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between rete testis cells and Sertoli
cells of the mouse testis
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Erdem B. Dashinimaev?3 & Andrey Yu. Kulibin?

The rete testis (RT) is a region of the mammalian testis that plays an important role in testicular
physiology. The RT epithelium consists of cells sharing some well-known gene markers with
supporting Sertoli cells (SCs). However, little is known about the differences in gene expression
between these two cell populations. Here, we used fluorescence-activated cell sorting (FACS) to
obtain pure cultures of neonatal RT cells and SCs and identified differentially expressed genes (DEGs)
between these cell types using RNA sequencing (RNA-seq). We then compared our data with the
RNA-seq data of other studies that examined RT cells and SCs of mice of different ages and generated
a list of DEGs permanently upregulated in RT cells throughout testis development and in culture,
which included 86 genes, and a list of 79 DEGs permanently upregulated in SCs. The analysis of studies
on DMRT1 function revealed that nearly half of the permanent DEGs could be regulated by this SC
upregulated transcription factor. We suggest that useful cell lineage markers and candidate genes for
the specification of both RT cells and SCs may be present among these permanent DEGs.

The mammalian testis consists of seminiferous tubules where SCs support the production of spermatozoa from
undifferentiated germ cells, the interstitium with testosterone-producing Leydig cells, and the RT. The RT is a
system of interconnected cavities and channels through which spermatozoa are transported out of the testis.

Recent studies on mice have demonstrated that the RT strongly influences the formation of the Sertoli valve,
a transition region which is located at the border between seminiferous tubules and the RT and composed of
SCs and undifferentiated spermatogonia*. The Sertoli valve prevents a detrimental backflow of the RT fluid into
seminiferous tubules®. In addition, SCs in the transition region exhibit an immature phenotype and prolonged
proliferation in hamsters® and rats*® which also might be influenced by the RT. It has been reported that semi-
niferous tubules also may affect RT function by luminal factors®.

The importance of the RT for the whole testis physiology suggests the need for further research on this region.
The origin of the RT epithelium is not completely studied. Morphological, immunohistochemical’~!? and single-
cell RNA-seq (scRNA-seq) data'! indicate that mouse RT cells develop from the same gonadal precursor cells as
SCs. However, the timing of their specification, the relationship between RT cells and SCs, as well as the presence
of different subpopulations inside the RT epithelium are still a matter of debate'®!!. Defining differences in gene
expression between RT cells and SCs could be useful for addressing these issues.

Previously we performed bulk RNA-seq of adult RT cells in culture and identified genes specific to the adult
mouse RT"2. However, the culture was admixed with peritubular myoid cells which hindered the data interpreta-
tion. Another study utilized a microarray to study the transcriptome of the adult RT in vivo but it was also not
free from admixtures'. Finally, scRNA-seq of the fetal RT"! and the juvenile RT? was performed. However, there
were no reports on RNA-seq of the RT from neonatal mice. In the current study, we filled this gap and conducted
bulk RNA-seq of RT cells and SCs from neonatal (5-6 dpp, days postpartum) mice. For that purpose, we took
advantage of a cell sorting strategy and obtained pure cultures of both SCs and cells from the RT epithelium.

After analyzing DEGs between neonatal RT cells and SCs, we performed a comparative analysis to reveal genes
that are permanently differentially expressed between these two cell populations throughout testis development
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and in culture. We suggest that useful cell lineage markers and candidate genes for the specification of both RT
cells and SCs may be among such genes. To achieve this aim, we compared DEGs from our study with DEGs
obtained after analyzing fetal'! and juvenile® testicular cells. In this way, we identified SC- and RT-specific genes
that are common to fetal and postnatal ages and also to in vivo and in vitro conditions. We demonstrated that a
number of these genes are differentially expressed between adult RT cells and adult SCs as well.
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«Figure 1. Characterization of RT cell cultures. (a) Whole-mount immunofluorescent staining of the neonatal
RT with PAXS8 antibody and CDH1 antibody for flow cytometry. (b) Staining with isotype control antibodies
exhibited no specific signal. (c,h) FACS of cells isolated from RT regions of neonatal (c) and adult mice (h).
The cells were stained with CDH1 and isotype control antibodies labeled with PE. Debris and doublets were
excluded from the analysis. The percentage of CDH1 + cells was presented as the mean + SEM from three
independent experiments. (d,i) Morphological appearance of neonatal (d) and adult (i) RT cell cultures on day
3 and day 8 respectively. (e,j) Triple immunofluorescent staining of neonatal (e) and adult (j) RT cell cultures
for PAX8, DMRT1, and vimentin (Vim). The inset in (e) shows DMRT1 staining of a neonatal SC culture for
comparison. (fk) Immunofluorescent staining of neonatal (f) and adult (k) RT cultures for SOX9; the neonatal
culture (f) was co-stained for ACTA2. Images in (e,f,j,k) were stitched from several adjacent fields of view. (g,1)
mRNA levels of markers of different testicular cell populations in neonatal (g) and adult (1) RT cultures relative
to that in adult testicular tissue (the zero line). Data are presented as the mean + SEM from three independent
experiments. **p <0.01, ***p <0.001. Scale bars: 50 um (a,b), 100 pm (d-f,i-k).

Results

Establishment of a pure culture of RT cells by FACS

Pure populations of neonatal (5-6 dpp) RT cells and SCs were needed to accurately compare their transcriptomes
using bulk RNA-seq. Pure SCs were obtained by the method developed in our previous study which was based
on labeling peritubular myoid cells with PDGFRA antibody and then sorting them out of the cell suspension
of seminiferous tubules by FACS'>. PDGFRA" cell fraction was cultured for 3 days to eliminate germ cells. As a
result, SCs identified by WT1 staining accounted for 93.3 +2.4% of cells in the culture (Supplementary Fig. S1).

