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SUMMARY

Spermatogonial stem cells (SSCs) in the testis support the lifelong production of sperm. SSCs reside within
specialized microenvironments called “niches,” which are essential for SSC self-renewal and differentiation.
However, our understanding of the molecular and cellular interactions between SSCs and niches remains
incomplete. Here, we combine spatial transcriptomics, computational analyses, and functional assays to
systematically dissect the molecular, cellular, and spatial composition of SSC niches. This allows us to
spatially map the ligand-receptor (LR) interaction landscape in both mouse and human testes. Our data
demonstrate that pleiotrophin regulates mouse SSC functions through syndecan receptors. We also identify
ephrin-A1 as a potential niche factor that influences human SSC functions. Furthermore, we show that the
spatial re-distribution of inflammation-related LR interactions underlies diabetes-induced testicular injury.
Together, our study demonstrates a systems approach to dissect the complex organization of the stem

cell microenvironment in health and disease.

INTRODUCTION

In the mammalian testis, spermatogonial stem cells (SSCs) reside
in the basal compartment of the seminiferous epithelium (Fig-
ure S1A). SSCs self-renew to maintain a constant pool throughout
the life cycle of a male adult. They also differentiate, through a se-
ries of steps, to amplify the number of sperm. It is believed that the
cellular microenvironments (also known as niches) in which SSCs
reside play critical roles in regulating SSC self-renewal and differ-
entiation.'™ Classically, the functional interaction between SSCs
and their niches has been studied using genetic approaches that
involve labeling cell types and ablating candidate secreted factors.
These studies have generated important insights into the func-
tional roles and cellular sources of key niche factors. For example,
Sertoli cells, the only somatic cell type in the seminiferous epithe-
lium, and endothelial cells near the vasculature and the interstitium
secrete the glial cell-derived neurotrophic factor (GDNF) that acts
on SSCs to support the lifelong maintenance of the SSC pool.>®
Retinoic acid (RA), produced primarily by Sertoli cells, mediates
the commitment of a sub-group of SSCs to differentiation.”-® Addi-
tionally, fibroblast growth factors (FGFs) secreted by Sertoli cells
and endothelial cells were found to regulate the density and the
size of the SSC population.®'°

uuuuu

Although powerful, genetic approaches are difficult to scale,
making it challenging to identify niche factors that are important
to SSC activities. High-throughput molecular profiling technolo-
gies such as single-cell RNA sequencing (scRNA-seq) have
recently been used to map ligand-receptor (LR) interactions be-
tween SSCs and cellular components of the niches.' "' Howev-
er, the LR activities inferred from scRNA-seq data often contain
significant false positives, as LR interactions take place within a
certain range of spatial distance that is not measured in scRNA-
seq datasets. Previous methods for extracting spatial infor-
mation from the tissues such as individual-cell laser-capture
microdissection or multiplexed in situ hybridization are low
throughput and require prior knowledge of the cell types or the
genes to be targeted.’®'® Therefore, an unbiased, high-
throughput molecular profiling method capable of capturing
cell-cell interactions within the native context of the testis is
needed to further understand the regulation of SSC functions.

We have recently established a spatial transcriptomics work-
flow to faithfully recapitulate the mouse and human spermato-
genesis at the cellular level.'® Here, using high-resolution spatial
transcriptomics and computational analyses, we generated a
spatially resolved LR interaction map of the mouse and human
testis. Using this map, we showed that SSCs interact with
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various niche components through distinct LR mechanisms. We
also showed that pleiotrophin (PTN), secreted by Leydig cells
and endothelial cells, regulates SSC functions through syndecan
(SDC) receptors in the mouse testis. In the human testis, we
identified ephrin-A1 ligand (EFNA1) as a potential niche factor.
Furthermore, we found that many LR-mediated signaling exhibit
cell type- or region-specific activities in both the mouse and hu-
man testis. Finally, we identified a selective group of immune
response associated LR pairs whose spatial expression patterns
alter significantly in the testes of diabetic mice vs. wild-type (WT)
mice. Together, we demonstrated the power of high-resolution
spatial transcriptomics in dissecting cell-cell communications
in the SSC niches at the molecular level. Our study also provides
a generalized approach to characterize tissue microenvironment
under both physiological and pathological conditions.

