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Summary

Klinefelter syndrome (KS), also known as 47, XXY, is characterized by a distinct set of physiological abnormalities, commonly including
infertility. The molecular basis for Klinefelter-related infertility is still unclear, largely because of the cellular complexity of the testis and
the intricate endocrine and paracrine signaling that regulates spermatogenesis. Here, we demonstrate an analysis framework for dissect-
ing human testis pathology that uses comparative analysis of single-cell RNA-sequencing data from the biopsies of 12 human donors. By
comparing donors from a range of ages and forms of infertility, we generate gene expression signatures that characterize normal testic-
ular function and distinguish clinically distinct forms of male infertility. Unexpectedly, we identified a subpopulation of Sertoli cells
within multiple individuals with KS that lack transcription from the XIST locus, and the consequence of this is increased X-linked
gene expression compared to all other KS cell populations. By systematic assessment of known cell signaling pathways, we identify
72 pathways potentially active in testis, dozens of which appear upregulated in KS. Altogether our data support a model of pathogenic
changes in interstitial cells cascading from loss of X inactivation in pubertal Sertoli cells and nominate dosage-sensitive factors secreted
by Sertoli cells that may contribute to the process. Our findings demonstrate the value of comparative patient analysis in mapping ge-
netic mechanisms of disease and identify an epigenetic phenomenon in KS Sertoli cells that may prove important for understanding

causes of infertility and sex chromosome evolution.
Introduction

Klinefelter syndrome (KS) (47, XXY) has an incidence rate
of 1 in 650 male births." There are several clinical manifes-
tations of KS pathology, which include spermatogenic fail-
ure, endocrine dysregulation, and neuropsychological,
cognitive, behavioral, and executive function impairment,
as well as increased morbidity and mortality." Although KS
was first described in 1942, the precise molecular mecha-
nisms that cause infertility in KS are still unclear.”* KS is
also the most commonly recognized genetic cause of
male infertility. Male infertility is often characterized by
the failure of producing viable sperm, and although there
are several clinically recognized causes, the majority of
cases remain idiopathic.> Some of the features of KS pa-
thology are shared by other forms of male infertility and
gonadal disruption, such as idiopathic non-obstructive
azoospermia (NOA) (e.g., MIM: 258150), cryptorchidism
(MIM: 219050), and hypogonadotropic hypogonadism
(e.g., MIM: 308700). These features include elevated levels
of follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH), degeneration of germ cells, Leydig cell hyper-
plasia, and thickening of the walls of the seminiferous

tubules. The fact that these changes are shared among
different disease conditions with very distinct etiology in-
dicates that these are most likely secondary consequences
and not indicative of the primary causes. One feature fairly
specific to KS is fibrosis and hyalinization of the seminifer-
ous tubules. While these major histological changes are
rarely observed in older fertile adults, in KS-affected indi-
viduals, the onset is at puberty and can quickly involve
the entire testis.>® During this process, Sertoli cells (SCs)
and germ cells are completely lost, replaced by extensive
deposition of collagen and other extracellular matrix
(ECM) components. In the late 1960s and early 1970s,
Freland and Skakkebaek identified two distinct classes of
tubules in histology from KS donors, which they classified
as type A and type B.””” These two types differ in the
appearance and organization of SCs: type A tubules are
characterized by “differentiated” SCs with normal organi-
zation and type B tubules contain what are described as
“immature” SCs, oftentimes strongly disorganized. In
advanced stages of KS histopathology, the tubular walls
completely degenerate. The extent of tubule degeneration
observed in adult KS-affected individuals is variable, and
in some cases, relatively normal tubules supporting
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spermatogenesis can be observed mixed among degenerat-
ing ones. The cell type(s) responsible for initiating this pro-
cess are unclear, as are the molecular mediators.

The majority of genetic studies of testis'*"'* and infer-
tility'*~'° have focused on bulk transcriptomics, which
mask the complexity of the various cell types that exist
in the testis. Recent studies of KS have attempted to address
this with cellularity-matched control samples,'*'® but
standard analysis methods are still sensitive to quantita-
tive, albeit smaller, differences in cell-type proportions
among samples with this approach, and bulk RNA
sequencing (RNA-seq) obscures contributions from rare
cell populations. These studies identified hundreds of
genes with expression changes in KS testis; however, there
was limited overlap among identified gene sets, making it
difficult to interpret the molecular pathology of KS.
Although it is thought the extra X chromosome of KS cells
must be the root cause, analyses to date have indicated that
all KS cells experience X chromosome inactivation (XCI).
In theory, XCI should erase the dosage imbalance of
X-linked genes. Thus, many mechanistic theories have
focused on either the role of X-linked genes that escape
epigenetic silencing or the more general problems that
may occur in cells that have whole-chromosome aneu-
ploidy (e.g., as a result of cellular responses to aneuploidy).
Emerging single-cell RNA-seq (scRNA-seq) methods have
enabled the quantitative characterization of cell popula-
tions within the testis and can clearly contribute new in-
sights into the pathologic mechanisms of KS. Pioneering
scRNA-seq studies of KS have emerged in the past year,
hinting at a special role for the Sertoli cell in KS pathol-
ogy,'”"'? but insights have been limited by the small
number of donors and suitable analysis tools. An scRNA-
seq framework is needed to delineate the role of the X chro-
mosome in KS and separate expression changes that are
general responses to spermatogenic impairment versus
causes of KS-specific pathology.

Here, we describe an approach based on joint analysis of
multiple scRNA-seq datasets and demonstrate the poten-
tial of this approach to improve identification and inter-
pretation of individual-specific defects in KS and idio-
pathic infertility. To dissect the pathological biology in
KS, we combined and analyzed 26,300 single-cell tran-
scriptomes derived from the testis of 12 carefully selected
donors, chosen to allow us to isolate expression changes
that are attributes of the specific defects of KS versus
changes that are general hallmarks of defects in spermato-
genesis and endocrine dysfunction. Our primary analysis
framework is called sparse decomposition of arrays (SDA),
a matrix factorization method that we find very useful
for summarizing large, multi-donor scRNA-seq data into
manageable sets of co-regulated genes, known as SDA com-
ponents. We have recently shown the value of SDA in in-
terpreting testis pathology in mice,”® and herein we
expand on its application by showing utility in humans.
First, we describe the landscape of gene expression in our
human testis atlas through the lens of SDA components

and then identify KS-specific components that provide
insight into KS-specific pathology. Our results highlight
specific cells, pathways, and even individual genes that
are likely to contribute to KS pathology. Finally, we
describe and validate the surprising discovery that X chro-
mosomes in SCs of KS donors lose XIST expression during
postpubertal development, apparently leading to “X-reac-
tivation” in these cells. We describe how our findings could
fit together to explain a cascade of cause and effect that
leads to some of the distinct features of KS that have eluded
explanation until now. Along with this publication, we
provide a web-based interface to our dataset—the Human
Infertility Single-cell Transcription Atlas (HISTA)—with
many features for exploring these data and results (web
resources).

Material and methods

scRNA-seq experiments

Human testis biopsies were obtained from five affected individ-
uals, with written consent, through the University of Utah Androl-
ogy laboratory (IRB approved protocol #00075836). Samples were
obtained by testicular biopsy of 1-2 mm of tissue. The biopsy sam-
ples include one idiopathic azoospermic individual (INF1), two
Klinefelter syndrome-affected individuals (KS1 and KS2), and
one individual with secondary infertility treated as a control
(CNT-U4). Three adult control samples (CNT-U1, CNT-U2, CNT-
U3) were obtained from three cadaveric donors provided by Inter-
mountain Donor Service, from which we took samples of ~2 cm
X 2 cm in size. Each sample was prepared and sequenced as a sepa-
rate library (10x Genomics single-cell 3’ gene expression library
prep v.2). About 300 M total reads were sequenced from each li-
brary with either an Illumina Nova-seq 150 x 150 pair end (KS2)
or [llumina Hi-seq 2500 at 125 x 125 pair end (all other samples).
Raw sequencing data were processed with the CellRanger software
package with default settings prior to further analysis.

Published data

We obtained published data for three additional adult control in-
dividuals (CNT-H1, CNT-H2, CNT-H3) from GEO (GEO:
GSE109037), which were prepared on the 10X Genomics Chro-
mium platform, processed with CellRanger, and aligned to the Hu-
man reference genome NCBI build 38 (GRCh38). Two juvenile
samples (JUV1 and JUV2; ~1,500 cells total) were downloaded
from GEO (GEO: GSE120506), and they were also sequenced by
10x Genomics and processed with CellRanger (v.1.2.1) with the
STAR aligner to the GRCh38 reference. These juvenile samples,
described previously,'> were obtained from 13-month-old
deceased donors. Published digital gene expression matrices
(DGEs) for additional KS donors, generated by 10X library
sequencing, were downloaded from GEO (GEO: GSE130151 and
GSE149512); for comparison equivalency in validating sections
of our results, five control samples and three infertile azoospermic
samples were acquired in addition to the three KS donors of the
GSE149512 dataset.

Data integration and pre-processing
Unique molecular identifier (UMI) count matrices were merged
with Seurat as a starting point for all other analyses and storage
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of all metadata and processed data.”! For “conventional” analyses
with the Seurat package, our quality control (QC) process was to
remove cells with more than 150,000 total UMI count, less than
200 total UMI count, or more than half of their reads mapping
to mitochondrial genes; starting from 26,751 cells, we retained
26,300. For SDA analyses of our QC process, we used DropSim
(data and code availability), removing cells with fewer than
1,000 genes, reducing the total cells that enter SDA (and related
downstream analyses) to 26,093.

Sparse decomposition of arrays (SDA) analysis

We performed SDA runs over a range of component numbers (20,
50, 100, 150, 200) and found, for this data, that 150 components
optimally captures both normal and pathological signals of the
testis scRNA-seq amalgam dataset at hand. We ran SDA with
26,300 cells until convergence (i.e., plateau observed in free en-
ergy, starting at O and increasing per iteration), and maximum it-
erations was set to 10,000. By comparing cell-scoring patterns
across available replicates, in addition to functional assessment
of the gene loadings, components were manually labeled as
“batch” or “biological.” As a QC filter, we removed components
that only identified a single cell (singleton) or components with
an outlier (>95th percentile) as the “max-score.” Note that SDA
components have arbitrary signs and must be interpreted through
the combination of gene and cell signs. Gene loadings and cell
scores with concordant signs result in a positive expression contri-
bution from a component, whereas discordant signs result in
negative contribution. Finally, we constructed a new gene by cell
matrix, DGEgp,, by taking the dot-product of the gene loading
and cell score matrices after removing the unwanted components.
To perform differential expression (DE) analysis on this new
DGEgpa, we used Seurat as intended for standard pipeline analysis.
SDA imputation can result in small but negative values, which
were adjusted to O prior to analysis.