To obtain a pure culture of RT epithelial cells we also applied FACS. It was shown in the study of Nagasawa
etal." and also in our previous study'? that all RT cells expressed surface marker cadherin 1 (CDH1). So, we first
verified that a CDHI1 antibody for flow cytometry stained cells of the RT (Fig. 1a,b). Next, we used this antibody
to sort CDHI + cell fraction from a neonatal testicular cell suspension (Fig. 1c). The cells were maintained in
culture for 3 days to eliminate spermatogonial cells which also expressed CDH1">.

As we previously described'?, RT cells formed colonies in culture (Fig. 1d), which were positively stained for
PAXS (Fig. le) and SOX9 (Fig. 1f). The number of PAX8" cells was 93.4+0.8%. Some RT cells also expressed
DMRT1 (Fig. 1e). SCs identified as PAX8 DMRT1* cells were practically not observed in the culture whereas
peritubular myoid cells identified by ACTA?2 staining were present in a small number (Fig. 1f). All cells in the
culture expressed somatic marker vimentin (Fig. le), and there were no cells positive for germ cell marker DDX4
(Supplementary Fig. S2). Real-time qPCR (RT qPCR) analysis showed that transcript levels of markers of germ
(Ddx4), myoid (Myhl11), Leydig (Hsd3b1), and endothelial cells (Pecam1) were low compared with those in
testicular tissue (Fig. 1g).

We also demonstrated that such an isolation procedure could be applied to adult RT cells. After cell staining
and FACS (Fig. 1h), CDHI1" cell fraction was cultured for 8 days. RT cells formed large colonies (Fig. 1i) stained
for PAX8 (Fig. 1j) and SOX9 (Fig. 1k), DMRT1 was present in some cells (Fig. 1j). The number of RT cells was
94.1£1.5% according to PAX8 staining, while the number of SCs was negligible. All cells in the culture were
positive for vimentin (Fig. 1j) and negative for DDX4 (Supplementary Fig. S2). RT qPCR data confirmed the
purity of the culture (Fig. 11).

Identification of DEGs between neonatal RT cells and SCs and their functional analysis

Bulk RNA-seq of three samples of neonatal RT cell cultures and three samples of neonatal SC cultures was per-
formed. A heatmap of Pearson correlation coeflicients between samples is shown in Fig. 2a. According to the
principal component analysis (PCA), RT cells and SCs were greatly separated in principal component 1 (PC1)
(Fig. 2b). Differential expression analysis of the RNA-seq data identified 20,666 unique genes (Supplementary
Data).

We selected the genes with a minimum mean expression level of 5 RPKM in at least one of the cell popula-
tions and generated a volcano plot (Fig. 2c). DEGs with FDR (false discovery rate) <0.05 and with an absolute
value of log2 fold change (LFC) > 1 were chosen for the further analysis. Among these DEGs, 858 genes were
upregulated in RT cells and 835 genes were upregulated in SCs (Supplementary Data). The volcano plot indicated
a trend towards greater LFC absolute values of DEGs upregulated in RT cells (Fig. 2c). Indeed, among DEGs with
an absolute value of LFC >4, 144 genes were upregulated in RT cells and only 4 genes were upregulated in SCs
(Fig. 2d). The expression of three genes upregulated in RT cells and four genes upregulated in SCs was validated
by RT qPCR in independent samples. qPCR data correlated with RNA-seq data (Fig. 2e,f).

Panther-based Gene Ontology (GO) enrichment analysis'®!” was performed to characterize RT cells and
SCs. Selected GO terms are presented in Table 1, and complete results of the analysis with statistics can be found
in Supplementary Data. The term collagen-containing extracellular matrix and terms associated with plasma
membrane bounded cell projections were overrepresented in both cell populations. The latter group of terms
might indicate cell migration and movements during the establishment of cell cultures.

DEGs upregulated in SCs exhibited an enrichment in categories associated with tight junctions, organelles
from the endocytic pathway, mitochondria as well as with lipid metabolism and response to endogenous stimuli
including hormones (Table 1). In contrast, DEGs upregulated in RT cells were enriched in terms associated with
proliferation, heterochromatin, actin cytoskeleton, adherens junctions and cell polarity. They also showed an
overrepresentation of genes involved in TGF beta, BMP, and Wnt signaling pathways and genes important for
embryonic development (Table 1).
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Figure 2. RNA-seq analysis of cultures of neonatal RT cells and SCs with the comparison with the data of the other
studies. (a) A heatmap of Pearson correlation coefficients between RT and SC samples. (b) A plot of PCA analysis
showing a cluster of RT cells and a cluster of SCs. (c) A volcano plot of the RNA-seq data. DEGs selected for the further
analysis are highlighted in blue. (d) A histogram of LFC absolute values for genes differentially expressed between

RT cells and SCs. (e,f) Validation of RNA-seq data by RT qPCR in cultures of neonatal RT cells (e) and SCs (f); the
zero line represents mRNA levels in an SC culture (for e) and mRNA levels in an RT cell culture (for f). Data are
presented as the mean + SEM from three independent experiments. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
(g) Comparison of DEGs identified for neonatal, fetal'!, and juvenile? RT cells. (h) Comparison of DEGs identified for
neonatal, fetal'!, and juvenile? SCs. The total numbers of upregulated DEGs in each dataset are presented inside the
circles; the numbers of overlapped DEGs are highlighted in bold; and the percentage of the overlap are presented in
parentheses. The red type labels the numbers of DEGs that are common to all datasets.
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RT cell upregulated DEGs ‘ Fold enrich-ment | No. of genes | SC upregulated DEGs Fold enrich-ment | No. of genes

GO cellular component complete

?5‘(‘;‘:({3552?)‘1“ preinitiation complex 14.44 7 Tight junction (GO:0070160) 3.08 17

