and INSL3, two
markers for foetal/immature LCs the adult/mature LCs, respectively. DLK1 is expressed in a large
subset of the interstitial LCs in pubertal and young CAIS gonadal tissues, supporting the association
of defective androgen signalling with defective LC differentiation in these gonadal tissues. DLK1
expression starts in human male and female gonads at week 7 post-conception and is maintained
later on only in LCs in foetal testes and not in theca-like cells in foetal ovaries, suggesting that these
DLK1+ cells might serve as progenitors for the steroidogenic cell lineage in human foetal testes (175).
Similarly, the reanalysis of scRNA-seq shows that DLK1 is strongly expressed in LC clusters from

embryonal and foetal samples (Supplementary material Figures 36C) (170).

INSL3 is expressed in subsets of LCs in gonadal tissues of all CAIS except for the oldest one, where
the expression of INSL3 is completely lost. The lack of INSL3 expression in this gonadal tissue might
be explained by the longer abdominal retention of gonads. The mutually exclusive expression of
DLK1 and INSL3 was most evident in LC nodules that overexpress DLK1 but barely express INSL3
(Figures 16 and 17, and Supplementary materials Figure 34), suggesting that INSL3 expressing cells
might represent adult LCs (170). The same pattern of DLK1 and INSL3 expression was reported in
some adults with testicular pathologies in association with defective androgen signalling. In adults
with subfertility and testicular germ cell tumours, DLK1 is expressed in subsets of hyperplastic LCs in
the interstitial tissue and in LC nodules, with a positive correlation between the percentage of DLK1-
expressing cells in the nodule and severity of the testicular dysfunction (173). Similarly, some large
LC nodules in testicular tissues from adolescents and adults with Klinefelter syndrome exclusively
express either DLK1 or INSL3 (173). However, DLK1 is also over expressed in TARTs, which also
express other adrenal markers including CYP11B1, CYP21A2, MC2R (174) and HSD17B3 (184).
Immunohistochemical characterisation of CAIS gonadal tissues shows lack of the expression of

CYP21A2 and HSD17B3 in the LC nodules, excluding the possibility that they are TARTs (170).

It was interesting to investigate whether the switch of expression of HSD17B3 from foetal SCs to adult
LCs known in mouse testis takes place also in human testis. Reanalysis of scRNA-seq data from
normal testicular tissues from foetal to adult stages shows higher expression of HSD17B3 in SCs in
foetal and neonatal testicular tissues as previously reported (107, 175), which recapitulates the
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increase of HSD17B3 expression represented from bulk RNA-seq data acquired from foetal testicular
tissues (Supplementary materials Figure 37A). It was intriguing, however, that the reanalysis of
scRNA-seq data did not reveal a significant switch in the expression of HSD17B3 to LCs in pubertal
and adult testicular tissues, instead it showed an increase of expression of its isoenzyme AKR1C3 in
LCs, challenging the convention of HSD17B3 being the main steroidogenic enzyme involved in
reduction of androstenedione to testosterone in puberty and adulthood in human. Therefore, it is
speculated that the switch of testicular reduction of androstenedione to testosterone from SCs in
foetal neonatal human testis to LCs in pubertal and adult human testis is not mediated by a simple
switch of HSD17B3 expression from the tubular to the interstitial compartments, but rather by
downregulation of HSD17B3 in the tubular compartment and upregulation of AKR1C3 in the
interstitial compartment (170). This might also explain the pubertal increase in testosterone
production in 46,XY adolescents with HSD17B3 deficiency, since these patients lack testosterone
during the foetal stage and are often born with female appearing external genitalia but experience
a surge of testosterone during puberty which leads to significant virilisation and in some cases
changes in gender role (136). Nevertheless, the analysis of bulk RNA-seq from adult testicular tissues
shows a higher expression of HSD17B3 than AKR1C3 (Supplementary materials Figure 37B), and
immunohistochemical characterisation of HSD17B3 and AKR1C3 in the adult control testicular tissue
shows the expression of both enzymes in LCs. The discrepancy between these results and the results
of scRNA-seq reanalysis might be explained by differences between HSD17B3 and AKR1C3 in regards
to the stability of their mRNAs during extraction, library preparation and transcriptomic analysis, or
to discrepancies in post-transcriptional regulation as suggested in mouse (185), although this has
not been shown in human, yet. Therefore, which of both enzymes is the main androstenedione-

converting enzyme in adult human testis is still elusive (170).

4.2 Disruption of the blood-testis barrier

SCs orchestrate spermatogenesis not only by supporting foetal GCs specification and development,
but also by maintaining spermatogonial stem cells (55Cs) and spermatogonia, supporting meiotic
and post-meiotic GCs till the final release of sperms (186). For meiosis to proceed normally in the
seminiferous epithelium at puberty, SCs modulate the microenvironment of meiotic and post-
meiotic GCs by creating specialised junctions between the adjacent SCs that make up the BTB,
sequestering the meiotic and post-meiotic GCs from blood and lymphatics systems, and hence
creating an immune-privileged microenvironment for the completion of meiosis (187, 188). These
junctions are formed at puberty and regulated by the action of FSH and testosterone on their
corresponding receptors in SCs (189). The investigation of expression of different BTB proteins in this