SDA component “fingerprint” heatmap

We used a reduced subset of the SDA cell score matrix, removing
the noise-associated components, to enumerate the number of
cells that score positive or negative per component. These cell
counts were tabled against the experimental condition and then
normalized for the number of cells contributed by each condition.
Next, we ran a chi-square test on the cell-contribution-normalized
count table to obtain Pearson’s residuals. The residuals represent
both magnitude and direction of enrichment or depletion, and
we transformed them by the inverse-sine transform (arcsinh) to
balance the range of the residuals prior to plotting them as a heat-
map; the components on the x axis can be ordered by hierarchical
clustering or binned by the cell type that the components map to.
One utility of this heatmap is to provide a barcode-like identifier
for each condition, showing similarity between the affected indi-
viduals and control individuals. Furthermore, it can be used to
navigate the SDA components to identify co-regulated gene signa-
tures of both pathological and normal origins. Because of the
“soft-clustering” nature of SDA, these enrichments or deficits not
only highlight particular cell types that can be achieved by clinical
phenotyping but also enumerate the cells at the scope of gene
regulation.

Differential expression (DE) analysis
To broadly identify canonical cell types of the testis, we performed
DE analysis for cell type identification on the normalized expres-

sion data. This was done with the Seurat library of functions;>'
specifically, we utilized the FindAllMarkers function with parame-
ters suited for picking marker genes (min.pct > 0.6, logFC.thresh >
1, min.diff.pct > 0.3), combining runs from two separate tests
(Wilcoxon and MAST). For all other DE analyses, we utilized the
DGEspa matrix with the same Seurat set of tools and methods.
For each cell type DE analysis, we first filtered for those cells and
reprocessed the new Seurat object to obtain new cell-type-specific
analyses, including top variable gene identification and dimen-
sionality reduction (principal-component analysis [PCA], t-distrib-
uted stochastic neighbor embedding [tSNE], UMAP). This enabled
us to identify DE genes and discriminate the subclusters of each
cell type. In analyses where Seurat’s integration was used, such
as during validation, formal DE was performed on the RNA assay
as recommended by the original authors.

Generation and analysis of integrated cell set

In order to validate and replicate signals derived from the original
SDA analysis, we created a larger, “integrated” dataset consisting of
additional samples from two studies published during the course
of the project.'®'? First, we annotated the cell types in these
new datasets by performing label transfer with the Seurat package,
using our original amalgam dataset as the reference. Next, we per-
formed a manual QC to optimally capture the cell types of interest,
such as Leydig cells (LCs) and SCs. Each sample underwent QC,
normalization, and variable feature identification independently.
Cells with fewer than 700 or more than 5,000 genes read were
removed. Additionally, cells with more than 20,000 reads were
removed. We then performed one integration for all of the samples
by using the Seurat functions FindIntegrationAnchors and Inte-
grateData with the canonical correlation analysis (CCA) reduc-
tion. The integrated data then underwent the usual Seurat pipeline
and other analyses described in the methods. We performed pseu-
dotime analysis on this newly integrated dataset by using
Monocle.?” We assigned each post-QC single-cell library a score re-
flecting the expression of genes correlated with cell-cycle stage by
using the Seurat function CellCycleScoring. CellCycleScoring re-
quires a list of genes with known expression values across the
cell cycle, which were obtained from published results.** For the
LC analyses, we removed CNT-H2 because of low LC count, as
well as the two JUV samples.

Analysis of expressed genetic variation on the X
chromosome

In order to characterize X chromosome copy number in the sSCRNA-
seq data, we screened X-linked transcripts for evidence of heterozy-
gous genotypes. This analysis required read-level data from the
original BAM files for various samples; in addition to the files gener-
ated by this study, Hermann et al. was available publicly (GEO:
GSE109037), and the data from Laurentino et al. was provided
directly by the authors. We used Samtools to sort and index the
X-chromosome-subsetted BAM files.”* We used Subset-bam to
create new BAM files consisting of all reads coming from either
LCs or SCs. Potential PCR duplicates were removed via samtool’s
rmdup function. Next, we used bcftools mpileup to identify the
variant loci.>® To clean up the variant calls, we retained variants
in exonic regions of the X chromosome (hg38-gencode34 gene
models) and excluded variants in pseudogenes, segmental duplica-
tions, pseudo-autosomal region 1 (PAR1) (GRCh38:1:278147),
pseudo-autosomal region 2 (PAR2) (155701383:156030895), and
X-transposed regions (88981596:93141104). The four possible
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genotype calls (alt/ref, alt/alt, ref/ref, and no call) were then tabu-
lated in the downstream analyses contrasting genotype frequencies
among donors, conditions, and cell types.

Cell-cell communication analysis

Inference of cell-cell signaling activity was performed with Cell-
Chat, an R package for inference of cell signaling via scRNA-seq
data.?® CellChat uses a database of known receptor-ligand interac-
tions to first select cell signaling genes with differential expression
among cell groups in the input data. The resulting gene list is then
used for identification of pairs of cell types that show expression
patterns suggestive of intercellular communication, and the signif-
icance of the expression pattern is assessed by permutation test.
The probability of intercellular communication is described in
this study as the “amount of signaling activity” between two cell
types. Analysis was performed according to default settings, except
in the case of computeCommunProb, where the population.size
option was set to “FALSE.”

Histology: Hematoxylin and eosin (H&E), fluorescence

in situ hybridization (FISH), and immunofluorescence
(IF)

All histology images were acquired in an Olympus VS§120 bright
field and fluorescent slide scanner equipped with DAPI, EGFP,
Cy3, CyS, and Cy?7 filters with a 40X (numerical aperature 0.95;
0.17 um/pixel) objective or in a Leica SPS AOBS multi-spectral
confocal microscope equipped with five excitation lasers (405,
458, 476, 488, 514, 561, 594, and 633 nm) with a 40x (HCX PL
APO lambda blue/40.0 x 1.25 Oil/UV) objective.

H&E

For H&E staining, deparaffinized and rehydrated 5 mm sections
were incubated in hematoxylin for 3 min and rinsed with running
tap water for 5 min. Afterward, the sections were dipped in acid
alcohol (0.5% v/v hydrochloric acid in 70% ethanol), washed
with distilled H,O, and incubated in eosin (Poly Scientific, cat#
176) for 30 s. The sections were dehydrated before mounting
with Histomount (National Diagnostics, cat# 12954910).

FISH

Paraffin blocks of donor tissue from normal human endometrium
and testis, as well as from testis biopsies of individuals with XXY
karyotype, were obtained from the Oregon Health and Science
University Biolibrary. Japanese macaque testis was collected at
the Oregon National Primate Research Center from a scheduled
necropsy. Tissue was fixed in 4% paraformaldehyde overnight,
washed in 1x PBS, dehydrated in a series of ethanol, and
embedded in paraffin. Unless otherwise stated, we used two adja-
cent 5 um paraffin sections per slide (with and without probe in-
cubation). All assays were performed using the RNAscope Multi-
plex Fluorescent Reagent Kit v.2 and ancillary products, with 1 h
of slide baking time and 15 min of both protease plus treatment
and target antigen retrieval. Details about reagents and concentra-
tions used can be found in Table S1.

For the detection of XIST (MIM: 314670), three adjacent tissue
sections were used per slide: (1) for FISH, (2) for IF, and (3) for nega-
tive control probe and no primary control. We used endometrium
tissue, which has XX karyotype and XIST+ cells, as a positive con-
trol to validate the use of the mRNA probe. FISH was performed
following the RNAscope Multiplex Fluorescent Reagent Kit v.2
Assay protocol (document 323100-USM) and probe was visualized
with Opal 650. Instead of counterstaining with DAPI, slides were
rinsed in deionized water (diH,O) for immunofluorescence. In

brief, slides were incubated in blocking solution (10% normal
donkey serum, 1% BSA, 1x PBS) for 15 min, in primary antibody
for 1 h, in secondary antibody for 20 min, and in 1 ung/mL Hoechst
33342 for 5 min. These incubations were performed at 37°C in a
humid chamber in the HybEZ oven (HybEZ II Hybridization Sys-
tem; Advanced Cell Diagnostics, cat# 321711). To stain the bound-
aries of the seminiferous tubules, we used an antibody against
Actin Alpha 2—ACTA2—and detected it with a secondary conju-
gated with Alexa Fluor 594. Antibodies were diluted in PBST
(0.1% BSA, 0.05% Tween 20, 1x PBS).

Leydig cell mRNA markers INSL3 (MIM: 146738), DLK1 (MIM:
176290), and SHROOM2 (MIM: 300103) were detected in multi-
plex following the RNAscope Multiplex Fluorescent Reagent Kit
v.2 Assay protocol (document 323100-USM) with Opal 520,
Opal 570, and Opal 650, respectively, for probe visualization.
PPIB (C3 of 3-plex positive control probe) and DapB probes were
used in a control slide as positive and negative control, respec-
tively, and visualized with Opal 620.

MKI67 (MIM: 176741) and INSL3 mRNAs were detected in
multiplex following the RNAscope Multiplex Fluorescent v.2 Assay
combined with immunofluorescence protocol (document MK 51-
150) with Opal 570 and Opal 650, respectively, for probe visualiza-
tion. PPIB (C3 of 3-plex positive control probe) and DapB probes
were used in a control slide as positive and negative control,
respectively, and visualized with Opal 620. Additionally, the no
probe adjacent section on the test slide was used as a negative
control.

IF

To confirm Sertoli cell identity of the cells inside the tubules with
different XIST expression, we stained sections of the same sample
for SOX9 (SC marker in testis) by immunofluorescence. Tissue was
deparaffinized in xylene and rehydrated through a series of
decreasing concentrations of ethanol. Tissue was permeabilized
in 0.1% Triton X-100 (in 1x PBS), heat-induced antigen retrieval
was performed in Universal Antigen Retrieval Reagent, and the
sample was incubated in blocking solution (10% normal donkey
serum, 1% BSA, 1x PBS). Primary antibodies were incubated over-
night at 4°C, secondary antibodies were incubated for 1 h at room
temperature, and tissue was counterstained with 1 ung/mL Hoechst
33342.

Image analysis of XIST
Images were processed via Fiji (Image]J 1.53¢).%” Regions of interest
(ROIs) for tubule boundaries were manually defined with the
ACTA2 image, combined, and aligned to the adjacent section
with the XIST probe. The background was removed from the im-
ages (rolling ball: 50 px) of XIST and nuclei channels, which
were then processed in individual ImageJ scripts. In brief, we
pre-processed the nuclei image with contrast-limited adaptive his-
togram equalization (CLAHE) and median filtering to improve
quality and remove noise, following the recommendations of
Win et al.”® Nuclei within each tubule ROI were then segmented
with Otsu’s threshold” followed by watershed and particle detec-
tion. On the XIST channel, we used a difference of Gaussians filter
to improve local contrast and detection of small punctate signal
and performed Otsu’s threshold followed by watershed and parti-
cle detection. Tables were obtained, containing an entry for each
particle detected, which summarized the area, XY centroid, and
tubule identification number.

Data tables generated by the Image] scripts were analyzed in the
R programming language. To compare XIST expression in two
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different classes of tubules (thin and thick), we counted nuclei and
RNA spots per tubule and plotted its ratio. We performed analysis
of variance (ANOVA) to evaluate the statistical significance of dif-
ferences in XIST expression resulting from tubule type.