Kinetochore (GO:0000776) 2.75 17 Endocytic vesicle (GO:0030139) 2.70 21

Heterochromatin (GO:0000792) 3.28 12 Lysosome (GO:0005764) 2.62 52

SMAD protein complex (GO:0071141) 10.73 4 Late endosome (GO:0005770) 2.57 24

Plasma membrane bounded cell projection Plasma membrane bounded cell projection

(G0O:0120025) (G0O:0120025)
Microvillus (GO:0005902) 3.54 14 Lamellipodium (GO:0030027) 2.63 17
Filopodium (GO:0030175) 3.52 13 Actin-based cell projection (GO:0098858) 2.50 21
Microspike (GO:0044393) 20.12 3 Mitochondrial envelope (GO:0005740) 1.76 50
Lamellipodium (GO:0030027) 271 18 (Cé’ga:gggé%‘g)aini“g extracellular matrix 222 32

Kinesin complex (GO:0005871) 4.38 8

Apicolateral plasma membrane (GO:0016327) 6.95 7

Adherens junction (GO:0005912) 2.79 16

Actin cytoskeleton (GO:0015629) 2.60 49

Collagen-containing extracellular matrix 291 43

(G0O:0062023)

PANTHER GO-slim biological process

(Géycjfggé'g(;;’;)os}’hate metabolic process 13.41 3 Lipid metabolic process (GO:0006629) 2.07 34

?ez‘ﬁ'ziizzz‘('gé{)%%%;‘;%‘;i‘ via break-induced 14.63 6 Glutathione metabolic process (GO:0006749) 6.12 8

DNA replication initiation (GO:0006270) 10.43 7 Response to endogenous stimulus (GO:0009719) 3.15 28

Mitotic cell cycle (GO:0000278) 3.09 31 (Célé‘f%;g;;;gg)nse to hormone stimulus 442 13

Transforming growth factor beta receptor signaling 5.55 6 Reg'ulat'ion of pla§me} membrane bounded cell 3.48 11

pathway (GO:0007179) projection organization (GO:0120035)

BMP signaling pathway (GO:0030509) 4.95 12

Wht signaling pathway (GO:0016055) 4.07 17

Ras protein signal transduction (GO:0007265) 2.76 11

Embryo development (GO:0009790) 3.45 9

Proteoglycan metabolic process (GO:0006029) 5.87 7

Establishment or maintenance of cell polarity 427 7

(GO:0007163)

Actin cytoskeleton organization (GO:0030036) 2.59 28

Plasma mgmbrane bounded cell projection mor- 2.90 19

phogenesis (GO:0120039)

Table 1. Selected terms of GO enrichment analysis of DEGs between neonatal RT cells and neonatal SCs.
*FDR <0.05 for all GO terms.

As we especially focused on the specification of RT cells, we used GO and Panther databases to identify DEGs
with transcription factor (TF) activity (Table 2). Besides Pax8, RT cells exhibited increased expression of Sox17
described in the RT recently®. Emx2 and PbxI participating in embryonic gonad development'®'® as well as
Tbx1, Tbx2, and Tead?2 contributing to formation of various organs?>*! were all increased in an RT cell culture.
Genes for three members of ID family of TFs were also upregulated in RT cells. It was previously reported that
the upregulation of ID TFs dramatically increased SC proliferative activity®.

SCs exhibited increased expression of Dmrt1, Sox9, Statl, and Thra (Table 2). Dmrt1 and Sox9 were shown
to be crucial for maintenance of SC fate*>*, and StatI and Thra were reported to be important regulators of SC
function®>%.

Considering the importance of intercellular communications between RT cells and SCs'?, we also identified
DEGs demonstrating receptor ligand activity (Table 2). Different members of TGFb, FGF and BMP families of
signaling molecules were upregulated in both cell populations. RT cells showed increased expression of Gdf15
previously identified in adult RT cells'?. Genes encoding activin and inhibin subunits were upregulated in SCs.

Manual search of SC upregulated DEGs revealed additional SC specific genes, such as Fshr?’, Dhh?, Ctsl?,
Shbg®, Clu, Gstm6*?, and Cst12%.

Comparative analysis of DEGs between RT cells and SCs of various ages

To examine transcriptomes of RT cells and SCs of different ages we used publicly available data obtained in
other studies. First, we analyzed scRNA-seq data on juvenile (14 dpp) wild-type mice from the study by Uchida
et al.>. We generated Uniform Manifold Approximation and Projection (UMAP) plot with 18 cell clusters
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Term

Cell type | Gene names

(PC00218)

DNA-binding transcription factor activity (GO:0003700), transcription factor Poutfl, Zfp101, Zfp651, Hmga2, Hoxb8, Rarb, Hey2, Twist1, Tcf4, Hoxd8, Gm14403,

68: Aebpl, Id3, Pax8, Etv4, Litaf, Tbx2, Jun, 1d1, Tead2, Nfix, Peg3, Smad3, Emx2,
Tbx1, Arnt2, Patzl, Nfib, Cebpb, Pbx1, Sox17, E2f8, Atoh8, Smad6, Zfp422, Zfp57,
RT cells Plscr2, Id4, Smad5, Nr2f2, Zfp623, Plagll, Hoxb7, Mybl2, Sall2, Mycn, Meis2, Sox11,
Tshzl, Mxd3, Tcf711, Meis1, Pbx3, Nr2f1, Maf, Zbtb8a, Zfp467, Tfcp21, Irf5, Tead3,

Lefl, Glis3, Zfp618, Hoxb6, Zbtb8b, Zfp9, Nr0b2, Hoxc6

45: Creb3, Dmrtl, Sox9, Statl, Gprasp2, Cebpd, Stat3, Stat6, Thra, Zmym3, EIf2,
Kif4, Gprasp1, Jade3, Junb, Nr1d1, Ddit3, Nfkb2, Brpf3, Csrnp1, Mef2c, Tgifl, Osr1,
Jadel, Arid3c, Atf6, Zfp239, Elfl, Fosl1, Zbtb43, Nr4al, Foxql, Foxsl, Egrl, KIf9,
Atf3, Relb, KIf5, Dbp, Mxd1, Meis3, Npas4, Sox6, Fos, Crebl2

SCs

receptor ligand activity (GO:0048018), intercellular signal molecule (PC00207) Egfl7, Slit2, Wnt5b, Gdfi1, DIkl