study has shown that GJA1 (CX43) and CLDN11 and TJP1 (ZO-1) are aberrantly expressed in gonadal
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tissues from adolescents and young adults with CAIS, PAIS and CYP17A1 deficiency, emphasising the
role of androgens in regulating the BTB in human testis. In rat testis, Gja1l (Cx43) is expressed
predominantly at the BTB and to a lesser extent near the apical ectoplasmic specialisations at SC-
elongating spermatid interface, and its expression declines at both sites at late stage VIl onwards
coinciding with restructuring of the BTB for the transit of preleptotene spermatocytes and
disassembly of the apical ectoplasmic specialisations for spermiation (190). Its expression is lost by
induction of GC loss in rat testis with adjudin treatment indicating that Gja1 (Cx43) contributes to
adhesion junctions between GCs and the seminiferous epithelium (190). Although the knockdown
of GjaT (Cx43) in SC primary cell culture neither affects the expression of integral membrane proteins
or scaffold proteins of the BTB nor its permeability, the double knockout of Gja7 (Cx43) and the
desmosomal protein plakophilin 2 (Pkp2) significantly disrupts the expression and localisation of ZO-
1 and occludin and affects the integrity of the BTB (190), indicating that Gja1 (Cx43) contributes to
the integrity of the BTB by regulating the expression of other BTB structural proteins. In addition,
disruption of TJ in SC primary cell culture by Ca** depletion or bisphenol A treatment was irreversible
only with knock down of GjaT (Cx43), indicating its role in induction of reassembly of TJ proteins at
the BTB (191). Interestingly, the SC-specific knockout of GjaT (Cx43) in mouse leads not only to arrest
of spermatogenesis at the level of spermatogonia (192), but also to an increase in LC number with
reduction of Gja1 (Cx43) expression in spite of apparently normal differentiation and steroidogenesis
(193). Of note in this study is that Hsd17b3 expression was investigated in whole testis homogenates,
which does not identify whether Hsd17b3 is expressed in LCs or SCs, and therefore the inference of
normal LC development in SC-specific GjaT (Cx43) knockout testis is questionable and needs more
investigation. In human testis, GJA1 (CX43) is expressed in the seminiferous epithelium, except at
stages Il and lll coinciding with the transit of primary spermatocytes from the basal to the adluminal
compartment and is lost in total GC loss in Sertoli-cell-only syndrome and seminiferous tubules with
spermatogenic arrest at the level of spermatogonia (194). Similarly, GJA1 (CX43) expression is lost in
seminiferous tubules infiltrated with carcinoma in situ, with re-expression of cytokeratin 18 (KRT18)
in SCs denoting their dedifferentiation in the infiltrated tubules (195, 196). In Klinefelter syndrome,
GJA1 (CX43) expression is reduced or completely lost in seminiferous tubules with a negative
correlation between the severity of spermatogenic and GJA1 (CX43) expression (197). Intriguing,
however, is that the expression of AR in Klinefelter testicular tissues is also reduced (198), suggesting
that defective androgen signalling in Klinefelter syndrome might be involved in reduction of GJA1
(CX43) expression in these patients. In line with this proposition, immunofluorescent detection of
GJA1 (CX43) in gonadal tissues from the adolescents and young adults with CAIS has shown the loss
of its expression in seminiferous tubules but maintenance of its expression in LCs (Figure 20 and

Supplementary materials Figure 38), confirming another observation that has been previously
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reported in one adolescent with CAIS (176). The loss of GJAT (CX43) is also seen in gonadal tissue of
the young adult with CYP17A1 deficiency where defective androgen signalling is caused rather by
disrupted steroidogenesis (Figure 20). Taken together, these observations emphasise the role of
androgens in regulating GJA1 (CX43) in SCs in pubertal and adult human testis; the mechanism is

yet to be elucidated.

Further characterisation of the BTB in adolescents and young adults with CAIS, PAIS and CYP17A1
deficiency has revealed the loss of expression of CLDN11 protein, another integral membrane
protein that contributes to TJs at the BTB. In mouse testes, Cldn11 localises to the basal and the
adluminal surfaces of preleptotene spermatocytes during migration (199). Cldn11 knockout in
mouse testes is associated with loss of polarity, sloughing and elimination of SCs through the lumina
of the seminiferous tubules and failure of progression of spermatogenesis beyond meiosis (120),
indicating the role of Cldn11 in TJ formation and spermatogenesis by sequestration of meiotic GCs
from the immune system. The protein expression is not regulated by androgens in mouse testes
(128). In rat testis, however, gonadotropin suppression leads to reduction of Cldn11 protein
expression to levels undetectable in western blots, and the short-term hCG treatment (7 days) was
not enough to recover the protein expression (with and without FSH) (200), suggesting androgenic
regulation of Cldn11 protein expression in rat testis. Gonadotropin suppression in men disrupts the
localization of CLDN11 (177). The same changes, however, have been also reported in patients with
primary seminiferous tubule failure with meiotic arrest or Sertoli-cell-only syndrome, although the
serum concentration of LH, and testosterone are comparable to the normal controls (178),
suggesting that the changes in CLDN11 expression in these patients are a manifestation of altered
differentiation state of SCs rather than a direct misregulation of protein expression in response to a
pathogenic agent. In contrast, CLDN11 protein is not mislocalised but rather totally undetectable in
gonadal tissues of adolescents and young adults with CAIS and CYP17A1 deficiency, a more profound
effect that might be explained by the total loss of androgen signalling in these gonadal tissues either
due to complete androgen resistance or defective androgen synthesis. The loss of CLDN11 protein
expression in the young adult PAIS gonadal tissue might be also explained by the possibility that
androgen signalling in this tissue did not reach the threshold sufficient do drive the full

differentiation of SCs, despite the partial rescue of AR transactivation function.