Results

For this study, we generated testis sCRNA-seq data from two
individuals with KS (KS1 and KS2) and two individuals
with other forms of infertility (INF1 and INF2) and com-
bined these with published data from adult control indi-
viduals (CNTs) and two juveniles (JUVs) with normal sper-
matogenesis (Figure 1A; Table S2; material and methods).
Subject INF1 was diagnosed with idiopathic NOA, whereas
subject INF2 was diagnosed with retrograde oligozoosper-
mia with secondary infertility because of ejaculatory
dysfunction (INF2). All individuals were subject to a full
andrological workup, and we were also able to perform
testis histology on CNTU1-U3 and KS1 (Table S2;
Figure S1; material and methods). LH and FSH were highly
elevated for KS1, KS2, and INF1, whereas hormone levels
were in the normal range for INF2. INF1 and INF2 were pre-
viously exome sequenced as part of GEMINI, a large cohort
study to identify novel genetic causes of male infertility,
and no convincing diagnostic variants were identified in
this donor (L.N., K.I.A., and D.EC., unpublished data).
For the purposes of this study, we considered INF2 as a con-
trol individual for normal testis function and combined
this sample with other control samples. Importantly, five
of the individuals (CNTH1-H3, JUV1-2) were sequenced
as part of two prior projects, some by a different
laboratory.''*” Strong batch effects were apparent when
we simply combined these published data with our
scRNA-seq (Figure 1B). We constructed an analysis pipeline
to identify and remove these batch effects prior to down-
stream analysis (Figure 1B, Figure S2, Figure S3; material
and methods). We also used a more traditional approach
of hard clustering and DE analysis to provide additional
annotation of the data (Figure 1C).

SDA enables identification and interpretation of
individual-specific pathology

In brief, SDA*! identifies co-regulated genes in the context
of specific cells, not limited by cell type boundaries, repre-
sented as the gene-loading and the cell-score matrices,
respectively (see additional details in Figure 2A; material
and methods). SDA is a model-based method used for
decomposition of a matrix of cell-by-gene expression
data into components. Each component is defined by
two vectors: one quantifies which genes are active in that
component (the “gene loadings”) and the other quantifies
the relative activity of the component in each cell (the “cell
scores”). We found some accessory information to be
essential for component interpretation, summarized in
cartoon form in Figure 2B. Using SDA, we factorized the
combined 12-donor scRNA-seq expression matrix into

150 components (supplemental note, Table S3). We pro-
vide the full SDA dataset and the accessory data for compo-
nent inspection in our interactive web tool HISTA, avail-
able online (web resources).

Of the retained 75 SDA components, 37 of the cell
scores were enriched for germ cells, 33 were enriched for
somatic cells, and five were enriched for mixed cell-type
components (Figure 2C). Judging from the distribution
of cell scores across donors, the majority of the compo-
nents summarize variation in normal gene expression
programs of healthy cells (Figure 2D). It is of interest to
identify components with individual- or condition-spe-
cific cell scores, as these components may provide infor-
mation about causes and consequences of individual-spe-
cific pathology. Because SDA components are defined at
the level of single cells, the use of SDA is robust to differ-
ences in cellularity between case and control testes, a
problem that has historically plagued analyses of bulk
testis tissue. In our data, 20% of SDA components were
primarily mapping to KS cells, indicating numerous sets
of genes with coordinated expression specific to KS cells.
A much smaller proportion of components were found
specific to INF1 with NOA (3%), and 4% of the compo-
nents seem to be broadly shared among all infertile do-
nors (Figure 2D).

To provide a higher resolution overview of SDA cell
scores across donors and conditions, we devised a simple
statistic to summarize components with unusual distribu-
tions across affected individuals called the cell score resid-
ual (material and methods). The cell score residual indi-
cates donors that have an excess or deficit of cells
loading on each component, compared to random expec-
tation, and can be used to identify patterns related to pa-
thology (Figure 2E). The pattern of residuals across INF2
is similar to adult control individuals (CNTs), consistent
with the fact that INF2 has obstructive azoospermia and
relatively unperturbed testicular function, providing
further justification to consider this donor as a control
for normal spermatogenesis. INF1, KS1, and KS2 are very
similar, consistent with severe spermatogenic impairment
in these individuals. The JUV donors provide further
context by highlighting which components in KS and
INF1 donors may correspond to development defects in so-
matic cells.

Three subtypes of Leydig cells coexist in adults

Leydig cells had eight spatially separate subpopulations ac-
cording to tSNE analysis (Figures 3A and 3B). Three of these
were specific to KS donors, one specific to JUVs, and one
specific to INF1. One common model of human Leydig
cell development defines four distinct types of cells in
the ontogeny of Leydig cells: stem cells, progenitor LCs
(PLCs), immature LCs (ILCs), and mature LCs (MLCs).*?
PLCs, ILCs, and MLCs can be readily identified and distin-
guished by morphology and marker gene expression. We
hypothesized that some of the distinct LC clusters corre-
sponded to these different developmental stages. By
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Construction of a human testis single-cell expression atlas

(A) Pre-processing pipeline: starting with the raw counts, an amalgam digital gene expression (DGE) matrix is produced. Cell-wise and
gene-wise quality control (QC) is performed for removal of aberrant cells and undetected genes (material and methods). DropSim
normalization is performed for correction of transcript-level differences across the cells as well as scaling of the genes. The normalized
DGE matrix is then passed to SDA. The components are then assessed for divergent scoring across replicates (batch) as well as QC filters.
The batch-removed DGE matrix is then used for downstream analysis.

(B) tSNE plots of the SDA cell score matrices before and after batch removal. Colors identify the donors (“before” and “after”) or cell types

(“cell types”).

(C) The frequency of cell types identified across the donors. Abbreviations: CNT prefixes represent control donors; UndiffSg, undiffer-
entiated spermatogonia; DiffSgSct, differentiating spermatogonia and pre-leptotene spermatocytes; meiotic 1, first spermatocyte cluster;
meiotic 2, second spermatocyte cluster; spermatid, round and elongating spermatids; MacM1, M1 macrophages; MacM2, M2

macrophages.

inspecting the expression of known marker genes, we
could clearly assign populations 3, 2, and 7 as PLCs,
ILCs, and MLCs, respectively (Figures 3C and 3D). PLCs,
which express the steroidogenic genes CYP11A1 (MIM:
118485) and HSD3B2 (MIM: 613890), but lack HSD17B6
(MIM: 606623) expression, formed one distinct cluster
with contributions from control, INF1, and KS donors.
MLCs were clearly recognizable as a single subpopulation
with robust expression of LHCGR (MIM: 152790),
numerous elements of the testosterone production
pathway, and the marker INSL3. Essentially all control cells

were assigned to clusters 3, 2, and 7. Cluster 4 is exclusively
juveniles, and all JUV cells were assigned to this popula-
tion. INF1 and KS cells are mixed in with the PLC and
MLC clusters; however, they are largely missing from the
ILC cluster (2). Because of this, we reason that the remain-
ing four clusters (0, 1, 5, and 6) are likely to be ILCs affected
by pathology, and indeed, these clusters express multiple
markers of ILCs such as DLK1, IGF1 (MIM: 147440), and
HSD11B1 (MIM: 600713).

To further confirm the interpretation of these clustering
results, we selected one marker each from clusters 3, 2, and
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(A) SDA is used to decompose the input DGE matrix into cells-by-components (C) and genes-by-components (G) matrices (material and
methods). The number of components is defined by the user, and for this analysis, it is set to 150. After removal of batch-related com-
ponents, we retained 75 components, reflected by new matrices, C' and G'. A batch-corrected DGE matrix was obtained as the dot-prod-
uct of C’' and G/, producing a new matrix, DGEgp,, which was used for all downstream analysis.

(B) Schematic overview of the sources of information used to interpret each SDA component.

(C) Distribution of cellular expression patterns for all retained SDA components.

(D) Distribution of the primary source of cells loading on each SDA component.

(E) Heatmap of cell score residuals for each component, stratified by donor and sorted by cell type. Strong positive residuals reflect an
excess of cells with loading on a particular SDA component, while negative reflects the converse. Small variations around O are expected

due to chance.

7 for experimental validation by RNA FISH with healthy
control tissue. For cluster 3 (PLCs), we selected SHROOM2,
a poorly characterized gene that we predicted to have high
specificity for PLCs; for cluster 2 (ILCs), we selected DLK1,
and for cluster 3 (MLCs), we selected INSL3. We obtained
clear and crisp staining for all three markers from human
testis. SHROOM2 appeared as a bright, punctate nuclear
signal within peritubular cells, interstitial cells, and rarely,
within spermatogonia (Figure 3E). SHROOMZ2+ nuclei from
peritubular cells were flattened, elongated, and regularly

spaced around the tubules (Figure 3E). SHROOM2+ peri-
tubular cells were also apparent in similar numbers and
configuration within the testis of Macaca fuscata
(Figure S4). Multiplex staining for SHROOM2, DLK1, and
INSL3 produced positive signal in at least half of interstitial
cells, the majority of which were positive for only a single
probe, suggesting that PLCs, ILCs, and MLCs co-exist in
adult testis. Cells positive for only one of each marker
were observed in close proximity within the same intersti-
tial space (Figures 3E and 3F). Occasionally double-positive
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Figure 3. Three subtypes of Leydig cells coexist in adults

(A) UMAP representation of LC clusters colored by donor type.

(B) UMAP representation of LC subclusters identified by semi-supervised clustering. Each subcluster is labeled with a distinct number.
(C) Expression heatmap of markers used to interpret LC subclustering; row numbers correspond to subcluster labels used in (B). PLCs,
progenitor LCs; ILCs, immature LCs; MLCs, mature LCs.

(D) The same data as shown in (A) and (B) but labeled with inferred LC subtypes.

(E) RNA fluorescent in situ hybridization (FISH) of LC markers in normal adult human testis. (Ei) SHROOM?2 (gray signal), a candidate
marker for PLCs identified from the scRNA-seq data, can be found in cells within the tubules, in peritubular cells, and in interstitial cells.
An example of each type is delimited with a yellow box and magnified (insets). (Eii-Eiv) Expression of INSL3, DLK1, and SHROOM?2 ap-
peared to be mutually exclusive within interstitial space. In (Eiv), however, some double-positive cells were observed, such as these

(legend continued on next page)
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cells were observed, perhaps representing transitional
states (Figures 3E and 3F).

Leydig cell expression patterns are consistent with
differentiation in adults

To further boost the sample size and replicate the signals
observed in our original data, we attempted to integrate
LC data and SC data from two other published studies,'®
19 which adds an additional four KS-affected individuals,
three NOA-affected individuals, and five control individ-
uals (material and methods). The optimal solution we
identified for this integration was not able to preserve dis-
ease-specific clustering, but the three major subpopula-
tions of PLCs, ILCs, and MLCs were readily apparent
(Figures 4A-4C). Because of logistical limitations, this inte-
grated dataset was not used for SDA analysis but strictly for
replicating and clarifying the biological signals identified
in the initial SDA dataset. We distinguish between the
two datasets by using the terms “SDA dataset” (n = 12 do-
nors) and “integrated dataset” (n = 24 donors).