40: Gdf15, Tgfb2, Ptn, Gas6, S100a4, Stc2, Tmpo, Tgfb3, Nbl1, Fgf18, Hmgb2,
Rcan2, Mdk, Bmp4, Bmp6, Fbn2, Sfrp2, Fgf9, Sema3f, Adm, Tnfsf13, Hbegf, Osginl,

RTcells | yri50, Watd, Gdfes, Cxcl16, Cdct2ep2, 1134, Cx3ell, Cel2, 1116, Nrgl, Ilirm, Efnad,

17: Timp1, Sema6c, Lgals3, Ednl, Pdzd2, Sema5a, Tnfsf12, Sema3d, Fgf13, Lif, Crif2,

SCs Inhba, Osgin2, Bmp2, Tgfbl, Inha, Wnt6

Table 2. Selected DEGs between neonatal RT cells and neonatal SCs classified according to GO molecular
function complete database and Panther Protein Class database. DEGs are listed in order of decreasing mean
RPKM value. DEGs mentioned in the text are highlighted in bold.

(Supplementary Fig. S3) and identified clusters of RT cells and SCs using the same criteria as in the original
study?. Specifically, clusters 2, 3, 11, and 14 highly expressed Sox9. Cells from clusters 2, 3, and 11 were defined
as SCs. Cluster 14 which also exhibited increased expression levels of Pax8, Cdhl and Krt8, was defined as an
RT cell cluster (Supplementary Fig. S3). Further analysis identified 1791 genes differentially expressed between
RT cells and SCs with Padj value <0.05 (Supplementary Data).

We also used scRNA-seq data on fetal mice from the study by Mayeére et al.''. In this case, DEGs between fetal
RT cells (XY late supporting-like cells) and fetal SCs had already been identified by the authors!!.

Next, we performed pairwise comparisons of DEG lists obtained for fetal'!, neonatal (the current study), and
juvenile cells®. The results are presented as Venn diagrams (Fig. 2g,h). The lists of overlapped DEGs can be found
in Supplementary Data. As it is shown in Fig. 2g,h, 86 DEGs upregulated in RT cells and 79 DEGs upregulated
in SCs are common for all three datasets, which means that these DEGs are permanently differentially expressed
between RT cells and SCs throughout testis development and in culture.

As we suggest that cell lineage markers and key genes for the specification of both RT cells and SCs may be
among these DEGs, we examined the DEG products using the Panther Protein Class database (Table 3). A non-
coding RNA Meg3 from the list of RT upregulated DEGs was excluded from the analysis. The same was done to
Gm14226 from the SC list as it encoded a viral or transposable element protein. As many as 18 DEGs out of 85
DEGs in the RT list encoded TFs such as PAX8, EMX2, PBX1, ID, and TEAD2 (Table 3). However, only Dmrt1
and Mef2c encoded TFs in the SC list. Mef2c was not previously described in SCs whereas Dmrt1 was identified
as a crucial factor in SC fate maintenance, as it was mentioned above. Our immunofluorescence data confirmed
the higher level of DMRT1 expression in SCs compared with that in RT cells (Fig. 1e, inset). Genes of transcrip-
tion cofactors Citedl and Cited2 were also permanently upregulated in SCs with Cited2 known to be involved
in embryonic testis development®.

As opposed to the situation with TFs, 23 out of 78 DEGs in the SC list encoded enzymes (PC00262 and
PC00260) whereas only 8 DEGs in the RT list were enzyme genes (Table 3). SC enzymes included GSTM6 and
GSTM7, CTSL, and 6 ubiquitin-protein ligases, whereas ALDH1A3, which was responsible for the synthesis of
all-trans retinoic acid®, was present in the RT list.

A considerable number of DEGs permanently upregulated in RT cells encoded proteins involved in cell sign-
aling such as growth factors TGFB2, 3 and BMP4 and transmembrane signal receptors FGFR2 and KDR. Genes
encoding intercellular signal molecules SEMA6C, DHH and INHA and a transmembrane receptor AXL were
permanently upregulated in SCs (Table 3, PC00207 and PC00197). In both DEG lists there were genes associated
with intracellular signaling through small GTPases with Cdc42ep3, Arhgap42, Dicl, and Slit3 upregulated in RT
cells and Rab31, Rnd2, and Cdc42sel upregulated in SCs (Table 3, PC00095, PC00226). Genes encoding specific
microtubule-associated proteins TUBB3 and DYNLT1A (PC00085), calcium-binding proteins, chaperones (CLU,
HSPB1), and proteins related to mitochondrion function were present in the SC list. Genes encoding proteins
related to extracellular matrix and cell adhesion, such as BCAM, PODXL, and 5 protease inhibitors (PC00095),
were present in the RT list (Table 3).

A manual search of published articles showed that 50 DEGs from the SC list and 17 DEGs from the RT list
were previously described in SC lineage (Table 3, references for Table 3 can be found in Supplementary Refer-
ences), however the functional significance of many of them in the testis was not defined. The SC list from the
current study also strongly corresponded to the gene list from the study utilizing the RiboTag approach to identify
SC genes that were actively translated®.