Intriguingly, the in situ hybridisation assays have shown the maintenance of CLDN77 mRNA in SCs in
adolescents and young adults with CAIS and PAIS to levels comparable to the adult control, in spite
of loss of CLDN11 protein expression (Figures 21 and 23), suggesting that androgen signalling
regulates CLDN11 expression rather at a translational/posttranslational level. The discrepancy
between mRNA and protein expression has been previously shown in mouse and rat testes. In
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normal mouse testis, the expression of Cldn117 mRNA lagged behind the protein (199). Since the
proteins of the BTB are known to undergo endocytic internalisation and recycling, it was
hypothesised that the protein expression lags due to posttranslational modulations. In rat testis, the
gonadotropin suppression significantly reduces Cldn11 protein expression to undetectable levels in
western blots, while the Cldn17 mRNA expression was higher compared to the normal controls, and
with the short-term treatment with hCG, the levels Cldn717 mRNA decreased to levels still slightly
higher than the normal control, but the protein was still not detectable (200). In human testis,
gonadotropin suppression is associated with abnormal localisation of CLDN11 protein with no effect
on mRNA expression (177). All these observations suggest that the transcription and translation of
CLDN11 gene are regulated and coordinated by different factors, and that androgens might regulate
the translation/accumulation rather than the transcription of the CLDN11 gene in human testes.
Unexpectedly, the in situ hybridisation assays have shown the accumulation of CLDN77 mRNA in SCs
of the prepubertal PAIS gonadal tissue, at a developmental stage before active spermatogenesis or
steroidogenesis, although the immunohistochemical assays show that CLDN11 protein was not
expressed (Figure 23). The lack of active steroidogenesis in this gonadal tissue has been shown by
CYP17A1 immunostaining, revealing the involution of LCs (Figure 12E). Although this observation
supports the role that androgens play in regulation of CLDN11 protein accumulation rather than
transcription, it poses other questions about how CLDNT1 is still transcribed and the role it plays in
this pubertal gonadal tissue. The in situ hybridisation assays have also shown downregulation of
CLDN11 mRNA expression in the young adult CYP17A1 deficiency gonadal tissue (Figure 22),
suggesting that factors other than defective androgen signalling might contribute to loss of CLDN11

gene expression acting at the transcriptional level.

Polymerisation of connexins and claudins is facilitated by zona occludens proteins that act as
adaptors linking them to the cytoskeleton (122, 124). Immunofluorescent staining of TJP1 (ZO-1) in
pubertal and young adult CAIS gonadal tissues has shown that the protein is still expressed and
partially localises to the membranes of SCs, suggesting not only that the regulation of TJP1 (ZO-1) is
different from GJA1 and CLDN11 but also that the loss of GJA1 and CLDN11 expression and
localisation to SC membranes cannot be attributed solely to TJP1 (ZO-1). However, the TJP1 (ZO-1)
did not localise to the basal surfaces of the adjacent SCs as in normal adult controls, but was
distributed along the whole membranes indicating the loss of SC polarity in these gonadal tissues,

which is another sign of differentiation defect of SCs in these individuals.

The connection of BTB disruption in gonadal tissues with congenital defects in androgen signalling
to GC loss is still questionable. Although the disruption of BTB might give a reasonable explanation
to the GC loss in these gonadal tissues at puberty and adulthood by making them accessible to the
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immune system, it does not explain the early GC loss observed in CAIS gonadal tissues after the first
year of life (147). At this age the BTB is not yet formed and the GCs are not sequestered from the
immune system but meiosis is actively suppressed, possibly through mechanism including retinoic
acid as well as by other molecules (201). However, residual GCs observed in gonadal tissues in this
study, as well as others (147), fail to initiate spermatogenesis, suggesting that the disruption of BTB
in these gonadal tissues still contributes to further loss of GCs at puberty and adulthood. This might
also have implications on malignant transformation of GCs in these gonadal tissues. For instance,
the seminiferous tubules infiltrated with carcinoma in situ or its invasive form seminoma, show
reduction to complete loss of GJAT (CX43) transcription (195, 202), decreased expression and
mislocalisation of TJP1 (ZO-1) and TJP1 (ZO-2) proteins (203), and mislocalisation of CLDN11 protein
(204). Although the actual mechanism of malignant transformation is not completely resolved, it
might be attributed to loss of inhibition of proliferation mediated by cell-cell contact as well as

intercellular communication.

4.3 Defects in peritubular myoid cell development

The study of PTMC development has been always hampered by the lack of knowledge of specific
PTMC markers. The immunofluorescence investigation of ACTA2 and MYH11 expression as markers
of adult PTMC development has shown their aberrant expression with defective androgen signalling
in gonadal tissues from adolescents and young adults with CAIS and CYP17A1 deficiency but normal
expression in gonadal tissue from the young adult with PAIS. The observation suggests that
androgen signalling might be essential for PTMC development, differentiation and survival in human
testicular tissues. ACTA2 expression has been reported in foetal human testis as early as 12 wpc and
is maintained till the 20 wpc (69, 71, 72). In postnatal human testis, ACTA2 is no more detectable until
before puberty (71) and is upregulated again throughout puberty and adulthood (153, 180).
Intriguingly, the downregulation of ACTA2 in neonatal and prepubertal human testis coincides with
downregulation of AR in PTMCs (71), and the gain of its expression in puberal testis is associated with
initiation of steroidogenesis (153). The aberrant expression of ACTA2 in case of complete resistance
to androgen action in CAIS and defective androgen production in CYP17A1 deficiency, and the gain
of its expression with partial rescue of AR function in PAIS, corroborate the previous observations
and supports the proposition that androgens play an important role in PTMC differentiation and
survival. It is unclear though; how defective androgen signalling contributes to PTMCs alterations in
CAIS and CYP17A1 deficiency patients. For instance, scRNA-seq analysis of testicular tissues from two
adult transfemales shows indeed alteration of the transcriptomic signature of PTMCs in association
with long term suppression of testosterone production, but with no clear indications of PTMC

developmental regression (153). Partial loss of ACTA2 or MYH11 expression has been reported in
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other disease models, including infertility, Klinefelter syndrome and testicular germ cell tumours. In
human male infertility, impaired spermatogenesis is commonly associated with fibrotic remodelling
of lamina propria formed by PTMCs, evidenced by MYH11 expression, which is maintained in
seminiferous tubules with normal spermatogenesis, but restricted or absent in tubules with
defective spermatogenesis or GC loss (205). This aberrant expression of MYH11 is associated with
immune cell infiltration of the tubular walls, which is believed to modulate the microenvironment
through prostaglandin signalling (205). Loss of ACTA2 expression is also reported in atrophic
seminiferous tubules and tubules with total loss of GCs in Klinefelter syndrome and carcinomain situ
(173), suggesting that SC signalling plays additional role in differentiation and survival of PTMCs in
adult human testes as previously shown in mouse testes (206). Therefore, androgen signalling might
play a role not only directly on PTMCs, but also indirectly by affecting the different cell types in testes,

modulating the microenvironment around PTMCs for proper development and survival.