Using the integrated dataset, we found reproducible dif-
ferences in the composition of LC subtypes when
comparing KS to control individuals (Figure 4D; Table
S4). The proportion of ILCs is higher in KS compared to
control individuals (81% versus 69%), while the propor-
tion of both PLCs and MLCs is smaller (18% versus 30%
and 1.1% versus 1.4%, respectively). When considering
just the two datasets with both affected individuals and
control individuals (Zhao and Utah/Mahyari), the propor-
tions estimated for both studies are very similar (Table S4).
Like in KS, the proportion of MLCs appears to be lower in
individuals with NOA compared to control individuals
(0.8% versus 1.4%). However, unlike KS, there was no clear
pattern in the proportion of PLCs and ILCs among NOA
datasets, perhaps reflecting a heterogeneity in disease
mechanisms in NOA that is not present in KS.

Using transcription-based scoring of cell-cycle states, we
categorized all cells in our atlas into one of three cell-cycle
states—G1/GO, G2M, or S phase (material and methods).
Aggregating across all donors, inferred cell-cycle state was
not randomly distributed across the three LC subpopula-
tions (Chi-square = 156, p < 1 x 103?). While 100% of
adult control MLCs were annotated as G1/GO, the propor-
tion dropped to 90% of PLCs and 85% of ILCs (Figure 4E).
Strikingly, these relative proportions were replicated across
the KS and INF/NOA subsets, and there were greater overall
numbers of cells out of G1/GO in KS and INF/NOA
(Figure 4E). Overall, these numbers indicate that LC devel-
opment from PLCs to MLCs may be occurring in adult life
and that the proportion of LCs undergoing division and
differentiation is higher in the testis of men with KS and
idiopathic NOA.

To further confirm these findings, we performed RNA
FISH on healthy adult testis with a probe for MKI67, a
well-known marker of cell proliferation.** MKI67 was pre-
sent in the nuclei of both spermatogonia and interstitial
LCs (Figure 4F, Figure S5). Finally, we performed pseudotime
analysis, a method for ordering a set of developmentally
related cells according to developmental stage (materials
and methods). This analysis ordered the LCs according to
their expected developmental relationship—PLCs, followed
by ILCs, and then MLCs (Figure 4G, Figure S6). Intriguingly,
ILCs spanned the broadest amount of developmental space,
while MLCs spanned the smallest, consistent with a tran-
scriptionally homogeneous post-mitotic cell population.

Leydig cell SDA components capture variation in cellular
development and function

SDA identified ten components with high cell scores from
KS donors: three LC components (36, 85, and 147), two
endothelial cell (EC) components (27 and 100), two im-
mune cell (IC) components (139 and 8), and three compo-
nents affecting multiple cell types (22, 57, and 121). The
KS cells in our data are depleted of SCs and lack germ cells;
as a result, there is less power to detect the gene expression
signatures of these cell types.

Fourteen SDA components demonstrated variable
expression across LC subpopulations (Figure 5). On the ba-
sis of their expression patterns, we subdivided these SDA
components into five groups: PLCs, MLCs, all donors,
KS-specific, and shared by the azoospermic donors (INF1,
KS1, and KS2). The first four groups reflect expression vari-
ation in normal testicular function, while the last two
highlight pathology. These SDA components do not sim-
ply reflect differences in expression across space or time
of genes involved in the same biological processes but
represent distinct sets of genes that are each enriched for
specific functional annotations (Figure S7).

SDA components 57 and 132 highlight genes that are ex-
pressed solely in the PLC subset and genes that are devel-
opmentally regulated during differentiation from PLC to
ILC, respectively. Strikingly, among the top 100 genes
loading on 57, many are genes more typically associated
with fibroblasts and muscle function, such as TAGLN
(MIM: 600818), MYHI1 (MIM: 160745), ACTA2 (MIM:
102620), LMOD1 (MIM: 602715), and ACTN1 (MIM:
102575). This is consistent with a recent finding that un-
differentiated mesenchymal cells pass through a “myofi-
broblast” intermediate during in vitro differentiation to
Leydig cells.>® SDA component 132 indicates that as
PLCs transition to ILCs, they reduce expression of cytoskel-
eton-related proteins and increase expression of many
genes involved in the production of ECM, the complement
pathway, TGF-B signaling, and regulation of inflammatory

DLK1+, INSL3+ cells, which may represent a transitional intermediate between ILCs and MLCs. (Inset) A field from the experimental
negative control (DapB probe). White arrows point to SHROOM2+ cells. White dashed lines mark the approximate location of tubule
limits. Nuclei are stained in blue by Hoechst33342. Scale bars represent 20 pm.

(F) A broader field of the slide used to generate images in (E).
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Figure 4. Additional evidence that three Leydig cell subtypes coexist in adults and are developmentally related

(A) UMAP projection of cells from an integrated LC dataset combining data from three prior studies

111819 with data generated in this

study (material and methods). All analyses described in this figure are based on this integrated dataset.
No obvious batch structure corresponding to publications is apparent in the 2D UMAP projection after integration, although LC sub-

populations corresponding to disease states are lost.

(B) Three primary subpopulations were produced by semi-supervised clustering, corresponding to PLCs, ILCs, and MLCs.

(C) Heatmap of LC marker expression levels from subpopulations defined in (B).

(D) Frequency distribution of LC subtypes found in each donor population. CNT, control (n = 10); KS, Klinefelter syndrome-affected
individuals (n = 5); INFINOA, idiopathic non-obstructive azoospermia-affected individuals (n = 4).

(E) Cell-cycle analysis of LCs. The proportion of cells in G1/GO was tabulated separately for PLCs, ILCs, and MLCs and compared across

conditions.

(F) RNA FISH of MKI67, a marker of cell proliferation, using normal adult human testis. MKI67-positive nuclei (white arrows) were
observed inside tubules and intermingled among INSL3+ interstitial cells, consistent with cell division of LCs in adults.
(G) Pseudotime analysis of LC scRNA-seq data orders cells in a manner consistent with the proposed cell type definitions.

response. SDA component 118 clearly marks the MLC sub-
population; it has LHCGR, INSL3, STAR (MIM: 600617),
and INHA (MIM: 147380) among the highest loading
genes and functional enrichments for categories involving
steroid metabolism and transport (Figure S7).

SDA components 36, 85, and 147 are general indicators
of spermatogenic failure

Because the signals of SDA components 36, 85, and 147
have high cell scores for all donors with spermatogenic fail-
ure but lower scores on the other donor cells, we interpret
these as reflecting expression changes secondary to the
lack of developing germ cells. The basis for these expres-
sion changes should include elevated LH signaling®® but

is likely to include dysregulation of other signaling mech-
anisms. SDA component 147 is highly enriched for genes
involving response to stimulus, including a large number
of immediate early genes important for mediating extracel-
lular signaling: JUN (MIM: 165160), JUNB (MIM: 165161),
FOS ([MIM: 164810), FOSB (MIM: 164772), and IER2. The
transcription factors MAFB (MIM: 608968) and NR2FI
(MIM: 132890) are highly upregulated in the infertile indi-
viduals. Genes with negative loading on SDA component
147 have reduced expression in KS and INF1 ILCs
compared to all other LCs. These are functionally enriched
for genes involved in ECM (BGN [MIM: 301870], TNSI
[MIM: 600076], FBLNS [MIM: 604580], and PRELP [MIM:
601914]) and, interestingly, ossification (DLK1, OMD
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Figure 5.

[MIM: 618926], OSR1 [MIM: 608891], PKDCC [MIM:
614150], and SFRP1 [MIM: 604156]).

Genes that load positively on SDA component 85 are up-
regulated in KS and INF1 ILCs compared to all other LCs.
These are highly enriched for genes involved in the regula-
tion of RNA processing and splicing (CCNL1 [MIM:
613384], DDX17 [MIM: 60849], PNISR [MIM: 616653],
and FUS [MIM: 137070]). As mentioned above, SDA
component 85 is significantly correlated with cell cycle
state and thus may reflect proliferation of LCs that is some-
times observed in cases of spermatogenic failure.*®

SDA components 36 and 22 may identify Leydig cell
response to loss of Sertoli cells

KS is unusual among genetic causes of spermatogenic fail-
ure: beyond the loss of germ cells, it has a very striking
phenotype of tubular degeneration, including loss of SCs
and tubule boundaries, that begins at the onset of pu-
berty.? By including an individual with idiopathic azoo-
spermia in our analysis (INF1), we were able to separate
out signals in LCs that reflect the loss of SCs from those
that reflect loss of germ cells. Two SDA components, 36

SDA cell scores projected on a UMAP map for all SDA components specific to LCs
SDA components are organized by expression pattern into five groups described in the text.

and 22, show strong differential expression between INF1
and KS ILCs.

SDA component 36 represents genes that are inversely
regulated in INF1 and KS ILCs: genes that are positively
loaded in KS are negatively loaded in INF1. Interestingly,
all JUV LC:s also load positively on this component, which
suggests that mature SC-derived signaling may be the
source of modulation of SDA component 36 genes because
mature SCs are absent or depleted from both JUV tubules
and KS tubules (Figure 5). Consistent with this hypothesis,
we noted five secreted signaling factors, RSPO3 (MIM:
610574), IGFBP5 (MIM: 146734), ADM (MIM: 103275),
WEFIKKN2 (MIM: 610895), and INHBA (MIM: 147290), in
the top 15 positively loaded genes of this component,
and we characterize these in more detail below.

Functional annotation of SDA component 22 identified
responses to unfolded/topologically incorrect proteins and
protein refolding, as well as interactions with the immune
system (Figure S7). The positively loaded genes were signif-
icantly enriched for immediate early-response genes. Com-
bined, these results suggested a pathology that results in
inflammation and immune engagement. Among the top
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genes of SDA component 22 was SERPINE1 (MIM: 173360),
which encodes PAI-1, the primary inhibitor of tissue plas-
minogen activator, which was highly upregulated in ILCs
from KS but not INF1. Upregulation of SERPINE] is ex-
pected to block plasmin activity and hence block the
degradation of fibrous ECM components such as fibro-
nectin and laminins.

Expression changes identified by SDA replicate with
additional donors

To confirm the expression changes identified by SDA, we
performed conventional DE analysis on the “integrated”
dataset, which increased the number of individuals with
KS from two to six, the number of individuals with idio-
pathic NOA from one to four, and the number of control
individuals from seven to ten. We confirmed that this
expression signature of genes on component 36 replicated
with the larger set of cases and controls in our “integrated
dataset.” Seventy of the top 100 positive gene loadings on
component 36 were differentially expressed between KS
and NOA (g-value < 0.05); likewise, 68/100 of the top
negative gene loadings were significantly differentially ex-
pressed (Figure S8, Table S5).