Considering that a crucial TF DMRT1 was one of the only two TFs in the SC list, we conducted an additional
comparative analysis using two recent studies on the mechanisms of DMRT1 action. One of them performed
bulk RNA-seq to examine the changes in the transcriptome of cultured granulosa cells after DMRT1 activation®’.
The other study utilized the same method for identifying the differences in gene expression between neonatal
SCs isolated from mice homozygous and heterozygous for a Dmrt1 null mutation®. We used the lists of DEGs
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RT cells (85 DEGs)

\ SCs (78 DEGs)

Transcription factor (TF, PC00218) and cofactor (PC00217)

18 TFs: homeodomain TFs Pax8, Emx2 ', Pbx1 %, Meis2, MeisI; zinc finger TFs Peg3, Nr2f2, Tshzl, Nr2fI;
bHLH TF Tcf4 3; basic leucine zipper TFs Jun *, Maf; other TFs Id3 °, Id1 °, Tead2, Nfib, 1d4 °, Smad5 ©
3 cofactors: Zfp503*, Greb1* 7, Ssbp2*

2 TFs: Dmrt1 8, Mef2c
3 cofactors: Cited2 ®, Cited1 '°, Basp1* '

Chromatin/chromatin-binding, or -regulatory protein (PC00077)

1: Cbx6

‘ 3: Sin3b '°!, histone demethylases Phf8, Kdm7a

Intercellular signal molecule (PC00207)

7: Tgfb2 2, Ptn, T¢fb3, BMP antagonist Nbl1*; Mdk, Bmp4, Rarres2*

‘ 4: Sema6c, Dhh* %, Inha '*'*, Wnt6

Transmembrane signal receptor (PC00197)

6: Fgfr2 ', Il6st, Kdr 7, coreceptor NrpI*, G-protein coupled receptor Gprc5c; Epha4

‘ 2: AxI '8, Plxncl *°

Cytoskeletal protein (PC00085)

7: Myl9, Crip2, Ezr °, Myh10, Palm*, Nav2*, Pdlim2

‘ 5: Arpclb ', Tubb3 '°2, Dynlitla *, Myo7a **, Wipf3*

Protein-binding activity modulator (PC00095)

9: protease inhibitors Timp2 %, Fstl1, Igfbp4, Serpinfl, Igfbp5; Ccndl ¥, Rho GTPase-activating proteins

Arhgap42, Dicl; Slit3*

5: small GTPases Rab31, Rnd2, cysteine proteinase inhibitor Cst12*
1028, Cdc42sel*, heterotrimeric G-protein Gngl2

Scaffold/adaptor protein (PC00226)

8: Tspan3, Sorbs2 %, Mical2, Spryl, Cdc42ep3, Mpdz, Tspan13, Sh3kbpl

2: Eps8 %, Tulp2 *!

Metabolite interconversion enzyme (PC00262)

4: dehydrogenase Aldhla3, transaminase Bcatl, phosphodiesterase Gdpd2, catalase Cygb*

15: oxidoreductases Mel, Akr1b8, Akr1b3'°, Akrlcl %, Cox7al;
transferases Gstmé6 %, Gatm ', Gstm7 ', Bcat2, Nmt2, Etnk2 1%,
St3gal4; decarboxylase Uxsl, hydrolase Trmem86a*, ligase Acsbgl

Protein modifying enzyme (PC00260)

4: protease Aebpl, phosphatases Dusp5 and Ptpn13; ubiquitin-protein ligase Zmiz1

8: cysteine protease Ctsl 1%, ubiquitin-protein ligases RnfI81,
Trim47, Dtna, Fbxol17, Colgaltl, Zdhhc2; kinase Pak3 *

Transporter (PC00227)

5: Tmem176b*, Tmem176a*, Slc48al, Fxydl, Atp8al

‘ 6: Slc45a4, Tmem184a %, Ttyh1 '°%%, Slc4a2 *°, Fxyd6 '°, Slco3al *°

Membrane traffic protein (PC00150)

2: Sorll, Golgi protein Scoc*

| 3: Vapa ¥, Clth *, Reep1 ©

Transfer/carrier protein (PC00219)

1: Apoe *

‘ 1: Shbg* *°

Defense/immunity protein (PC00090)

2: Ifitm2, Pltp

3: Lsr, Defb19 %, Defb36 10+

cell adhesion molecule (PC00069) 3: Bcam, Podxl, Ncam1

chaperone (PC00072) 2: Clu* 'Y, Hspb1 *

extracellular matrix protein (PC00102)

1: Fbn2

calcium-binding protein (PC00060)
3: Efhd2 '°, Stim1* ***°, Unc13b*

RNA metabolism protein (PC00031)
1: Rbms3

mitochondrion function
3: Chchd10* '°, Chchd2* '°, Nudt19*

Unclear function (unclassified)

3: Ctxnl, Evalb, Nrep

8: Bex4°', Bex2 °, Wsb2%2, Aard >, AU015836 ', Syap1, Mro
10‘54,55) Trankl 56

Table 3. Classification of DEGs permanently upregulated in RT cells and SCs according to the Panther Protein
Class database. *Manually classified DEGs. The list of references is in Supplementary Data. The references

cite studies that reported expression of a gene in the SC lineage or in seminiferous tubules/testis cords. Bold
type labels DEGs in the RT list that could be downregulated by DMRT1 and DEGs in the SC list that could be
upregulated by DMRT1 (according to*”**). DEGs are listed in order of decreasing mean RPKM value.

that could be upregulated or downregulated by DMRT1 according to these studies, combined them, excluded
contradictory genes that exhibited opposed dynamics, and compared with the lists of RT and SC permanently
upregulated genes (Supplementary Data). It was found that DMRT1 could downregulate 31 DEGs from the
RT list and upregulate 45 DEGs from the SC list including transcriptional regulators MEf2c, Cited1, and Basp1l
(Table 3, DMRT1 candidate targets were highlighted in bold).

Expression of RT and SC genes in adult testicular cultures

To examine if the lists of RT and SC permanently upregulated genes were appropriate for the adult cells, we
compared mRNA levels of selected genes in cultures of adult RT cells and SCs using RT qPCR. Establishment
of a pure culture of adult RT cells was described above (Fig. 1h-1). For an adult SC culture, we used a method
developed in the study by Saewu et al.** which was based on serial enzymatic digestions. In our hands, the SC
number, identified by WT1, SOX9 and DMRT1 staining, was 64.8 +6.4% on day 8 (Fig. 3a), and the main admix-
ture was peritubular myoid cells (Fig. 3b). Germ cells were present in the culture at first, but they were gradually
removed during medium replacements. So, only a few germ cells, identified by DDX4 staining (Fig. 3¢, arrow),
and a small amount of germ cell debris (Fig. 3a,d) remained on day 8. According to RT qPCR, markers of germ,
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Figure 3. Characterization of an adult SC culture and confirmation of the RT and SC gene lists using adult