Defective PTMC differentiation in human gonadal tissues with congenital defective androgen
signalling might contribute to GC loss in these conditions. Compared to wild-type, mice with PTMC-
specific ArKO show GC reduction, azoospermia and infertility in adulthood (207). One proposed
mechanism is that PTMCs maintain GCs in the adult testes by release of trophic factors in an
androgen dependent manner. The glial cell line-derived neurotrophic factor (Gdnf), a known
paracrine factor required for self-renewal of spermatogonial stem cells (SSCs) both in vivo and in vitro,
was shown to be induced in adult mouse PTMCs in primary cell culture in response to testosterone
stimulation, maintaining co-cultured SSC population and enhancing its proliferation (208).
Moreover, when Thy1-positive spermatogonia are cocultured with testosterone-treated PTMCs and
then transplanted into germ-cell-depleted mouse testis, more SSCs could colonise the recipient
testis (208). Furthermore, PTMC-specific knockout of Gdnf is associated with loss of spermatogonia
and disruption of spermatogenesis (209). However, the ArKO in PTMC is associated with defective SC
function evidenced by reduction of seminal fluid production and downregulation of some SC-
specific androgen-dependent genes (207), and is also associated with defective adult LC
differentiation and function evidenced by downregulation of steroidogenic enzymes and
developmental markers (210), suggesting that ArKO in PTMCs might induce GC loss indirectly by
affecting SCs and LCs development. Taken together, androgen signalling in PTMCs is proposed to
serve the development of GCs directly by PTMCs-GC signalling as well as indirectly through PTMC-
SC and PTMC-LGs signalling.

4.4 Spatial transcriptomic profiling
The preliminary data from GeoMx digital spatial profiling of FFPE gonadal tissue of the 13.7-year-old

CAIS patient, archived for more than three years, show the potential that spatial transcriptomics offer
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in the investigation of such conditions. First, the analysis of 8 ROIs with LCs and 10 ROIs with SCs
could identify the specific gene markers of each cell type. ROIs with LCs show higher expression of
steroidogenic markers and LHCGR, which are known LC markers. On the other hand, ROIs with SCs
show higher expression of SOX9, WTT and INHBB, which are specific SC markers. Interestingly, AMH
was among the highly enriched genes expressed in SCs, which is known to be upregulated in CAIS
gonadal tissues (176, 211), that might be mediated by estrogens (212) and resistance to androgen
actions (213). The analysis could recapitulate many of the results acquired by IHC, IF and smFISH. For
instance, HSD17B3 expression was higher in ROIs with SCs than in ROIs with LCs (Figure 28) as shown
with IHC (Figures 8 and 9 and Supplementary materials Figures 29 and 30) and smFISH (Figure 10).
GJAT expression was higher in ROIs with LCs than ROIs with SCs which matches the protein
expression shown in IF (Figure 20 and Supplementary materials Figure 38). In addition, CLDN17 was
also enriched in ROIs with SCs which matches the mRNA expression shown in smFISH (Figure 21 and
Supplementary materials Figure 39). In the spatial transcriptomic analysis, SCs were shown to
express some genes related to lipid and cholesterol metabolism including MVD. The enzyme was
shown to be downregulated among other genes related to lipid metabolism in mouse XX Sry SCs
compared to XY SCs (214). Given that that XX Sry SCs are incapable of supporting GCs, it might be
interesting to compare the expression of this enzyme as well as other genes of lipid metabolism

between SCs in CAIS gonadal tissues and normal testicular tissues.

In conclusion, the current study shows the influence of congenital defective androgen signalling on
the development of LCs, SCs and PTMCs in gonadal tissues of children, adolescents and young adults
with CAIS, PAIS and CYP17A1 deficiency. How these changes would be involved in germ cell loss and

cancer development is yet to be investigated.
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5 Conclusion and Outlook

This study shows for the first time the influence of congenital defects of androgen signalling on the
differentiation of the different somatic cell types in testicular tissues of patients with complete and
partial AIS as well as patients with CYP17A1 deficiency and emphasises the role of androgens in
normal testicular development in human. However, more investigation is needed to understand the
underlying pathology of GC loss and cancer development. The lack of biological materials from such
rare conditions, as in other DSDs, and the lack of the appropriate methodology has always limited
the biological information that could be extracted from such materials to better understand the
underlying pathology in such conditions. As shown in this study, the recent advancements in spatial
transcriptomic analysis techniques have the potential to reveal more information about such
pathological conditions from FFPE gonadal tissues, archived for long periods that might extend to
years. The first expression profiles of ROIs with SCs or LCs generated by GeoMx digital spatial
profiling of one archived CAIS gonadal tissue has recapitulated many of the observations acquired
by IHC, IF and smFISH in the cohort of individuals with this condition. However, the technique has its
limitations. As the collection of the whole transcriptome from the different ROIs is guided by
fluorescent labelling of cells in these ROIs for a single protein or RNA marker, it does not consider the
heterogeneity among the cells in the single ROI, even if they are of the same type. Therefore, the
resulting transcriptomic data represent rather a pseudobulk RNA data of ROIs enriched in certain cell
type, although encompassing different subclasses or differentiation states of the same cell type.
Secondly, the structural and cellular complexity of tissues might make the collection transcriptome
of asingle, fluorescently-labelled cell type impossible without contamination from the adjacent non-
labelled cells, as is the case of normal seminiferous tubules in which a large number of different GC
types intercalate between the adjacent SCs. Therefore, profiling the whole transcriptome of such
archived FFPE tissues at near single-cell or single-cell needs more advanced techniques. One
possibility is a more recent spatial whole transcriptomic analysis available from 10x Genomics under
the name Visium HD, in which the whole transcriptome probes hybridised to the FFPE section is
captured on a capture area with continuous lawn of capture oligos, barcoded to identify the
coordinates of the captured transcripts to assign it back to its location in the FFPE section (215). This
method of collection the probes allow for a near single-cell resolution transcriptomic analysis of the
FFPE tissues. Another method is the based on the isolation of single nuclei from FFPE tissues with
subsequent single-nuclei capture in microfluidic droplets for barcoding and reverse transcription of
RNAs and amplification followed sequencing (216), which also allows the whole transcriptomic
analysis at single-cell resolution, although with a smaller number of captured transcripts. Such