RESULTS

A spatially resolved LR interaction map of the mouse
testis

We recently established a workflow to spatially map major
mouse testicular cell types including spermatogonia (SPG) using
a spatial transcriptomics approach called Slide-seq."® To enable
accurate mapping of the SSCs within the SPG population, we
generated new Slide-seq datasets from mouse testes and com-
bined them with the previous Slide-seq datasets.'® A scRNA-seq
study previously identified four SPG subtypes that follow the or-
der of SPG1 to SPG4 on the basis of transcriptome patterns and
developmental ordering of cells.’® Marker gene analysis of the
scRNA-seq data suggests that cells in SPG1 correspond to un-
differentiated SPG, which contain the SSC population, as they
express one or more SSC genes, such as Gfral, Etv5, and
Eomes, and lack the expression of differentiation markers'®
(Figure S1B). Unlike SPG1, cells in SPG2-4 express various dif-
ferentiation marker genes, such as Kit and Stra8'° (Figure S1B),
suggesting that they represent progressively differentiating SPG.
Using a robust cell type decomposition (RCTD) method,'” we
identified and spatially mapped SPG1-4 in the Slide-seq data
(Figures 1A and S1C). The accuracy of the mapping of SPG sub-
types was confirmed by their spatial localizations at the basal
compartment of seminiferous tubules (Figures 1A and S1C)
and the enrichment of marker genes in the corresponding sub-
types (Figure S1D). Instead of relying on individual marker genes
for subtype assignment, which may introduce biases (Fig-
ure S1E), our mapping approach considers the information
from the whole transcriptome in each SPG subtype.

To spatially characterize the cell-cell communication land-
scape in SSC niches, we used the Slide-seq data to model the
LR interactions among cell types by applying a spatial graph-
based approach.'® Briefly, the expression level of a LR pair be-
tween two neighboring cells was calculated by multiplying the
ligand expression on the sending cell with the receptor expres-
sion on the neighboring receiving cell. The strength of a LR
pair between two cell types was then calculated by summing
the expression level of that LR pair between cell pairs that belong
to the queried cell types (Figure 1B). Both the sender cells and
the receiver cells contribute to the overall activity of a LR pair,
and each cell is assigned with a value that represents its contri-
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bution to the activity of that LR pair. This value can then be
plotted to visualize the spatial expression of the LR pair in the
testis. For example, the GDNF and FGF-mediated LR interac-
tions were found to be enriched at the basal compartment of
seminiferous tubules where the SSCs reside (Figure S1F),
consistent with known biology.®'92°

Across a testis cross-section, unique associations between
Sertoli cells and germ cells at specific stages of their develop-
ment can be found in different seminiferous tubules. These
cellular associations represent different stages within the cycle
of the seminiferous epithelium.21 To understand if and how the
expression levels of LR pairs differ at various stages of the cycle
of the seminiferous epithelium, we employed a previously estab-
lished computational pipeline’® to group cells belonging to the
same seminiferous tubule (Figure S1G) and assign each seminif-
erous tubule to one of the four stage clusters (stages I-ll, IV-VI,
VIl and VIII, and IX-XII) using the Slide-seq data (Figures 1C and
S1H). Examination of the expression level of LR pairs such as the
Gdnf-Gfra.1 pair across stages suggests potential stage-specific
expressions of certain LR pairs (Figure S1l). Indeed, we identified
differentially expressed LR pairs across stages (Figure 1D). For
example, LR pairs such as Gip-Tshr, Fgb-TIr4, and S100a1-
TIr4 are enriched primarily in stage IV-VI tubules (Figure 1E),
while 1116-Grin2d, Prss23-Tmem222, and Cdh6-Cntn1 are differ-
entially expressed in stage I-lll tubules (Figure S1J). Thus, our
data systematically revealed variations in cell-cell communica-
tions during different developmental stages of spermatogenesis.