cell cultures. (a-c) Immunofluorescent staining of an adult SC culture on day 8 for WT1 (a), for ACTA2 and
SOX9 (b), and for DDX4 and DMRT1 (c). Images were stitched from several adjacent fields of view. An arrow
in (c) points to a germ cell. (d) Morphological appearance of an adult SC culture. (¢) mRNA levels of markers
of different testicular cell populations in an adult SC culture relative to that in adult testicular tissue (the zero
line). (f) mRNA levels of genes from the RT list in an adult RT cell culture relative to that in an adult SC culture
(the zero line). (g) mRNA levels of genes from the SC list in an adult SC culture relative to that in an adult RT
cell culture (the zero line). Data in (e-g) are presented as the mean + SEM from three independent experiments.
*p<0.05, *p<0.01, **p <0.001, ***p <0.0001. Scale bars: 100 pum.

Leydig, and endothelial cells were expressed at lower levels compared with those in testicular tissue, whereas a
myoid cell marker Myhl1 was slightly upregulated (Fig. 3e).

Despite the fact that the culture lengths of neonatal and adult cells were different, all of the selected genes
from the RT list were strongly upregulated in an adult RT culture compared with an adult SC culture (Fig. 3f).
We also measured the expressions of TF genes TbxI and Tbx2. They were not included in the RT list, but Tbx1
was upregulated in juvenile RT cells?, Tbx2 was elevated in fetal RT cells!, and both of them were increased in
neonatal and adult RT cells. So, we suggested that they might be important regulators of RT function. Selected
genes from the SC list were upregulated in an adult SC culture compared with an adult culture of RT cells,
although for two of them, Baspl and Tubb3, the increase was statistically insignificant (Fig. 3g). Similarly to
RNA-seq data, the genes from the RT list exhibited higher expression fold changes than the genes from the SC list.

These results suggest that at least some of the genes from the lists of RT and SC permanently upregulated
genes are valid for adult cells and also for prolonged culture.
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Discussion

In our previous report'’, we used RT cell cultures that also contained peritubular myoid cells and SCs, with the
numbers of these cells being especially high in neonatal RT cell cultures. That hindered the interpretation of
the experiments and the culture propagation. In the current study, we developed a procedure for establishing a
pure culture of RT cells. Specifically, we used FACS to sort CDH1" cell fraction from a testicular cell suspension.
Applying this approach, we verified our previous results, according to which a substantial number of RT cells
express TF DMRT1, which was earlier observed only in SCs and germ cells*.

Next, we employed pure cultures of neonatal RT cells and SCs'® to compare their gene expression by bulk
RNA-seq. A general view of RNA-seq data (Fig. 2¢,d) showed that a considerable number of DEGs upregulated
in RT cells exhibited great values of expression fold change, which suggested that these genes were expressed in
SCs at extremely low levels. As opposed to that, fold change values tended to be lower for DEGs upregulated in
SCs. On the one hand, this could reflect the presence of at least two subpopulations of RT cells, one of which is
more similar to SCs. On the other hand, this could indicate that RT cells express many SC genes at some basic
level, while the phenotype and function of RT cells are mainly determined by specific RT genes.

Functional enrichment analysis of the DEGs showed that genes upregulated in neonatal SCs indicated enrich-
ment in GO terms related to tight junctions, lipid and glutathione metabolism, and mitochondria, which were
all consistent with SC functions in the testis*'. Enrichment in terms associated with the endocytic pathway
could point to the transformation of the cell membrane during SC differentiation that occurs postnatally*.
DEGs upregulated in neonatal RT cells indicated enrichment in terms related to proliferation, cell polarity, and
actin cytoskeleton, which characterized RT cells as highly proliferating epithelial cells. RT upregulated DEGs
were also strongly enriched in terms of various signaling pathways and in the term embryo development, which
could indicate that some morphogenetic processes occur in the RT cell population. Figure 4 shows a graphic
interpretation of the results of the functional analysis.

It was shown earlier'? that RT cells express WT1, SOX9, DMRT1, and AMH, which are all often used as SC
markers. PAX8, CDH1, and KRT8 were reported to be RT cell markers'>!4, although two of them, CDH1 and
KRT8, were demonstrated to gradually disappear from cultured RT cells'?. scRNA-seq analyses of fetal and
juvenile testes revealed some additional genes upregulated in RT cells, such as Ncam1, Tbx2, and Ennp2 for fetal
cells'! and Sox17 for juvenile cells’. Microarray analysis of adult testes identified that various signaling factors,
such as Fgf9, Bmp4, Notchl, and Wnt, are upregulated in the RT epithelium'. However, it was unclear if all these
genes were constantly upregulated in the RT during fetal and postnatal development or if they remained in RT
cells in culture. So, there was a shortage of reliable universal markers for distinguishing these two cell populations.

A comparative analysis of DEGs between RT cells and SCs of different ages, both in vivo and in vitro, could
address the issue. There are studies examining only the SC transcriptome?**¢, but they are not suitable for
comparison to RT cells. There is a study that performed scRNAseq analysis on all testicular cells throughout
the perinatal period*’. However, it was not designed to specifically examine the RT cell population, which is
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Figure 4. A schematic picture illustrating the differences between RT cells and SCs. Numbers in circles refer to
selected terms of the functional analysis of DEGs between neonatal RT cells and SCs. 1—adherens junction, 2—
DNA replication, 3—extracellular matrix, 4—actin cytoskeleton, 5—tight junction, 6—mitochondrion, 7—lipid
metabolism, 8—endocytic pathway. Proteins encoded by some permanent DEGs from Table 3 are shown.
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extremely small and needs special efforts to study. As far as we know, there are only two studies>!! examining
the transcriptome of mouse RT cells using scRNAseq, which may be suitable for our comparative purposes.