advancements would make possible the transcriptomic profiling of single cells, even the rare ones,
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allow for inferring the developmental relationships between the different cells, and in the case of
the spatial transcriptomics characterise the microenvironment of different cells which would
ultimately give more information about pathological conditions like GC loss and cancer

development in DSDs.
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Appendix

Supplementary Materials

Table 19. List of single cell RNA data of testicular samples reanalysed in this study derived from

previous publications and deposited in the Gene Expression Omnibus database (GEO).

GEO Sample | GEO Series Sample description Group Reference
GSM4257562 Week 6 post-fertilization

GSM4257563 Week 7 post-fertilization Embryo

GSM4257564 Week 8 post-fertilization

GSM4485991 GSE143356 Week 12 post-fertilization (217)
GSM4257566 Week 15 post-fertilization Foetus

GSM4257567 Week 16 post-fertilization

GSM3526583 2 days old (ITGA6 enriched)

GSM3526584 2 days old (unfractionated)

GSM3526585 | CSE124263 1o i s Sl (ITGAB enriched) Neonate (154)
GSM3526586 7 days old (unfractionated)

GSM4910868 5 months old (repetition 1) -

GSMagiogeg | CSE161617 5 months old (repetition 2) Mini puberty (107)
GSM3937918 7 years old (repetition 1)

GSM3937919 7 years old (repetition 2) Prepubert

GSM3937920 11 years old (repetition 1) P y

GSM3937921 11 years old (repetition 2)

GSM3937922 GSE134144 13 years old (repetition 1) (153)
GSM3937923 13 years old (repetition 2) Perioubert

GSM3937924 14 years old (repetition 1) P y
GSM3937925 14 years old (repetition 2)

GSM3526587 37 years olds (ITGA6 enriched)

GSM3526588 37 years olds (unfractionated)

GSM3526589 GSE124263 42 years olds (ITGA6 enriched) Adult (154)
GSM3526590 42 years olds (unfractionated)

Table 20. List of bulk RNA data of testicular tissue obtained from public datasets reanalysed in this

study.
Accession Dataset Sample description Group Reference
uTR1e | Ayt o0 SR nE T Ebomd T g
phs000424.v7.p2 GTEx C;alysis 259 human t:;ﬂ.?tzamples from Adults (219)
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HSD17B3 CYP17A1 SOX9 DDX4

S i

CAIS gonad (P4, 25.8y)CAIS gonad (P3, 19.6y) CAIS gonad (P1, 13.7y) Normal testis (28y)

Figure 29. HSD17B3, CYP17A1, SOX9 and DDX4 protein expression in gonadal tissues from CAIS
patients P1, P3 and P4 compared to testicular tissue from a normal adult. HSD17B3 is expressed in Leydig
cells and to a lesser extent in seminiferous tubules in normal adult testicular tissue (A) but exclusively in
seminiferous tubules in CAIS gonadal tissues (B-D). CYP17A1 labels normal Leydig cells in the normal adult
testicular tissue (E) and hyperplastic Leydig cells in CAIS gonadal tissues (F-H). SOX9 labels Sertoli cells in the
normal adult testicular tissue (I) and CAIS gonadal tissues (J-K). DDX4 is expressed only in germ cells in the
normal adult testicular tissue (M) but not in most seminiferous tubules in CAIS gonadal tissues (N-P). Scale bar,
100 pum. Reproduced from (170) according to the terms of the creative Commons Attribution-NonComercial
License (https://creativecommons.org/ licenses/by-nc/4.0/).
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CYP17A1 deficiency
CAIS gonad (P2, 16.6y) CAIS gonad (P3, 19.6y) gonad (P5, 23.4y)

DDX4

HSD17B3 SOX9

CYP17A1

Figure 30. DDX4, SOX9, HSD17B3 and CYP17A1 protem expression in regions with residual germ cells
in gonadal tissues from CAIS patients P2 and P3, and CYP17A1 deficiency patient P5. DDX4 is expressed
in residual germ cells in some seminiferous tubules in CAIS gonadal tissues and CYP17A1 deficiency gonadal
tissue (A-F). Sertoli cells in these seminiferous tubules express SOX9 (G-l) and HSD17B3 (J-L). CYP17A1 is
expressed in neighbouring Leydig cells in CAIS gonadal tissues (M and N) but not in the neighbouring
interstitial tissue in CYP17A1-deficiency gonadal tissue (O). Scale bar, 100 pm. Reproduced from (170)
according to the terms of the creative Commons Attribution-NonComercial License
(https://creativecommons.org/ licenses/by-nc/4.0/).
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CYP17A1 HSD17B3 AKR1C3 (HSD17B5)