To gain a systematic understanding of the contribution of each
testicular cell type in the regulation of SSC functions, we calcu-
lated the expression levels of LR pairs between cells in SPG1
(containing the SSCs) and each of their neighboring cell types.
Cell type-specific LR interactions were identified (Figure 1F).
For example, LR pairs Tfpi-Lrp1, Cd14-Itgb1, and Stab1-Ntm
are enriched in the Leydig cell-SPG1 interaction (Figure 1G). To
validate the result of this analysis, we focused on LR pair
Cd14-ltgb1. We first confirmed the expression of Cd74 in mouse
Leydig cells by analyzing a public scRNA-seq dataset'® (Fig-
ure S1K). Next, we performed multiplex single-molecule fluores-
cence in situ hybridization (smFISH) targeting Cd14, ltgb1, and
Leydig cell marker Cyp11a1 simultaneously. We found that,
consistent with our analysis, Cd74-expressing Leydig cells
localize near ltgb1-expressing SPG (Figure S1L).

The PTN-mediated signaling in the mouse SSC niche
Among the LR-mediated signaling received by cells in SPG1,
several PTN-mediated LR interactions were identified (Figures
2A and S2A). PTN is a heparin-binding growth factor that has
been shown to regulate the self-renewal and retention of he-
matopoietic stem cells in the bone marrow vascular niche.*”
Furthermore, male mice over-expressed with a dominant-nega-
tive PTN mutant were sterile and had impaired spermatogen-
esis.”® These observations prompted us to further investigate
the functional roles of PTN in the SSC niche.

First, analysis of previous scRNA-seq datasets showed
that Ptn is expressed in the endothelial cells as well as the Leydig
cells (albeit at a much lesser extent) in the mouse testis, whereas
its expression is high in the Leydig cells, myoid cells, and Sertoli
cells in the human testis (Figure S2B). Immunofluorescence (IF)
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Figure 1. A spatially resolved ligand-receptor (LR) interaction map of the mouse testis

(A) Spatial mapping of major testicular cell types (left) and transcriptional states of spermatogonia (right) using a mouse testis Slide-seq dataset. ES, elongating/
elongated spermatid; RS, round spermatid; SPC, spermatocyte; SPG, spermatogonium. Scale bar, 150 pm.

(B) Schematic of the method to calculate spatially resolved LR interactions between a set of cells. Cell-cell interactions are calculated by multiplying ligand
expression on the sending cell with receptor expression on the neighboring receiving cell for each LR pair.

(C) Left: uniform manifold approximation and projection (UMAP) of seminiferous tubules in the transcriptome space colored by the stages of the cycle of the
seminiferous epithelium. Right: spatial mapping of the stages of the cycle of the seminiferous epithelium. Scale bar, 150 um.

(D) Differentially expressed LR pairs across the stages of the seminiferous epithelium cycle.

(E) Spatial expression patterns of selective LR pairs enriched in stages IV-VI of the seminiferous epithelium cycle. Scale bar, 160 um.

(F) Differentially expressed LR pairs among cell type-SPG1 pairs. The heatmap shows 60 representative LR pairs. Every other row of the heatmap is labeled
because of space limitations. The full list of LR pairs is provided in Table S1.

(G) Spatial expression patterns of selective LR pairs enriched in the Leydig cell-SPG1 pair. Scale bar, 160 um.

analysis confirmed the expression of the PTN protein in the
VWF* endothelial cells in the mouse testis (Figure 2B). Analysis
of the mouse Slide-seq data (Figure S2C), multiplexed smFISH
(Figure S2D), and IF analysis (Figure S2E) confirmed the expres-
sion of Ptn mRNA and protein in mouse Leydig cells.

Second, our LR interaction analysis showed that the PTN
signaling can be mediated through SDC receptors expressed

in SPG1 cells (Figure 2A). IF analysis confirmed the co-localiza-
tion of the PTN protein with SDC4 at the surface of CDH1* mouse
undifferentiated SPG (Figure 2C). Moreover, both the SDC4 pro-
tein and the PTN protein are present in GFRa1* undifferentiated
SPG (Figures S2F-S2H).