So, in this study, we used scRNAseq datasets from one study examining juvenile testes? and DEGs between
RT cells and SCs from another study examining fetal testes'!, and we compared these data with our list of DEGs
between neonatal cultures of RT cells and SCs. As a result, we generated lists of DEGs permanently upregulated
in each cell population throughout testis development and in culture (Table 3, Fig. 4). We also showed using RT
qPCR that at least some of these DEGs are valid for adult cultures of RT cells and SCs.

We suggest that some of these genes may become new markers for distinguishing between RT cells and SCs.
However, caution needs to be taken with SCs from the transition region between seminiferous tubules and the
RT (the Sertoli valve), which appears in testes from the juvenile stage onwards. For example, it was reported that
Fgfr2 from the RT list was expressed not only in the RT but also in the Sertoli valve'.

Examination of DEGs permanently upregulated in RT cells revealed various TFs (Table 3), which could
participate in the specification of the RT cell population. DmrtI was one of the only two TF genes permanently
upregulated in SCs. According to the studies on DMRT1 function®”*, a substantial number of RT and SC perma-
nently upregulated genes could be regulated by DMRT1 (Table 3). So, DMRT1 may contribute to the differences
between these two cell populations.

In summary, in the current study, we performed a comparative analysis of DEGs between RT cells and SCs
obtained from mice of various ages. For this purpose, we used our original data and the results of previous
studies>!!. We generated lists of DEGs permanently upregulated in each cell population throughout testis devel-
opment and in culture. We suggest that some of these genes could be used as cell population markers. We also
hypothesize that these genes participate in RT and SC specification.

Methods

Animals

C57Bl/6 ] mice were purchased from the “Stolbovaya” breeding center of the Scientific Centre of Biomedi-
cal Technologies (Russia) and bred in the institutional animal facility to obtain 5-6 dpp male pups and adult
2-4-month-old male mice. The animals were housed in accordance with the European Convention for the Pro-
tection of Vertebrate Animals, and all the experiments were approved by the Animal Care and Use Committee
of the Koltzov Institute of Developmental Biology RAS.

Testicular cell isolation

For neonatal cell isolation testes from 13 to 17 pups were harvested and each testis was cut into a smaller RT
region and a larger seminiferous tubule (ST) region, which were further digested separately. Testis fragments
were then decapsulated, dissected and digested in 1 ml of collagenase type IV (1 mg/mL, Worthington) and
DNase I (0.1 mg/mL, Sigma) in DMEM/F12 medium with penicillin/streptomycin at 37 °C on an orbital shaker
(210 rpm) for 30 min. The tubes with testis fragments were accurately shaken to obtain separate tubules, which
were then washed in Hanks’ Balanced Salt Solution (HBSS) and centrifuged at 30 g for 1 min to remove interstitial
cells. Next, the testis fragments were incubated in 1 mL of collagenase, DNase I and hyaluronidase I-S (2 mg/
mL; Sigma) twice, for 30 min and 1 h, under the same conditions. The tubules were washed and centrifuged at
30 g for 1 min between the digestions. After the third digestion, the fragments were dissociated into single cells
by repeated pipetting, then were passed through a 40 pm cell strainer and centrifuged at 500xg for 5 min. The
pellets were resuspended in DMEM/F12 medium with 2% fetal bovine serum (FBS), penicillin/streptomycin,
sodium pyruvate, and 0.1 mg/ml DNase I (a sorting medium). The yields were 0.9-1.8 x 10° cells/testis for RT
regions and 3 x 10° cells/testis for ST regions.

For adult cell isolation testes from 3 mice were divided into RT and ST regions. Adult RT cells were obtained
from RT regions using the procedure described above with 2-ml volume of enzyme solutions. The cell yield was
8-11x10° cells/testis. Adult SCs were obtained from ST regions according to the method described in the study
by Saewu et al.*? with 5-ml volume of enzyme solutions and with the yield of 7.5 x 10° cells/testis.

Cell staining and FACS

Testicular cells from pup ST and RT regions and from adult RT regions were adjusted to a concentration of
107 cells/ml in the sorting medium. Cells from RT regions were incubated with PE-conjugated rat IgG1, kappa
antibody against CDH1 (10 pg/mL, Biolegend, # 147304) in the dark for 45 min on an orbital shaker (210 rpm).
Cells from pup ST regions were stained with PE-conjugated rat IgG2a, kappa antibody against PDGFRA (6.7 ug/
mL, Biolegend, # 135905) under the same conditions. PE-conjugated rat IgG1, kappa antibody (10 ug/mL, Bio-
legend, # 147304) and PE-conjugated rat IgG2a, kappa antibody (6.7 pg/mL, Biolegend, # 400507) were used as
isotype controls respectively. Finally, the stained cells were washed by centrifugation at 500xg for 5 min. FACS
was performed using a BioRad S3e Cell Sorter. FACS data were analyzed using Cytospec software (http://www.
cyto.purdue.edu/Purdue_software).

Cell cultures

Sorted cells were plated in Matrigel-coated culture plates at a concentration of 1.1 x 10* cells/cm? for CDH1" cell
fraction from pup RT regions, 1.6 x 10* cells/cm?* for CDH1* fraction from adult RT regions, and 7 x 10* cells/
cm? for PDGFRA" fraction from pup ST regions. Cells were cultured in DMEM/F12 medium with 1% FBS,
alanyl-glutamine, sodium pyruvate, insulin-transferrin selenium (ITS), penicillin/streptomycin, 10 mM Y-27632
(Abcam), 0.5 mM A-83-01 (Sigma), and 3 mM CHIR99021 (Sigma). Adult SCs were plated in Matrigel-coated
plates at a concentration of 2.3 x 10° cells/cm* in DMEM/F12 serum-free medium with alanyl-glutamine, sodium
pyruvate, ITS, penicillin/streptomycin, and epidermal growth factor (2.5 ng/mL). Pup cells were cultured for
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3 days without medium change. Adult cells were grown for 8 days with the medium changed every other day.
All cells were maintained at 37 °C under 5% CO, atmosphere.