Signaling factors specific to KS Sertoli cells are
dysregulated
SCs formed three distinct subpopulations in our global
clustering analysis: one adult population and two clusters
comprised primarily of JUV cells (Figure 6A). We equate
these to the two immature SC subpopulations that we pre-
viously reported, IMM1 and IMM2.*” We identified three
SDA components specific to SCs. SDA component 130 is
expressed in all SCs and consists of classic markers of SC
lineage such as SOX9 (MIM: 608160), AMH (MIM:
600957), INHA, and CLU (MIM: 185430). SDA component
73 distinguishes the two immature subpopulations from
the adult one. SDA component 122 distinguishes IMM2
from IMM1 and adult SCs. Notably, unlike LCs, we didn’t
identify a distinct cluster of KS SCs. To expand the repre-
sentation of this important cell type in our analysis, we
again integrated our data with other published results,
this time by using SCs (material and methods). Subcluster-
ing and pseudotime analysis of this integrated SC dataset
revealed additional subpopulations of cells, largely group-
ed by pubertal state and disease state (Figures 6B and 6C).
When considering only genes expressed in at least 10%
of SCs, DE analysis identified 2,865 genes with at least
1.5-fold change in expression between KS and CNT
(g-value < 0.05, Wilcoxon test). However, 716 (25%) of
these changes can be also identified when comparing
NOA and CNT, indicating that a large fraction of changes
are simply secondary responses to spermatogenic impair-
ment (Figure 6D). Notably, some of the most strongly
downregulated genes in both KS and NOA are genes highly
expressed in meiotic and postmeiotic germ cells (e.g.,
STAG3 [MIM: 608489], SYCP2 [MIM: 604105], PRM1
[MIM: 182880], and PRM2 [MIM: 182890]), indicating

that such transcripts are either naturally found within
SCs or were present as a result of technical artifacts. Six
genes showed very strong upregulation in KS (>16-fold in-
crease) but little or no change in NOA: CTRB1 (MIM:
118890), ENG (MIM: 131195), MRAP (MIM: 609196),
NKAIN4 (MIM: 612873), PLAC9 (MIM: 612857), and
TMSB4X (MIM: 300159). TMSB4X is particularly notable
because thymosin has been shown to stimulate secretion
of GNRH from the hypothalamus.?” In our original SDA
analysis, GNRHI (MIM: 152760) expression was greatly
reduced in KS SCs (p < 2 x 10~'?) compared to CNT, but
levels in INF1 and CNT were indistinguishable (p = 0.13,
Figure S10). However, GNRHI was not included in some
of the datasets used for the “integrated” analysis and
thus we are not able to replicate this signal.

Numerous gene ontology (GO) categories were signifi-
cantly enriched in genes with DE along the KS branch of
SC development (Figure S9). Among the top categories
were RNA-binding and mitochondrial metabolism,
unfolded protein response, and response to stimulus.
Notably, the most significant enrichments were for genes
encoding secreted proteins and proteins localized to extra-
cellular organelles such as exosomes.

We found 43 secreted signaling factors in the full list of
genes differentially expressed between KS and CNT; 39/
43 of these were downregulated in KS compared to control
individuals. The gene with the largest increase, MIF (MIM:
153620), showed a 5-fold increase over control individuals;
this same gene was also highlighted as differentially ex-
pressed in the Zhao et al. study, but we also find evidence
for this change with just the SDA dataset. Among the
downregulated signaling factors were INHBB (MIM:
147390), DHH (MIM: 605423, and KITLG (MIM:
184745); numerous cytokines (CXCL1 [MIM: 155730],
CXCL2 [MIM: 139110], CXCL3 [MIM: 139111], CXCL16
[MIM: 605398], IL1A [MIM: 147760], IL7 [MIM: 146660],
IL13 [MIM: 147683], TNFSF4 [MIM: 603594], and TNFSF9
[MIM: 606182]); and WNTs (WNT3 [MIM: 165330] and
WNTSA [MIM: 164975]).

Twenty-three receptors were identified with significant
expression changes in KS (g-value < 0.05, Wilcoxon test)
but not NOA; 70% were decreases in expression. Among
the receptors with KS-specific downregulation were WNT
receptors (FZD3 [MIM: 606143], FZD4 [MIM: 604579],
and FZD8 [MIM: 606146]), FGF receptors (FGFRI [MIM:
136350], FGFR2 [MIM: 176943], and FGFR3 [MIM:
134934]), and IGF receptors (IGFIR [MIM: 147370] and
IGF2R [MIM: 147280]).

XIST expression is lost in Sertoli cells of postpubertal KS
donors

The long non-coding transcript XIST is involved in XCI
and is normally inactive in XY cells. As expected, XIST
was robustly and consistently expressed in all KS cell pop-
ulations, except, much to our surprise, SCs, where XIST
expression was similar to control levels in all three KS do-
nors (Figure 6E). Projecting XIST expression levels onto
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Figure 6. Analysis of SCs

(A) tSNE plots of the “SDA” dataset, indicating the donor labels for Sertoli cells (SCs), followed by the cell scores for the three SDA com-
ponents with primary loading on SCs.

(B) UMAP summary of SC data from the “integrated” dataset.

(C) Diffusion analysis of data from (B).

(D) Comparison of gene-level expression differences between KS and CNT (y axis) and NOA and CNT (x axis) shows a large fraction of
changes shared by KS and NOA.

(E) Expression of XIST in CNT and KS cell populations.

(F) Position of XIST+ and XIST— SCs in pseudotime trajectories from (C).

(G) Relative expression of all X-linked genes in KS compared to CNT cells. LCs, Leydig cells; SCs, Sertoli cells; Mahyari, ratios calculated
with the “SDA” dataset of two KS donors and six control donors; Zhao, ratios calculated with published]8 data from three KS and five
CNT donors; combo, ratios calculated with the combined Zhao and Mahyari data. Error bars represent 95% confidence intervals.

(H) We performed discovery and genotyping of germline genetic variation by using the RNA-seq reads for all cells annotated as SCs. We
observed a 3-fold increase in the proportion of heterozygous genotype calls from the X chromosome in KS SCs compared to CNT SCs,
consistent with loss of X inactivation in KS SCs. Error bars represent 95% confidence intervals.

(I) Histogram of log2-fold changes comparing expression in XIST— SCs to expression in XIST+ SCs.

(J) Differential expression analysis of XIST+and XIST— cells identified 227 significant genes. When we assessed the distribution of these genes
across all SDA component gene loadings, we found them to be strongly enriched on LC components. The asterisk equals an SDA component
with enrichment for DE genes at p < 0.05 by Fisher’s exact test. Components are ordered and colored by primary cell type of expression.
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the pseudotime graph of KS SCs, we did not observe a sim-
ple correlation with development (Figure 6F). To clarify
whether loss of XIST expression was matched with the ex-
pected increase in expression of X-linked genes, we
compared the proportion of total reads mapping to
X-linked genes between CNT and KS libraries (Figure 6G).
In LCs, a cell type where XIST is robustly expressed in KS
samples, we estimated there was a 1.9% increase in tran-
script abundance of X-linked genes, most likely corre-
sponding to increased expression of genes known to
escape X inactivation.*® In SCs, X-linked expression was
significantly higher (10.5% increase) but still well below
the theoretical expected value of a 100% increase. These
effect estimates showed the same trends when stratifying
the data by study source (LC ratio 0.99-1.05; SC ratio
1.06-1.14; Figure 6G).

One possible explanation for SC-specificloss of XIST'is that
SCs are much more likely to revert to a euploid XY karyotype
in XXY individuals. We tested this explanation by genotyp-
ing single-nucleotide variants (SNVs) in X-linked transcripts
from both KS and control SCs. If the XIST— SCs of KS donors
are euploid, then the rate of heterozygous SNVs inferred
from KS cells should be identical to that from XY cells;
however, we observed a 3-fold excess of heterozygous SNVs
in KS compared to control individuals (Figure 6H). This
suggests that the loss of XIST expression in SCs does not
result from the reversion to a euploid XY karyotype.

While the large majority of SCs in our integrated data
were XIST—, we identified rare XIST+ SCs robustly express-
ing SOX9 and numerous other SC markers. To further un-
derstand possible causes and effects of XIST deactivation,
we performed DE analysis of XIST+ and XIST— cells from
KS donors and identified 276 differentially expressed genes
at a g-value of 0.05 (Table S6). The majority (n = 262) were
autosomal genes. Among X-linked genes, we saw signifi-
cant increases in dosage of FATE1 (MIM: 300450),
LINCO0684, HMGNS5 (MIM: 300385), CITED1 (MIM:
300149), HPRT1 (MIM: 308000), BEX1 (MIM: 300690),
NDUFAI (MIM: 300078), SSR4 (MIM: 300090), and
TCEALS. All of these genes are normally expressed in
SCs, and to our knowledge, none of these genes are known
to escape XCI in normal cells. Curiously, the two genes
most strongly co-expressed with XIST in SCs were COL6A
(MIM: 120220) and NR2F2 (MIM: 107773) (Figure 6l).
The latter is a key interstitial cell marker that we find
broadly expressed in all LCs and peritubular myoid cells
(PMCs). Similarly, a large fraction of the other differentially
expressed genes identified are normally expressed in LC
lineages but not SC lineages (Figure 6]). These results indi-
cate that loss of XIST expression in KS SCs may be related to
problems in cell-fate specification within these cells.

XIST expression is associated with tubule thickness

To validate and further clarify our inferences from scRNA-
seq, we obtained testis tissue from a KS donor not involved
in the original scRNA-seq data generation and character-
ized the frequency and spatial context of XIST+ cells by

using immunofluorescent staining with antibody and
RNA probes (material and methods). The overall appear-
ance of the section reflected clear signs of KS pathology.
We identified numerous “type A” seminiferous tubules
with normal shape and morphology interspersed with
highly abnormal “type B” tubules with extremely thick tu-
bule walls, which are associated with Leydig cell hyperpla-
sia and fibrosis. While there were no clear signs of germ
cells in the tubules examined, the cells that remained
within the tubules were positive for SC marker SOX9+
(Figure 7A). Consistent with the scRNA-seq data, we saw
a much larger number of XIST—, SOX9+ cells than XIST+,
SOX9+ cells. Interestingly, the XIST+ cells were much
more likely to be found in type A tubules compared to
the thick, abnormal type B tubules (p = 0.0024, Figures
7B and 7C). These findings collectively highlight the
altered transcriptional profile and identity of SCs in
abnormal seminiferous tubules in KS.

Signaling pathways are altered in KS
During analysis of SDA components enriched in KS cell
populations, we noted that several ligands and receptors
for cell signaling pathways were among the top differen-
tially expressed genes. Among LCs, RSPO3, IGFBP5, ADM,
WFIKKN2, and INHBA are secreted signaling factors in
the top 15 genes most enriched in KS ILCs compared to
INF1 ILCs (i.e., on SDA component 36) and thus may pro-
vide insights into the specific pathology of KS (Figures 8A-
8C). RSPO3 is a potentiator of WNT signaling (Figure 8B).
Of all the somatic cells in our testis atlas, we found that
SCs were the only cell type to robustly express LGR3
(MIM: 603372) and ZNRF3 (MIM: 612062), encoding the
receptors for RSPO3 (Figure 8A). Control SCs also expressed
a number of other WNT pathway components, including
FZD3, FRZB, and CTNNB1 (MIM: 116806) (Figure 8A).
Further, expression of these WNT signaling components
was essentially abolished in KS SCs; thus, we posit that up-
regulation of RSPO3 in KS LCs may be a response to loss of
some normal output of WNT signaling produced by SCs.