CAIS gonad (P4, 25.8y)CAIS gonad (P3, 19.6y) CAIS gonad (P2, 16.6y) Normal testis (28y)

p ¥

" A 4 i ) T = ¥ LN ’ . o

Figure 31. CYP17A1, HSD17B3, AKR1C3 (HSD17B5) protein expression in gonadal tissues from CAIS
patients P2, P3 and P4 compared to testicular tissue from normal adult control. CYP17A1 labels normal
(A) and hyperplastic (B-D) Leydig cells in normal adult testicular tissues and CAIS gonadal tissues, respectively.
HSD17B3 is expressed in Leydig cells and to a lesser extent in seminiferous tubules in normal adult testicular
tissue (E) but exclusively in seminiferous tubule sin CAIS gonadal tissues (F-H). In contrast, AKR1C3 (HSD17B5)
is expressed in normal (I) and hyperplastic Leydig cells (J-L) in normal adult testicular tissue and CAIS gonadal
tissues, respectively. Scale bar, 100 um. Scale bar, 100 um. Reproduced from (170) according to the terms of
the creative Commons Attribution-NonComercial License (https://creativecommons.org/ licenses/by-nc/4.0/).
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CYP17A1 deficiency
Normal testis (28y) gonad (P5, 23.4y)

HSD17B3 INSL3

AKR1C3 (HSD17B5)

Figure 32. INSL3 HSD1783 and AKR1 c3 protem expressmn in gonadal tlssue form a 23. 4-year -old
patient with CYP17A1 deficiency compared to normal testicular tissue from a 28-year-old control. INSL3
labels normal (A) and hypoplastic (B) Leydig cells in normal adult testicular tissue and CYP17A1 deficiency
gonadal tissue, respectively. HSD17B3 is expressed in Leydig cells and to a lesser extent in seminiferous tubules
in the normal adult testicular tissue (C) but exclusively in seminiferous tubules in the CYP17A1 deficiency
gonadal tissue (D). In contrast, AKR1C3 (HSD17B5) is expressed normal (E) and hypoplastic (F) Leydig cells in
normal adult testicular tissue and CYP17A1 deficiency gonadal tissue, respectively. Scale bar, 100 um. Scale
bar, 100 pm. Reproduced from (170) according to the terms of the creative Commons Attribution-
NonComercial License (https://creativecommons.org/ licenses/by-nc/4.0/).
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Figure 33. INSL3 and DLK1 protem expressmn in gonadal tissues from patients W|th CAIS (P2 and P4)
and CYP17A1 deficiency (P5) compared to testicular tissue from a normal adult control. In normal adult
testicular tissue, INSL3 is expressed in most Leydig cells (A) and DLK1 in a few Leydig cells (B). In CAIS gonadal
tissue from P2, INSL3 (C) and DLK1 (D) are expressed in subsets of Leydig cells. In CAIS gonadal tissue from P3,
INSL3 is not expressed (E) but DLK1 is highly expressed in subsets of Leydig cells (F). In CYP17A1 deficiency
gonadal tissue, INSL3 is expressed in most of the hypoplastic Leydig cells (G) and DLK1 is expressed in some of
them (H). Scale bar, 100 um. Scale bar, 100 um. Reproduced from (170) according to the terms of the creative
Commons Attribution-NonComercial License (https://creativecommons.org/ licenses/by-nc/4.0/).
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Interstitial tissue

CAIS gonad (P1, 13.7y)

Leydig cell nodule

Figure 34. INSL3 and DLK1 expression in mterstltlal Leydlg ceIIs versus Leydlg ceII nodule in gonadal
tissue from a 13.7-year-old patient with CAIS compared to normal testicular tissue from a 28-year-old
control. INSL3 is expressed in most of Leydig cells in the normal adult testicular tissue (A) while DLK1 is
expressed in some of them (B). INSL3 and DLK1 are expressed in subsets of Leydig cells in the young adult CAIS
gonadal tissue (C and D). A Leydig cell nodule in the CAIS gonadal tissue barely express INSL3 (E) but highly
express DLK1 (F). Scale bar, 100 um. Scale bar, 100 pm. Reproduced from (170) according to the terms of the
creative Commons Attribution-NonComercial License (https://creativecommons.org/ licenses/by-nc/4.0/).
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Figure 35. CYP17A1, HSD17B3, AKR1C3 and CYP21A2 protein expression in interstitial Leydig cells
versus Leydig cell nodule in gonadal tissue form a 13.7-year-old patient with CAIS. CYP17A1 is expressed
in Leydig cells in the normal adult testicular tissue (A) as well as Leydig cells in the interstitial tissue (B) and the
Leydig cell nodule (C) in the young adult CAIS gonadal tissue. HSD17B3 is expressed in Leydig cells and to a
lesser extent in Sertoli cells in the normal adult testicular tissue (D), but neither in Leydig cells in the interstitial
tissue (E) nor in Leydig cells in the Leydig cell nodule (F). AKR1C3 (HSD17B5) is expressed in Leydig cells in the
normal adult testicular tissue (G) and Leydig cells in the interstitial tissue (H) in the young adult CAIS gonadal
tissue, but not in the Leydig cell nodule (I). CYP21A2 is not expressed in Leydig cells in the normal adult
testicular tissue (J), Leydig cells in the interstitial tissue (K) or Leydig cell nodule (L). Inner set in (J) represents
CYP21A2 staining in normal adult adrenal cortical tissue as positive control in the experiment. Scale bar, 100
pum. Scale bar, 100 um. Reproduced from (170) according to the terms of the creative Commons Attribution-
NonComercial License (https://creativecommons.org/ licenses/by-nc/4.0/).
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Figure 36. Reanalysis of publicly available single-cell RNA sequencing data from testicular tissue collected from embryonal, foetal, neonatal, prepubertal, pubertal
and adult stages. (A) UMAP representation of testicular cells coloured by cluster and annotated based on known cell type markers. (B and C) UMAP visualisation of expression
of some of cell type markers and developmental markers in each developmental stage. The data are extracted from publicly available single-cell RNA sequencing data from

the studies listed in Table S1. Scale bar, 100 um. Reproduced from (170) according to the terms of the creative Commons Attribution-NonComercial License
(https://creativecommons.org/ licenses/by-nc/4.0/).