Finally, to evaluate the functional impact of the PTN protein
on SSCs, we performed the SSC transplantation assay

Cell Reports 42, 112737, July 25, 2023 3
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Figure 2. PTN-mediated signaling regulates the functions of mouse SSCs

(A) Spatial expression patterns of Ptn-Sdc pairs revealed by the mouse testis Slide-seq data. Scale bar, 160 um.

(B) Endothelial cell marker protein VWF co-localizes with PTN protein (yellow arrowheads). The white dashed line outlines the blood vessel. Scale bar, 3 um.
(C) Co-localization of PTN and SDC4 protein in a CDH1* undifferentiated spermatogonium (yellow arrowheads). The white dashed line outlines the basement

membrane of the seminiferous tubule. Scale bar, 2 um.

(D) Cultured mouse SSCs treated with PTN protein at 0, 5, or 50 ng/mL were transplanted into busulfan-treated recipients (n = 12, n = 12, and n = 13 recipient
testes for the 0, 5, and 50 ng/mL group, respectively). Colony numbers in recipient testes were determined two months later using the LacZ staining. Colony
counts were normalized as “per culture well” to make fair comparisons across groups. Data are represented as mean + SD. One-way ANOVA followed by Fisher’s
least significant difference test; *p < 0.05 and ***p < 0.001. Representative images of the LacZ-stained recipient testes for each group are shown. Scale bar, 1 mm.

(STAR Methods). Donor SSCs treated with recombinant PTN
protein at different concentrations (0, 5, and 50 ng/mL, respec-
tively) together with recombinant GDNF and FGF2 protein were
transplanted into busulfan-treated mouse testes. Two months
later, we counted the number of colonies formed by the donor
cells in each recipient testis. Compared with the 0 ng/mL PTN
group, there was a significant increase in the number of colonies
in the 5 ng/mL group (an average 76% increase). Intriguingly, the
average number of colonies decreased by 39% in the 50 ng/mL
group (Figure 2D). The average total number of cells harvested at
the end of culture and used for the transplantation assay was
4.86 x 10° 5.74 x 10° and 4.11 x 10° per well for the 0, 5,
and 50 ng/mL groups, respectively. Thus, the differences in the
total number of cells per culture well between treatment groups
cannot fully explain the differences we observed in the result of
the transplantation assay. Moreover, fluorescence-activated
cell sorting (FACS) analysis of the cultured SPG stained with
different undifferentiated SPG markers (Gfra1, Cdh1, Thy1, and
Itga6) and differentiation marker (Kit) showed no statistically sig-
nificant differences between groups (Figures S21 and S2J). This
suggests that PTN treatment in vitro affects the size of the colony
in the transplantation assay, likely by changing the number of
SSCs with colonization potential rather than influencing the per-
centage of the undifferentiated SPG in the cultured cells.
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Together, our data suggest that in the mouse SSC niche, PTN
protein secreted from the endothelial cells and Leydig cells reg-
ulates SSC functions at least partially through the SDC
receptors.

Global cell-cell communications in the mouse testis
To gain a global understanding of the cell-cell communication
landscape in the mouse testis, LR pairs identified from the
Slide-seq data were grouped into signaling pathways based on
the curated LR information from the CellChatDB database.?” Us-
ing an optimal transport-based approach,?® we calculated the
activities of each signaling pathway using the mouse Slide-seq
datasets (STAR Methods). Across three replicates, we reproduc-
ibly identified signaling pathways with a high level of activities in
the mouse testis such as the angiotensinogen (AGT) pathway
(including LR pairs Agt-Agtria, Agt-Agtrib, and Agt-Mas1),
the FGF pathway (including Fgf2-Fgfr1, Fgf7-Fgfr3, Fgf10-
Fgfr2, etc.), and the ADIPONECTIN pathway (including Adipog-
Adipor1 and Adipog-Adipor2) (Figure 3A). Furthermore, we inter-
polated the spatial signaling direction of each pathway and
showed that the activity of each signaling pathway was enriched
in distinct tissue regions (Figure 3B).