Under normal conditions, IGFBP5 binds to IGF1 and
IGF2 to modulate their signaling activity. However, recent
experimental evidence has demonstrated that overexpres-
sion of IGFBPS increases the expression of pro-fibrotic
genes, including itself, leading to a feed-forward loop
that can trigger or maintain fibrosis in pulmonary tis-
sues.”” ADM binds to CALCR on ECs but has also been
shown to stimulate INHBB secretion from SCs.*’ WFIKKN2
acts as a regulator for a wide variety of growth factors in the
TGF-B superfamily.*! The precise effect of WFIKKN2 inter-
action depends on the target; it can antagonize GDF8 and
GDF11 activity or fine-tune the spatial localization of
BMP2, BMP4, and TGF-B1. INHBA has diverse functions
in the testis, and homodimerizes to form Activin-A, a
powerful stimulator of FSH secretion. The adverse effects
of Activin-A overexpression include fibrosis.**

These five genes were identified by manual inspection of
gene lists. In order to systematically quantify changes in
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Figure 7. XIST— SCs are enriched in tubules with thick walls

(A) Immunofluorescence staining of a KS testis biopsy using antibodies against SOX9, a marker of Sertoli cells, and ACTA2, a smooth
muscle actin highly expressed by peritubular myoid cells that surround the seminiferous tubules. The staining revealed two subpopu-
lations of seminiferous tubules: one with tubule walls of normal thickness (“thin”) and one with thicker walls, perhaps the result of accu-
mulation of ECM components and/or myoid cell hyperplasia (“thick”). Cells within “thin” tubules were SOX9+, confirming their iden-
tity as Sertoli cells. Representative tubules with low, medium, and high XIST expression are highlighted for further analysis.

(B) Adjacent section of the same tissue shown in (A), stained for XIST using an RNA FISH probe. Shown are representative close-ups of
thin tubules, showing Sertoli cells with medium and high XIST expression, as well as a close-up of a thick tubule, showing Sertoli cells
with low XIST expression. The color of the boxes in (A) indicates the spots adjacent to the zoom boxes in (B), which are marked with
corresponding colors. DapB, negative control probe.

(C) We used digital image analysis to quantify the number of XIST+ spots in thin tubules (n = 11 tubules) and thick tubules (n = 19
tubules). XIST+ spot numbers were normalized to the number of nuclei in each tubule. The number of XIST+ spots was higher in
thin tubules compared to thick (p = 0.0024, Wilcoxon test).
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Figure 8. Dissection of intercellular signaling and ECM production in KS testis

(A) We identified five secreted signaling factors in the top 15 genes of SDA component 36, reflecting genes with upregulation in KS LCs
compared to LCs from control individuals and from an individual with idiopathic NOA. Among these was RSPO3, a potentiator of WNT
signaling. Among control cells, the RSPO3 receptors LGR4 and LZNRF3 were only expressed in SCs; expression of these genes and other
downstream targets of the WNT pathway that are normally expressed in SCs are lost in KS SCs.

(legend continued on next page)
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signaling networks in KS cells, we used CellChat*® to infer

autocrine and paracrine signaling network activity among
ECs, PMCs, LCs, and SCs (material and methods). CellChat
provides tools to characterize cell-to-cell signaling from
scRNA-seq data on the basis of a curated database of recep-
tor-ligand interactions. Beginning from a database of 140
signaling pathway families, we identified 62 families that
are likely to be active among the somatic cells that we pro-
filed in normal adult testes (Figure 8D). Using network
mediation analysis, we identified the dominant “sender”
and “receiver” of each signaling pathway. For example,
in the insulin growth factor (IGF) signaling network,
ILCs are the primary “senders” and SCs are the primary “re-
ceivers” (Figure 8E). Interestingly, when considering all
pathways, ECs and PLCs were the dominant senders and
receivers among the six cell types considered here. MLCs
are almost exclusively senders, acting as a terminal
endpoint of LC development unlikely to be directly
affected by changes in other cell types.

Using non-negative matrix factorization, we summa-
rized these 62 signaling pathways into five patterns that
describe the major cell types that are involved in produc-
ing the ligands (“outgoing patterns”) or receptors
(“incoming patterns”) for each pathway (material and
methods). Unique outgoing patterns were mapped to
ECs, ILCs, and SCs, while PLCs, MLCs, and PMCs were
mapped to a single pattern (Figure 8F). Unique incoming
patterns were mapped to ECs and PMCs, while PLCs and
ILCs shared one pattern, as did MLCs and SCs. The specific
pathways associated with each pattern were consistent
with existing knowledge of testicular cell signaling, and,
using the scRNA-seq expression matrix, we were able to
confirm the expected gene expression patterns for the un-
characterized pathways inferred by CellChat.

Next, we performed the same inference of signaling
pathway activity by using the KS scRNA-seq data, this
time identifying 72 pathways active, 16 of which were
not identified in the control data. Comparing the activity
of pathways identified in both KS and control individuals,
we found 47 pathways with greater activity in KS and 32
pathways with lower activity (Figure 8G, Table S7). The

top five upregulated pathways were MK (6.2X increase),
FGF (4.4x), PTN (4x), Activin (2.7x), and PSAP (2.7 x).

Endothelial and Leydig cells may collaborate to drive
fibrosis in KS

Because of the range of LC physiological states detected
across donors, these data are a rich resource for building
models of how ECM is built and modified in the interstitial
space. We assessed the expression patterns of laminins,
collagens, proteoglycans, fibrin, elastin, matrix metallo-
proteinases, and other matricellular proteins to construct
a picture of ECM dynamics in aging and disease (Table
S8, Figure 8H).

Among adult control individuals, LCs are the primary
generators of proteoglycans, expressing 14/21 genes
tested, followed by PMCs (n = 9), SCs (n = 7), and ECs
(n = 5). Intriguingly, of the LCs, PLCs and ILCs seem to
be the predominant producers of proteoglycans; JUVs ex-
pressed only six and MLCs only expressed the activin re-
ceptor TGFBR3 (MIM: 600742) (Table S8). SPOCKI1 (MIM:
602264), whose product is the protease inhibitor testican,
is uniquely expressed only in PLCs, while LUM, encoding
lumican, is specifically expressed in ILCs. Expression of
all three laminin families was detected among the full set
of somatic cells, and LAMA1 (MIM: 150320) was highly
and specifically expressed in SCs (Figure 8H). We also inter-
rogated the 16 major types of collagen (I-XVI) and found
expression of all except II and XI. While there is broad
expression of many collagens across the four primary so-
matic cell types, there is structure to the expression. Specif-
ically, LCs have the highest average expression for 13
collagen genes, ECs and PMCs both have the highest
expression for six genes, and only COL9A1 appears specific
to SCs. The genes FNI (MIM: 135600) and ELN (MIM:
130160), encoding other major components of the ECM,
were robustly expressed in LCs, PMCs, and ECs but not
SCs.

We performed detailed comparisons of expression for
these ECM-related genes between KS and control individ-
uals. Surprisingly, the general trend was for expression of
these genes to be either lower or unchanged in KS with a

(B) RSPO3 interacts with other components of the WNT signaling pathway, some shown in (A), to regulate beta-catenin signaling.

(C) Among the other top signaling factors of SDA component 36 are WFIKKN2, IGFBP5, ADM, and INHBA, which all have expression
that is specific to KS LCs or highly enriched in KS LCs compared to LCs in controls and idiopathic NOA (INF).

(D) Number of significant ligand-receptor pairs identified between pairs of testicular cell types. The color of the edge indicates the cell
type origin of the ligand. Significant autocrine relationships are indicated by a loop that begins and ends at the same node.

(E) Example heatmap showing the importance of each cell type based on network centrality measures of IGF signaling in control cells.
ILCs appear to be the primary secretor of IGF proteins and SCs appear to be the primary receiver on the basis of expression levels of IGF
receptors.

(F) Non-negative matrix factorization (NNMF) was used to organize signaling networks into five patterns of incoming communication
based on co-expression of receptors. Likewise, a separate NNMF analysis was used for organization of outgoing communication into five
patterns on the basis of co-expression of secreted proteins.

(G) Significant signaling pathways were ranked on the basis of their differences in information flow within the inferred networks for
control individuals (CNT) and KS-affected individuals. Pathway labels indicate the condition with greater network activity; green labels
are networks with higher activity in CNT and red labels are networks with higher activity in KS.

(H) A semiquantitative heatmap comparing the expression level of ECM components in KS cell populations against the baseline expres-
sion level in controls. Expressed, expressed at the same level in control and KS donors; higher/lower expression, higher/lower expression
in KS donors compared to controls.
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small number of notable exceptions (Figure 8H). FN1, ELN,
LAMC3 (MIM: 604349), and eight collagen genes
(including COL4A3 [MIM: 120070]) were upregulated in
ECs, while COL4A3 and COL7A1 (MIM: 120120) were up-
regulated in LCs. The overexpression of COL4A3 is of
particular interest, as epitopes of COL4A3 are the antigens
recognized by autoantibodies in the autoimmune disorder
Goodpasture syndrome.** It is well known that in KS, and
other forms of spermatogenic impairment, pathology is
often accompanied by an increase in immune cell numbers
and activity in the interstitium.**

Additional SDA components identify other KS-specific
signatures

For completeness, we briefly mention highlights of SDA
components that load primarily on ECs, PMCs, T cells,
and macrophages (Figure S11). EC SDA components
captured differences in signaling and activation (SDA com-
ponents 31 and 100), between juvenile and adult cells
(SDA component 56), and between arterial and venous
cells (SDA component 27). We identified only one SDA
component clearly marking PMCs, 137, which seems to
indicate KS-specific changes shared by KS1 and KS2 but
not observed in any other donor. The genes PLN (MIM:
172405) and RERGL are good markers for this component;
they have high expression in KS donor cells but low expres-
sion in other donors. PLN regulates the Ca®>" pump in mus-
cle cells, causing changes in contractility and relaxation
upon extracellular signals like epinephrine. There are
seven SDA components loading on immune cell popula-
tions; some of these clearly separate lymphocyte and
myeloid lineages, and some distinguish cells detected in
KS and INF1 from all other donors. The positive gene load-
ings on SDA component 14 clearly identify MHC-II anti-
gen presentation genes of M1 macrophages, while the
negative gene loadings correspond to the M2 alternative-
activation state. Interestingly, the positive scored cells in
this component are the KS and INF1 samples, whereas
the negative scored cells are CNT. It is likely this differen-
tial explains the extra stress on the cells of the testis system
that forces a polarization of the macrophages to deal with
the inflammation and wound healing common among the
pathologies. Finally, we identified one SDA component,
50, that, on the basis of GO enrichment and gene loadings,
may mark a cell population that has not been described in
prior human testis cell atlases (Figure S11). There are 119
cells in this population, which are primarily detected in
KS donors. The existence of this cluster as a distinct cell
population will need experimental verification to clarify
whether this population exists in normal tissues, reflects
a pathological state, or is a technical artifact.

Discussion

KS was first recognized as a chromosomal disorder in
1957.*° As the oldest known genetic form of male infer-

tility, it has been a paradigm for the male infertility com-
munity, leading to decades of research that has very care-
fully described the timing and nature of physiological
changes in XXY males but has yet to provide a conclusive
causal molecular mechanism of infertility. Here, we have
combined scRNA-seq with new statistical methods to iden-
tify cell populations, pathways, and individual genes that
are likely to be important pieces in the pathology of KS.
We demonstrated that our approach was useful for identi-
fying numerous sets of genes with expression patterns spe-
cific to men with idiopathic NOA, men with KS, or both.
We wish to highlight that, while it is certain that the KS-
and NOA-affected individuals differ in their X chromo-
some counts, there is likely to be heterogeneity in the
pathology of the NOA-affected individuals that will influ-
ence our ability to reliably define expression changes
specific to KS. Future analysis of this type will benefit
from using NOA case definitions based on etiology and
not phenotype, which in turn should lead to more repro-
ducible conclusions. It is likely that a comparative
approach such as the one pursued here will be useful for
dissecting pathogenic mechanisms in complex tissues
affected by other heterogeneous genetic disorders.