95



A AKR1C3 vs. HSD17B3 expression in normal
embryonal and foetal testicular tissues
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Figure 37. Representation AKR1C3 and HSD17B3 expression in embryonal, foetal and adult testicular
tissues from publicly available bulk RNA sequencing data. (A) Dot plot comparing the expression of
AKR1C3 and HSD17B3 in whole testicular tissues from normal human embryos and foetuses between 4-19
weeks post fertilisation. (B) Dot plots comparing the expression of AKR1C3 and HSD17B3 in whole testicular
tissues from normal adults. The data were extracted from data sets listed in Table S2. Scale bar, 100 pum.
Reproduced from (170) according to the terms of the creative Commons Attribution-NonComercial License
(https://creativecommons.org/ licenses/by-nc/4.0/).

96



GJA1 / DMRT1

Normal testis (28y)

CAIS gonad (P2, 16.6y)CAIS gonad (P1, 13.7y)

Figure 38. GJA1 protein expression in gonadal tissues from patients with CAIS (P1 and P2) compared to
testicular tissue from a normal adult control. GJA1 localises not only to membranes of Leydig cells, but also to
the basal surfaces of the adjacent Sertoli cells at the site of blood-testis-barrier in the normal adult control (A and
B). In contrast, GJA1 localises only to the membranes of hyperplastic Leydig cells in the pubertal and the young
adult patients with CAIS (C-F). DMRT1 is moderately expressed in Sertoli cells and highly expressed in
spermatogonia in seminiferous tubules from the normal adult testicular tissue (A and B). In contrast, all cells in
seminiferous tubules in both gonadal tissues from patients with CAIS (C-F) moderately express DMRT1, being
composed of Sertoli cells only, consistent with germ cell loss shown earlier in these tissues. Scale bar, 50 pm.
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CLDN11 CLDN11/ CYP17A1 CLDN11] CYP17A1

CAIS gonad (P4, 25.8y)CAIS gonad (P3, 19.6y)CAIS gonad (P2, 16.6y) Normal testis (28y)
@)

Figure 39. CLDN11 protein versus mRNA expression in gonadal tissue from patients with CAIS (P2-P4)
compared to testicular tissue from normal adult control. CLDN11 protein localises to the basal surfaces of
the adjacent Sertoli cells in the normal adult testicular tissue (A) at the site of blood-testis barrier, but is not
expressed in the seminiferous tubules in pubertal CAIS gonadal tissues (B-D). In contrast, CLDN11 mRNA is
expressed not only in the seminiferous tubules in the normal adult testicular tissue (E and F) but also in CAIS
gonadal tissue (G-L). CYP17A1 mRNA detection was used as an internal control in the multiplex fluorescent in
situ hybridisation assay, being an abundantly expressed mRNA in both tissues, and labels normal (E and F) and
hyperplastic (G-L) Leydig cells in the normal adult testicular tissue and the pubertal CAIS gonadal tissue,
respectively. Scale bar, 50 pm.
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TJP1 (ZO1)

CAIS gonad (P3, 19.6y)CAIS gonad (P1, 13.7y) Normal testis (14y)

Figure 40. TJP1 (ZO-1) protein expression in gonadal tissues from patients with CAIS (P1 and P3)
compared to testicular tissue from a testicular tissue from a normal adult control. TJP1(ZO-1) protein
localises to the basal surfaces of the adjacent Sertoli cells at the site of the blood-testis-barrier in the normal
adult testicular tissue (A and B), but the whole membranes of Sertoli cells in young adult CAIS gonadal tissue
(C-F). Scale bar, 50 pm.
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CAIS gonad (P4, 25.8y) CAIS gonad (P3, 19.6y)CAIS gonad (P1, 13.7y) Normal testis (31y)

Figure 41. ACTA2 and MYH11 protein expression in gonadal tissues from patients with CAIS (P1 and P3)
compared to testicular tissue from a normal adult control. ACTA2 and MYH11 are expressed in PTMCs
around the seminiferous tubules in the normal adult testicular tissue (A-C). In contrast, ACTA2 is expressed in
myoepithelial cells surrounding blood vessels, fibrous tissues dividing CAIS gonadal tissue into lobules and in
few PTMs incompletely surrounding seminiferous tubules in CAIS gonadal tissues (D-I). Scale bar, 50 um
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Table 21. List of the first 100 genes that are differentially expressed between ROIs with Sertoli cells