Celltype-specific activity analysis identified signaling pathways
differentially received by each testicular cell type (Figure 3C). For
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Figure 3. Global signaling activities in the mouse testis
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(A) The top 10 signaling pathways with the highest activities across 3 replicates of mouse testis Slide-seq datasets. Pathways in red are shared across replicates.
(B) The signaling directions of four signaling pathways with high activities. The size of the arrow is proportional to the strength of the signaling activity. Scale bar,

200 pm.

(C) Dot plot showing the differential signaling activities received by each mouse testicular cell type.
(D) Dot plot showing the differential signaling activities received by cells in each stage of the cycle of the seminiferous epithelium.

example, the PTN pathway exerts the most of its effects on cells in
SPG1 (Figure 3C), consistent with our analyses above. Further-
more, SPG1 is the main cell type to be influenced by the insulin-
like growth factor (IGF)-mediated signaling (Figure 3C), corrobo-
rating the important roles of the IGF signaling in regulating mouse
SSC functions.?” Of interest, our analysis showed an enrichment
of midkine (MK)-mediated signaling activity in SPG1, SPG2,
SPG4, and Sertoli cells (Figure 3C). MK is a heparin-binding
growth factor. Previous studies have revealed the functional roles
of MK in promoting proliferation and self-renewal of embryonic
stem cells®® and in preventing hypoxia-induced apoptosis of
mesenchymal stem cells.”® Given that MK interacts with SDC re-
ceptors in the testis according to our spatial LR interaction map
(Figure S2K), it is possible that MK-mediated signaling is involved
in regulating SSC functions.

The non-random spatial activity patterns of the signaling path-
ways (Figure 3B) prompted us to investigate if their spatial distri-
butions are related to the stages of the cycle of the seminiferous
epithelium. Indeed, several signaling pathways with stage-spe-
cific activities were identified (Figure 3D). For instance, the MK
signaling activity is enriched in the stage I-lll and VII-VIII tubules,
while the FGF and AGT signaling are preferentially activated in
stage IV-VI tubules (Figure 3D).

A spatially resolved LR interaction map of the human
testis

A recent scRNA-seq study of the human testis identified five
SPG subtypes that follow the order of SPG1 to SPG5 (corre-
sponding to state 0 to state 4 in the original study) on the basis
of transcriptional profiles and developmental trajectories of the

Cell Reports 42, 112737, July 25, 2023 5
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(A) Spatial mapping of major testicular cell types (left) and transcriptional states of spermatogonia (right) in a human testis sample. ES, elongating/elongated
spermatid; RS, round spermatid; SPC, spermatocyte; SPG, spermatogonium. Scale bar, 300 um.
(B) The spatial relationship between the five SPG transcriptional subtypes as quantified by the neighborhood enrichment score in two independent human Slide-

seq datasets.

(C) Differentially expressed LR pairs among SPG1-neighboring cell type pairs.

(D) Spatial expression patterns of selective LR pairs enriched in myoid cell-SPG1 (upper panel) and endothelial cell-SPG1 (lower panel) pairs. Scale bar, 320 um.
(E) Protein expression of VWF and EFNA1 in a human testicular sample. The white dashed line outlines the blood vessel. Yellow arrowheads denote protein co-

localization. Scale bar, 8 um.

(F) Bar graph showing the number of GFRA1*; KIT~ human SPG on day 7 normalized against that from day 0. Cells were treated with recombinant human ENFA
protein at 0, 3, and 6 ng/mL, respectively. Data from 4 patient samples are shown.

cells.?* Using the same cell type deconvolution approach as the
one applied to the mouse Slide-seq data,'” we spatially mapped
the human SPG subtypes using human Slide-seq datasets we
have previously generated'® (Figures 4A and S3A). Cells in
SPG1 and SPG2 express known SSC markers such as /D4 and
UTF1, whereas known markers of differentiation (KIT and
STRAS) or proliferation (MKI67) are mainly expressed during or
after SPG3 (Figure S3B). Instead of relying on individual marker
genes for subtype assignment which may introduce biases (Fig-
ure S3C), our mapping approach considers the information from
the whole transcriptome in each SPG subtype. Interestingly,
neighborhood enrichment analysis reproducibly identified three

6 Cell Reports 42, 112737, July 25, 2023

spatial clusters within the human SPG subtypes: (1) cells in
SPG1 and SPG2, (2) cells in SPG3 and SPG4, and (3) cells in
SPG5 (Figure 4B). Such a pattern of spatial separation was not
observed in the mouse SPG subtypes (Figure S3D).