The key finding of our work may be the surprising obser-
vation that XIST expression is lost in the SCs of postpuber-
tal KS-affected individuals. We validated that this loss of
expression appears to be functional, and X-linked genes
show a concomitant increase in expression. Interestingly,
we estimated that loss of XIST expression only leads to a
11%-14% increase in expression output from the X chro-
mosome in SCs, much less than the theoretical increase
of 100%. This is consistent with prior observations in fe-
male mice lacking XIST, where the increase in X-linked
expression was in the range of 14%-36%, findings that
have been attributed to an as-yet-undescribed backup sys-
tem for dosage compensation.*® Our observations are
consistent with old histological data that SCs of type A tu-
bules invariably lacked Barr bodies, indicating no XClI,
while type B tubules could contain a mixture of Barr-
body-positive and -negative SCs.” Curiously, the relatively
straightforward interpretation of the Barr body data as
informative about XCI in KS does not appear to have
been pursued in the past.

We found that XIST+ SCs ectopically express numerous
autosomal genes that are primarily found in LCs. Taken
together, these results add to a growing number of observa-
tions that define the unusual epigenetic plasticity of SCs.
Conditional deletion of the transcription factor DMRT1
(MIM: 602424) from adult SCs causes them to transform
to granulosa cells, the female analog of SCs.*” Conditional
deletion of the transcription factor WT1 (MIM: 607102)
from embryonic SCs leads to a phenotype similar to fetal
Leydig cells, and complete loss of seminiferous tubules,
producing testis histology that is reminiscent of KS.***’
The fact that X chromosome copy number influences the
epigenetic state of the SC but not other cells of the testis
presents an interesting puzzle and suggests that X
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chromosome inactivation and sex determination may
have a shared evolutionary history with the differentiation
program of somatic cells of the gonads.

These results bring clarification to the cell types that are
involved in KS pathology and what the temporal sequence
of events might be. SCs are likely to be the key cell type
involved in initiating the testis pathology of KS. Loss of
XIST expression in SCs may be triggered by changes in
the endocrine environment at puberty, perhaps in
response to increased testosterone production from LCs
or another diffusible signal. Loss of SC function and differ-
entiation status could explain defects in germ cell develop-
ment simply by loss of one or more of the numerous SC
processes that are essential for spermatogenesis. De-differ-
entiation or trans-differentiation caused by changes in
X-linked gene dosage could be disastrous in the context
of testis homeostasis. Testicular cell types re-use the same
signaling pathways multiple times at different stages of
development.”’ Primary defects in the SC, including loss
of expected signals or gain of unexpected signals, would
in turn stimulate secondary changes in expression from
interstitial cells, such as those reflected in the SDA compo-
nents 22 and 36. Expression programs that are upregulated
in the interstitium could lead to local increased production
of ECM components by interstitial cells attempting to fos-
ter SC maturation and/or assembly of the tubules. This is
consistent with the finding of an increase of XIST— SCs
in thick tubules compared to thin, as increased KS tubule
thickness has been shown to reflect the accumulation of
the ECM components fibronectin, collagen I, and collagen
IV.>! This interpretation of KS pathology is largely ignoring
the role of germ cells, largely because we have so few germ
cells to study from the KS donors in our study and, thus,
little idea of gene expression changes in such cells. It is
certainly possible that there are primary causes of KS that
occur in XXY germ cells that are currently invisible to us;
such events would presumably either directly or indirectly
lead to germ loss, either by cell-autonomous effects or
through SC dysfunction.

The model of KS pathology that we favor invokes the
concept of reciprocal, direct communication between SCs
and LCs, ECs, and perhaps other interstitial cell types, medi-
ated by diffusible factors in the testis, or at least indirect
communication that is confined to the testis. Relatively lit-
tle research has been done to identify diffusible signals from
SCs to LCs, but there is evidence that such signals may
exist.’” Experiments that have applied treatments to a sin-
gle testis, or even individual seminiferous tubules, found
effects on LCs that were too locally restricted to be mediated
by systemic changes in LH abundance.”*>> We saw
numerous genes related to WNT signaling pathways down-
regulated in KS SCs compared to control SCs (e.g., Figures
8A-8C). Curiously, in a recent scRNA-seq of KS testis, the
authors concluded that the WNT pathway was upregulated
in individuals affected by idiopathic NOA, and they
found that treating SCs from individuals with NOA with a
WNT inhibitor helped promote SC development and

function.'® Our analysis of genes with strong expression
changes in KS SCs, but not INF1 SCs, identified GNRHI as
a possible candidate that may be an important signaling
factor between SCs and LCs responsible for maintaining
testis homeostasis because of both changes in GNRHI
expression directly and very strong upregulation of the
X-linked gene TMSB4X, whose product has been shown
to stimulate secretion of GNRH from the hypothalamus.*’
High-affinity GNRH receptors exist on LCs,”® and stimula-
tion of LCs with GNRH leads to downregulation of these re-
ceptors®” and inhibition of testosterone production.** More
work is needed to pick up these old research threads and
better clarify the nature and function of the factors that
mediate intercellular communication in the testis.

More broadly, cell-cell signaling is an essential aspect of
testis homeostasis, and imbalances in signaling most likely
contribute to disease in other forms of spermatogenic
impairment as well. We were able to highlight several
strongly dysregulated pathways with clear involvement
of specific cell types, but our results suggest that the overall
picture is quite complex, as 62 distinct signaling pathways
were detected in our data from normal testis, and much
more work is needed to understand these signaling path-
ways. One urgent need is to provide more background
data on stimulus-response experiments where cultured pri-
mary cells are exposed to known ligands and then assayed
for expression response. Co-culture and organoid systems
will also be useful. Analysis methods that are capable of as-
sessing the impact of quantitative changes in signaling ac-
tivity also need to be developed. Emerging methods for
spatial analysis of transcription could be of great value
for further dissection of KS pathology by transforming
the observation of signaling between cell types into an
observation of signaling between cell states and contexts.

In conclusion, we provide a new transcriptional map of
normal and abnormal human testis tissue explorable
through our Shiny app tool, HISTA (web resources). We
provide a framework to uncover molecular pathology to
understand cellular function and dysregulation in the
human testis and use this to dissect pathology in the KS
testis. Our approach will be useful for both future explora-
tion of single-cell genomic data and the development
of computational tools to improve current approaches
for the diagnosis and classification of individuals with
infertility.

Data and code availability

scRNA-seq data generated for this project have been deposited at
GEO under accession number GEO: GSE169062. The code for
running the HISTA browser is available from github and zenodo:
https://github.com/eisascience/HISTA ( https://doi.org/10.5281/
zenodo.4433041). The list of human cell-cycle genes for scoring sin-
gle-cell libraries is available at https://raw.githubusercontent.com/
hbc/tinyatlas/master/cell_cycle/Homo_sapiens.csv. The Dropsim R
package for normalization is available at https://github.com/
marchinilab/dropsim.
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Figure S1. H&E staining of tissue samples. Control samples show normal testicular
histology (A:Utah-D1; B:Utah-D2; C:Utah-D3). Three fields were obtained for each



sample showing the presence of seminiferous tubules with active spermatogenesis. The
KS1 patient histology (D) presents the typical morphological abnormalities observed in
Klinefelter Syndrome (fields D: i-v). Specifically, we can detect tubules with only Sertoli
cells (SCO), empty tubules (arrowheads), some exhibiting the hyalinization of the tubule
walls (H) that is characteristic of this syndrome. There is also an accumulation of
degenerated/phantom tubules (dashed lines) and of Leydig cell aggregates throughout
the tissue (LCA). Scale bars represent 50um.
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Figure S2. tSNE projection of original scRNA-seq data prior to QC and batch correction.
This panel shows the same data as the first panel of Figure 1B, but split by donor, to
better appreciate the contribution of each donor to the overall data.
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Figure S3. tSNE projection of original SCRNA-seq data after QC and batch correction.
This panel shows the same data as the second panel of Figure 1B, but split by donor, to
better appreciate the contribution of each donor to the overall data.
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Figure S4. SHROOM2 expression is conserved between monkey and human testis.
SHROOM2 mRNA (in grey) was detected in Japanese macaque (left panels) and
human (right panels) testis by FISH. Panel A shows the signal obtained in testis
sections with the SHROOMZ2 probe (top) compared to the lack of signal when using the
negative control probe DapB (bottom) for both species. The expression of SHROOM?2
can be easily observed in panel B. DNA is stained in blue by Hoechst33342 and
approximate tubule boundaries are marked in white dashed lines. In both species,
some SHROOMZ2 expression is seen in the tubules but most is in the interstitial space of
the testis. Interestingly, a subtype of peritubular cells shows SHROOM2 expression (red
boxes zoomed below image), consistent with the expected location of progenitor Leydig
cells (PLCs). Scale bars represent 20 um.
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Figure S5. Leydig cell (LC) proliferation in the adult testis. Detection of MKI67
(proliferation marker) and INSL3 (LC marker) mRNAs in normal adult testis tissue by
fluorescence in situ hybridization. Scale bars represent 20 um. (A) Single channels and
merged fields of the interstitial space staining positive for MKI67 and INSL3 mRNAs
(PROBE). A random control field was obtained from an adjacent tissue section not
incubated with probe (NO PROBE). (B) Different fields of the same section showing the
expression MKI67 (grey) and INSL3 (green). Nuclei stained in blue. Approximate tubule
boundaries marked by white dashed lines. As expected, MKI67 stains stronger inside
the tubules. Fields delimited by red boxes are zoomed at the bottom showing multiple
examples of co-localization of MKI67 and INSL3. These observations suggest that
some LCs of the adult testis might be proliferating.
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Figure S6. 3D reconstruction of pseudotime analysis for the integrated LC dataset. Note
that the PLCs appear to encounter a bottleneck transitioning to ILCs. The MLC group is
a small cluster with coordinates 0 (component 1) and between 2-4 (component 3), near
the top center of the plot.
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Figure S8. Replication of SDA36 expression changes using the integrated LC dataset. Genes with strong
loading on SDA36 were interpreted as expression changes between KS and NOA LCs. As described in
the main text, 70% (68%) of the top 100 positive (negative) genes loading on component 36 replicate as
differentially expressed in the integrated dataset. Here we plot selected genes from SDA36, including
XIST and 5 secreted signaling factors, (A) by LC subset and (B) by study of origin. These genes were all
inferred to have higher expression in KS compared to NOA in the original SDA analysis, and all of them
but ADM replicate in the integrated data (but note that ADM is still inferred to be upregulated in KS
compared to controls, it just no longer appears KS-specific).
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Figure S10. Expression levels of signaling factors in Sertoli Cells identified from our
original “SDA” analysis. Box and whisker plots indicate single cell expression levels for
four different genes across five different donor types. Expression levels were compared
using Wilcoxon rank sum test, and p-values for each pairwise comparison are indicated
on the panels. The observed changes in DHH and INHBB were replicated in the larger
“‘integrated” dataset, while AMH did not appear significantly different from CNT. GNRH1
was not reported in the Zhao et al. and thus we could not attempt replication.
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Figure S11. Summary of additional somatic SDA components. Overview of SDA
components with cell scores mapping primarily to somatic cell types other than Leydig
or Sertoli cells. Presentation as in Figure 5. For each cell type, the first tSNE plot is
colored by donor (legend at the end of the subpanel). Each subsequent tSNE plot for a
cell type corresponds to a single SDA component, and is colored by the cell score for
that component (red= cell scores > 0, blue = cells scores < 0). Component numbers
are labeled at the bottom of each tSNE. B) Gene loadings for SDA component 50,
corresponding to an unknown population. C) Gene Ontology (GO) enrichments for the
top 150 gene loadings of SDA component 50. Blue points correspond to GO categories
with significant enrichments after multiple test correction.