Immunofluorescence and cell counting

For cell staining, pup cells were grown in 96-well culture plates, and 4-well plates were used for adult cells. Culture
samples were fixed in 4% paraformaldehyde (PFA) for 10 min, washed in PBS, then blocked and permeabilized
with 3% bovine serum albumin (BSA), 0.1% Tween 20 and 0.5% Triton X-100 for 30 min at 37 °C. Primary anti-
bodies against PAX8 (1:300, rabbit, Thermo Fisher Sci, # MA5-32382), SOX9 (1:400, rabbit, Millipore, # AB5535),
WT1 (1:200, rabbit, Abcam, # ab89901), and vimentin (1:5000, chicken, Thermo Fisher Sci, # PA1-10003) were
applied overnight at 4 °C. Primary antibodies against DMRT1 (1:50, mouse, Santa Cruz, # sc-377167), DDX4
(1:100, rabbit, Abcam, # ab13840) and ACTA2 (1:50, rabbit, Abcam, # ab5694) were applied for 1 h at 37 °C.
After washing, samples were incubated with corresponding secondary antibodies conjugated with Alexa Fluor
fluorophores (Thermo Fisher Sci, 1:500) for 30 min at 37 °C. Cell nuclei were co-stained with DAPI. Samples
were imaged on a Leica Thunder microscope. Samples stained without primary antibodies showed no positive
signal. For ACTAZ2 staining, cells were first stained for a nuclear antigen, imaged and then re-stained for ACTA2
and re-imaged. Subtraction of the nuclear staining from the second set of images was performed in CellProfiler.

The numbers of positively stained cells were counted using CellProfiler with 1.3-5 x 10° cells analyzed for
each pup sample and 1.1-1.9 x 10° cells analyzed for each adult sample. Cells from 3 to 5 independent cultures
were counted for each experiment. Data were presented as mean +s.e.m.

For whole-mount staining, RT regions of 6 dpp testes were carefully decapsulated, fixed in 4% PFA for 30 min
at 4 °C and processed through a staining procedure as described earlier*. Samples were incubated in a mixture of
PE-conjugated CDH1 antibody (1:20) and PAX8 primary antibody (1:100) for 72 h at 4 °C. After 24-h washing,
samples were incubated with AF 488-conjugated anti-rabbit antibody (1:500, Thermo Fisher Sci, # A-21206) and
DRAQS5 (1:500, Thermo Fisher Sci) overnight at 4 °C and then washed. Samples were imaged on a Zeiss LSM 880
confocal microscope. Samples stained with isotype control antibodies showed no positive signal.

mRNA sequencing and bioinformatics analysis

RNA sequencing of RT and SC culture samples obtained from pup testes in three independent experiments was
performed by Evrogen (Moscow, Russia). Cells grown on one well of a 6-well culture plate were used for each
sample. Total RNA was extracted using ExtractRNA kit (Evrogen) and was treated with duplex-specific nuclease
(Evrogen). The RNA quality was checked by agarose gel electrophoresis. Poly(A) enrichment of the total RNA,
cDNA synthesis and preparation of cDNA libraries were performed using TruSeq mRNA Stranded (Illumina).
The libraries were sequenced on Illumina NovaSeq 6000 generating from 82 to 105 million 100 bp single-end
reads for each sample. FASTQ files were obtained using bcl2fastq v2.20 Conversion Software (Illumina). Reads
were trimmed using Trim Galore and Cutadapt® and assessed for quality with FastQC. HiSat2 algorithm*
was used to map reads to the GRCm38 genome, and RSeQC*” was used to control the alignment quality. Read
summarization was performed using FeatureCounts v.2.0.1*%. The EdgeR R-package v.3.42.4* was used for the
data normalization and differential expression analysis as follows: calcNormFactors function (RLE algorithm)
was used to normalize read counts, estimateDisp, glmFit, and glmLRT functions were used for identification of
DEGs between RT cells and SCs with FDR<0.05 and |LFC|> 1 significance threshold. RPKM values were also
obtained by using EdgeR.

For scRNA-seq data analysis, a data set was mined from NCBI GEO database (https://www.ncbi.nlm.nih.
gov/geo/). The GSE190043 dataset contained scRNA-seq data of the 14 dpp cells located at the proximal part of
the testis®. The data were processed with parameters described in? using Seurat v4.3.0 R package®. Clusters 2, 3,
and 11 were annotated as wild-type SCs, cluster 14 was annotated as wild-type RT cells. DEGs between SCs and
RT cells were filtered out with threshold of Padj<0.05.

Functional enrichment analysis and protein classification

Lists of DEGs were analyzed with PANTHER classification system (https://pantherdb.org). Gene Ontology
(released 2023-05-10) and PANTHER (version 17.0, released 2022-02-22) databases were used for the enrich-
ment analysis and for classification of DEGs. Overrepresentation Test (released 20230705) tool was selected,
and Fisher’s exact test with FDR correction was performed. Hierarchy sort was applied to examine and select
annotation terms.

Total RNA isolation and RT qPCR

Cells from one well of a 6-well culture plate were used for RNA isolation. Total RNA was extracted using TRIzol
reagent (Thermo Fisher Sci). cDNA was synthesized by a MMLV RT kit (Evrogen, Russia), and RT qPCR was
performed in triplicates using SYBR green qPCRmix-HS with ROX (Evrogen) on a StepOnePlus Real-Time
PCR System (Applied Biosystems). PCR amplification conditions were as follows: 45 cycles of 95 °C for 15 s,
60 °C for 30 s. Primer sequences (Supplementary Table) were obtained from PrimerBank (https://pga.mgh.harva
rd.edu/primerbank), and primers were ordered from Evrogen. Hprt was used as a reference gene to calculate
ACt values. Fold changes of gene expression were calculated using the 2 — AACt method. Data were presented
as mean *s.e.m of three independent experiments. Statistical significance was determined by a nonparametric
Mann-Whitney U test.

Data availability
All relevant data are within the paper and its Supplementary Data files. Bulk RNA-seq data are available through
the GEO database with accession number GSE242442.
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