and ROIs with Leydig cells profiled by GeoMx digital spatial profiler

e @ = f I rd % = 5 5

Gene gl z| 2 T | @ | |Gene gl z| 2 T | a

NXF3 3,5 8,4 17,7 6,9E-19 | 41,5 CAMSAP3 2,8 7,2 11,6 2,9E-13 25,3
APOE 4,1 8,6 -17,4 | 6,9E-19 | 41,1 LHCGR -29 | 68 -11,6 | 3,0E-13 25,3
IGFBP2 -34 | 78 -16,4 | 6,5E-18 38,4 COL6A2 -26 | 7,6 -11,5 | 3,3E-13 25,2
S100A6 -3,7 | 86 -15,7 | 2,3E-17 37,0 IGFBP7 27 |75 -11,4 | 4,8E-13 24,8
CYP17A1 -4,7 | 10,3 | -15,3 5,8E-17 35,9 CLU 2,6 9,0 11,3 7,6E-13 24,3
FDX1 -34 |79 -15,0 1,2E-16 34,9 HERC5 24 7.8 11,2 9,7E-13 24,1
LSP1 -36 | 74 -14,8 1,4E-16 34,5 PAPSS2 -3,2 | 65 -11,1 1,0E-12 23,9
APOC1 42 |78 -14,8 1,4E-16 34,5 KLF4 -3,2 | 65 -11,1 1,1E-12 23,8
NTNG2 3,2 7.8 14,4 3,5E-16 33,3 ASTN2 3,0 7,7 111 1,2E-12 23,8
AMH 3,1 9,0 14,4 3,5E-16 334 SEMA6C 2,6 7.3 111 1,2E-12 23,7
SCARB1 -34 | 90 -14,3 | 4,0E-16 33,2 EPHX1 -3,2 | 9.2 -11,0 1,6E-12 23,5
STAR -34 | 8,2 -14,3 | 4,1E-16 33,1 FABP3 2,7 |72 -11,0 1,7E-12 23,4
MVD -25 | 84 -13,4 | 3,9E-15 30,8 CKB 2,3 8,5 11,0 1,7E-12 234
SLC16A9 -3,3 | 69 -13,4 | 3,9E-15 30,6 CDH11 -3,1 6,7 -10,7 | 3,9E-12 22,5
APOA1 2,8 10,5 13,3 4,6E-15 30,5 NR4A1 -23 | 80 -10,7 | 4,4E-12 22,4
CITED2 -28 | 86 -13,3 | 4,6E-15 304 LSS -20 | 83 -10,6 | 4,6E-12 22,3
PDK4 -3,0 | 7,1 -13,3 | 4,9E-15 30,2 GPRC5B 2,1 7,9 10,6 4,6E-12 22,3
TM7SF2 -3,2 | 7,3 -13,2 | 5,0E-15 30,2 CYB561A3 27 |72 -10,6 | 4,6E-12 22,3
NR2F2 29 | 7,2 -13,2 | 5,1E-15 30,1 HSPE1 -2,3 | 8,6 -10,6 | 4,7E-12 22,2
LDLR -3,2 | 8,2 -13,2 | 5,4E-15 30,0 OAT 24 | 7,7 -10,5 | 5,6E-12 22,1
GATM 2,7 8,6 13,2 5,4E-15 30,0 POR -2,1 8,3 -10,5 | 6,0E-12 22,0
HMGCS1 -26 |93 -13,1 5,4E-15 29,9 ENG 24 |73 -10,5 6,2E-12 22,0
FHL2 29 | 74 -13,0 | 7,9E-15 29,5 CYB5A -2,1 8,9 -104 | 7,3E-12 21,7
DUSP1 2,7 |79 -12,9 | 9,2E-15 29,3 ZYX 2,0 8,7 10,4 7,5E-12 21,7
MYL9 2,7 | 102 | -12,7 1,9E-14 28,6 ZFP36 -30 | 83 -104 | 7,8E-12 21,7
G6PD 2,6 9,2 12,6 24E-14 | 28,3 SNED1 22 |74 -104 | 7,8E-12 21,7
CITED1 2,8 7,7 12,6 24E-14 28,3 FBXL19 2,6 7,7 10,3 1,1E-11 21,4
TMSB4X -25 | 86 -12,5 2,6E-14 28,1 CTSV 2,6 7.8 10,3 1,2E-11 21,2
FDPS -25 | 86 -12,5 3,0E-14 | 28,0 CLDN11 2,6 7,9 10,3 1,3E-11 21,1
CYP11A1 -28 | 94 -12,2 | 5,6E-14 | 27,3 BEX1 2,8 7.3 10,2 1,5E-11 21,0
PEG3 24 | 8,7 -12,1 7.3E-14 27,0 INSL3 -32 |78 -10,2 1,5E-11 21,0
SCUBE1 26 | 74 -11,9 1,3E-13 26,4 MMP15 2,6 7,0 10,2 1,5E-11 20,9
SOX9 2,4 8,5 11,9 1,4E-13 26,3 SLC6A6 24 | 65 -10,1 1,9E-11 20,7
CLEC18C 2,5 7,9 11,9 1,4E-13 26,3 TPM1 -2,1 7,2 -10,1 2,3E-11 20,5
DHCR24 -3,0 | 9,8 -11,9 1,4E-13 26,3 TSC22D3 -26 | 6,7 -10,0 | 2,3E-11 20,5
c7 -28 |78 -11,8 1,6E-13 26,1 LBHD1 22 |74 -10,0 | 2,3E-11 20,4
NUPR1 -2,7 | 81 -11,8 1,6E-13 26,1 TSPYL2 1,7 9.4 10,0 2,5E-11 20,3
IGSF9B 2,8 7,5 11,8 1,6E-13 26,1 SERPINAS 2,8 8,6 99 3,2E-11 20,1
HSPB6 -35 170 -11,8 1,6E-13 26,0 METTL7A 22 |73 9,9 3,3E-11 20,1
ALAS1 29 | 75 -11,8 1,7E-13 259 MTCL1 2,6 7,0 9,8 4,5E-11 19,8
FOS -24 | 86 -11,6 | 2,9E-13 25,4 GSTA1 -2,3 10,1 -9,8 5,2E-11 19,5
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5 IS 5 IS
rd % = n>; ® g %- = r.?; ®
Gene 8l 2| 2| % | a| Gene glz| 2| % |a
GSTP1 22 (79 -9,8 54E-11 | 19,5 LAMB1 -23 | 68 -9,6 9,3E-11 | 189
EGR1 -20 | 89 -9,8 54E-11 | 19,5 CALB2 -24 | 83 -9,6 9,9E-11 | 1838
ADGRGT1 23 |72 9,7 59E-11 | 19,5 JAM2 2,1 7,6 9,5 9,9E-11 | 188
FHOD3 2,1 7,8 9,7 6,1E-11 | 19,4 AK1 24 |77 -9,5 9,9E-11 | 18,8
PLXNC1 2,5 7,6 9,6 7,6E-11 | 19,2 TOB1 24 |73 -9,5 1,0E-10 | 18,8
CCND2 2,1 7,8 9,6 7,6E-11 | 19,1 PBX1 -24 | 66 -9,5 1,1E-10 | 18,8
C2CD2 -2,7 | 6,1 -9,6 7,8E-11 | 19,1 LRP8 24 |68 94 1,5E-10 | 184
ADCY3 -28 | 6,1 -9,6 8,8E-11 | 19,0 SCRG1 2,3 7,0 9,4 1,7E-10 | 18,3
MT2A -26 |70 -94 1,8E-10 | 18,2
FOXO04 -20 [ 74 -9,3 2,2E-10 | 18,0
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