Supplementary Note: Abridged SDA component annotations
A full description per component can be found in the complementary Excel file.

Components enriched and/or specific to interest given conditions:

Juv:

KS:

SDAS: LC: Common pattern of scoring (+/-) between KS, INF1, INF2, and majority of CNT. But
JUV only negatively scored. Suggests negative scoring is immature LC, vs positive as mature.
SDA89: LC. JUV highest pos scored. INF1, INF2 and KS show variance higher than CNT.
suggest mature vs immature LC.

SDAO90: LC. JUV highest pos scored. INF1, INF2 and KS show variance higher than CNT.
suggest mature vs immature LC.

EC:

SDAS31: EC: CNT are mainly positively scored, INF1, INF2, and KS are scored both directions,
but JUV is uniquely negatively scored.

SDA56: EC. JUV uniquely score positive, whereas INF1, INF2, and KS are negative, CNT are
near zero.

SC:

SDA73: SC. JUV SC are uniquely scored differently than SC from other conditions.

SDA122: SC. JUV have cells that score +/- . SC and LC score here, but SC show most
pronounced scoring specific to the clusters.

SDA130: SC. SC clusters are all scored positive, most cells from JUV followed by controls and
relatively infrequent positively scored cells from the other cases.

LC:

SDAZ36: LC mainly. The majority of INF1 cells are scored negatively whereas the majority of KS
and some of the JUV cells are scored positively, above the background seen from certain CNT
samples. The top positive loading in this component belongs to XIST amongst other genes that
functionally map to translation and secretion whereas the top negative loadings identify mainly
regulation of immune and inflammatory responses as well as antigen processing and
presentation.

SDA82: LC mainly. KS2 and INF2 most highest scored, but variance common between cases
and controls.

SDAS85: LC. KS, INF1 and some INF2 similarly scored (above bkg of CNT). JUV and KS score
Neg more than CNT. Other somatic cell types also scored. suggest common pathology between
KS1 and KS2 as well as INF1 and INF2.

SDA125: LC. INF2 scores negative whereas the controls have cells scoring positive; infrequent
negatively scored cells from JUV and KS also.



e SDAZ27: EC: scores two distinct EC, the positively scored are found in all cases and controls, but
the negatively scored are mostly from KS, INF1, INF2, and JUV.
e SDA100: EC. KS1 positive KS2 like Juv is bidirectional whereas the controls negative

Myoid:

e SDA57: Myoid - LC. a common scoring between the myoid in general and LC of specifically KS.
e SDA137: Myoid: There are two rare myoid clusters, which score oppositely with this component.
The positive cells are from KS whereas the negative from KS, INF1, INF2, and some of the

controls.

Mix:

¢ SDA22: Mix Soma. High-turnover and Apoptosis. The cells that score positive in this component
are the KS, JUV, and INF1 whereas the controls lack this positive cell scoring.

e SDA121: Mix Soma. KS2 specific.

e SDA145: Mix Soma. KS have cells that are most positively scored, but positive as well as
negative cells from all cases and controls present.

e SDA147: Mix. LC are the majority of negatively scored cells, but the positively scored cells span
all soma. These positively scored cells are only in KS, INF1, and JUV. The negative scored cells
are from all the cases and controls but with different magnitudes. INF1 negative scored cells have
the smallest magnitude similar to JUV.

Immune:

o SDA139: Adaptive IC. T cell markers in positive loaded genes. the negative loaded genes span
many cell types, but GO analysis map to functions related to antigen processing and
presentation, myeloid-leukocyte immunity and regulation, granulocyte/neutrophil activation and
response, and leukocyte differentiation, proliferation and cell-cell adhesion..

INF1 & 2:
GC:

e SDAJ: GC. identifies a banding of positive and negative scored germ cells, late meiosis post
pachytene. INF2 has pos, not neg scored cells, CNT have both directions, but INF1 has neither.

Immune:

e SDA14: Myeloid IC. Distinguishes two myeloid M1 and M2 activation states. Interestingly, the
positive scored cells in this component are the KS1/2 and INF1/2 samples whereas the negative
scored cells are CNT. It is likely this differential explains the extra stress the testis system of cells
is under, that forces a polarization of the macrophages to deal with the inflammation and wound
healing common amongst the pathologies.



e SDA36: LC mainly. Idiopathic INF1; but KS opposite scoring.

e SDA118: LC. Rare cluster that is closest to LC, and has similar genes as LC. Mostly from INF1,
but one of the controls also has a few cells scoring positive. INF2 and KS contribute even less
cells.

e SDA132: LC. One specific cluster of LC cells scores positive as well as other cells in the other
other LC clusters. INF1 and KS lack the negatively scored cells found in controls and INF2.

CNTs & Normal Biology:
GC.

e SDAL: GC. identifies the late stage spermatids where sperm chromatin condensation genes as
well as other key genes known for spermatid development are in the top loaded genes.

e SDA12: GC. distinguishes early undifferentiated spermatogonia from JUV vs CNT.

e SDAI18: GC. scores mainly spermatocytes in the last part of meiosis as they become round
spermatids. The CNTs were highly scored, INF1 lacks this pattern and INF2 had very few
positively scored cells.

e SDA19: GC. scores spermatocytes in the last part of meiosis in a banding pattern, which is

represented by the CNT and INF2 but INF1 is not scored at alll.

SDAZ21: GC. Identifies spermatocytes in meiosis I. INF1 lacks this but INF2 has the signature.

SDA29: GC. Entry to meiosis | by differentiating sg.

SDA35: GC. Undifferentiated sg. subsets.

SDA40: GC. Meiosis |, banding showing differential programming.

SDAA43: GC. Differentiating sg. banding showing differential genetic co-regulation.

SDA46: GC. Differentiating sg. banding showing differential genetic co-regulation.

SDAA47: GC. Pre-pachytene spermatocytes banding.

SDA49: GC: Round and elongating spermatids.

e SDAbL1: GC. Score spermatocytes highest found in early meiosis I, but sg are also scored
positive.

e SDAbB2: GC: Scores a clear split between cells in later stages of meiosis | vs spermatids in the
next stage.

e SDA59: GC. Banding in meiosis | pre-pachytene, negative top loadings has many lincRNA and
piRNA associated transcripts.

e SDAG67: GC. Enriched for DNA binding genes, highlighting differentiating spermatogonia.

e SDAG68: GC. highlights the germ cells from the last stages of meiosis | and includes round and
early elongating spermatids. The top loaded genes include those related to acrosomal vesicles .

e SDA71: GC. Banding of spermatocytes in meiosis post pachytene.

e SDA74: GC. Banding of spermatocytes in meiosis post pachytene

e SDA92: GC. Round and elongating spermatids are scored positive, negative elsewhere.

e SDA94: GC. Banding in meiosis | pre-pachytene and beyond.

e SDA98: GC. Banding in meiosis | post-pachytene.

e SDA102: GC. Elongated spermatids are scored positive, but the terminal end of the progression
bands negative. The positive and negative scored GC are from CNTs and INF2. INF1 shows rare
positively scoring cells.

e SDA108: GC. Undifferentiated spermatogonia are negatively scored from all expected cases and
controls.

e SDA109: GC. Middle set of elongating spermatids scored negatively flanked both directions by
positive banding. INF2 has these negatively scored cells but not scored as strongly as controls.

e SDA110: GC. Meiosis | post pachytene stage negatively scored.



SDA112: GC. Banding in early undifferentiated spermatogonia.

SDA126: GC. Undifferentiated spermatogonia banding.

SDA127: GC. Enriched for genes regulating early cell fate decisions given stimuli, highlighting a
specific segment of the undifferentiated spermatogonial cells. The top negatively loaded genes
include those related to hormone secretion and regulation as well as several homeobox and
transcription factor genes.

SDA138: GC. Banding of spermatids from expected cases and controls.

SDA141: GC. Meiosis post pachytene spermatocytes negatively scored.

SDA142: GC. This component identifies cells from undifferentiated sg. To pre-pachytene meiosis
I, picking signatures related to chromatin and nucleosome assembly as well as DNA packing; the
homeobox genes enriched in the positive loadings, coregulated here with several histone packing
genes.

SDA143: GC. Soma is most negatively scored followed by spermatogonia. A small section of
meiosis |, likely just pachytene spermatocytes are scored positive. The negative loaded genes
are enriched with ribosomal proteins.

SDA146: GC. Banding in elongating spermatids. +/- scored cells from controls and INF2.
SDA149: GC. Banding of undifferentiated and early differentiating spermatogonia.

Immune:

SDA7: Myeloid IC. identifies Immune-myeloid as well as endothelial cells and the gene loadings
suggests interactions between these cell times as well as other regulatory processes like wound
healing.

SDAS8: Adaptive IC. identifies effector T cells vs regulator or memory-like state.

SDAZ20: Myeloid IC. identifies differences between macrophage responses where the CNTs and
INF2 are scored similarly but INF1 and KS1 and KS2 are scored opposite.

SDA24: Myeloid IC: finds two different myeloid states.

SDA114: IC. Myeloid and T cells +/- scored. GO annotation suggests that positive loaded genes
are related to regulation of innate immunity whereas negative loaded genes suggest T cell
activation and and response.

Mix:

SDA13: Mix. scores several somatic and germ cells. The most highly scored cells are the early
germ cells, followed by somatic cells from the rest of the donors. Only the CNT and INF2 retain
non-scoring cells, suggesting a common pattern between them.

SDAZ26: Mix. The positive scored cells are unique to CNT and undiff. sg. whereas the negatively
score cells are mix of somatic and differentiating sg. cells.

SDA54: Mix. GC up to mid-meiosis | are most negatively scored.

SDAS58: Mix. Mitochondrial gene expression.

SDA70: Mix. The most negatively scored are the spermatogonia germ cells and LC, but other cell
types are also scored negatively.

SDABS8O: Mix. Every cell type is involved, but KS1 are scored most negative, possibly idiopathic.
SDA103: Mix. Early germ cells are scored negatively whereas soma is positive.

SDA148: Mix Soma. Immune cells (myeloid and t cells) are negatively scored whereas
endothelial cells are positively scored both from all the cases and controls; highlighting endo-
immune connection.

Unknown:



SDAS50: Unknon. This component scores a small cluster of cells which functionally map to
neuronal functions.

Leydig:

SDA111: LC. All cases and controls show +/- scored cells. INF1 and KS highest variance.
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