Next, we established a LR interaction map in the human testis
using the same method that we have used for the mouse testis
Slide-seq data. To gain a systematic understanding of the contri-
bution of each testicular cell type in the regulation of SSC func-
tions, we calculated the expression levels of LR pairs between
cells in SPG1 and each of their neighboring cell types, respec-
tively. Cell type-specific LR interactions were identified (Fig-
ure 4C). For example, LR pairs SIRPB2-CD47, COL1A1-ITGAV,
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and INHBA-ACVR1B-ACVR2A are enriched in the myoid cell-
SPG1 interaction (Figure 4D, upper panel).

Importantly, we observed an enrichment of several ephrin A1
(EFNA1)-ephrin type A receptor (EPHA) pairs between the
endothelial cells and the cells in SPG1 in the Slide-seq data
(Figure 4D, lower panel). EPHA2 has been previously shown
as a critical modifier of self-renewal signals in mouse SSCs.*°
However, if and how the ephrin signaling is involved in regu-
lating the functions of human SSCs remain unclear. IF analysis
identified EFNA1 protein in VWF* endothelial cells in the human
testis (Figure 4E). To further investigate the function of EFNA1,
cultured ITGA6" human SPG were treated with recombinant
human EFNA1 proteins at 0, 3, and 6 ng/mL, respectively (Fig-
ure S3E). Using FACS analysis, we observed a decrease in the
total number of cells, including the GFRa1*; KIT~ undifferenti-
ated SPG, in each culture well across treatment groups after
7 days of culture compared with day 0 (Figure S3F). However,
there was a consistent trend across 4 replicates in which more
viable cells (Figures S3G and S3H, top row) and more GFRa1™;
KIT™ undifferentiated SPG (Figures 4F and S3H, bottom row)
were retained in the 3 and 6 ng/mL EFNA1 groups compared
with the 0 ng/mL group. Moreover, no consistent trend was
observed for the number of KIT* differentiating SPG (including
GFRai1~; KIT* and GFRal1™; KIT*) across replicates (data not
shown). Although the increase in the retainment of total number
of viable cells and the number of GFRa1*; KIT~ undifferentiated
SPG in the 3 and 6 ng/mL EFNA1 groups is not statistically sig-
nificant, because of high variance among patient samples
(p > 0.05, one-way ANOVA) (Figure S3I), the consistent trend
across 4 replicates suggests that EFNA1 produced by the
endothelial cells might play a role in regulating human SSC
functions.

Global cell-cell communications in the human testis
Using the same optimal transport-based approach applied to
the mouse Slide-seq data,”® we grouped LR pairs into signaling
pathways and calculated their activities using the human Slide-
seq datasets. Consistent with our observations in the mouse
data, several signaling pathways such as the PTN-, MK-, and
FGF-mediated signaling show strong activities in the human
testis (Figure S3J). Surprisingly, some signaling pathways
which show high levels of activities in the mouse testis such as
the AGT pathway and the ADIPONECTIN pathway (Figure 3A),
exhibit no or limited activities in the human testis (Figure S3J).
These findings demonstrate the convergent and divergent as-
pects of signaling activities between the mouse and human
spermatogenesis.

Next, we interpolated the spatial signaling direction of path-
ways and showed that their activities are enriched in distinct tis-
sue regions (Figure S3K). Cell type-specific activity analysis
identified signaling pathways differentially received by each
testicular cell type (Figure S3L). For example, the FGF pathway
exerts the most of its effects on cells in SPG1 and SPG2 (Fig-
ure S3L), consistent with a prior observation.®’ We also found
that myoid cells are the major cell type to receive the signaling
activities of the PDGF pathway (including LR pairs PDGFA-
PDGFRA, PDGFA-PDGFRB, etc.) and VISFATIN pathway
(NAMPT-INSR and NAMPT-ITGA5-ITGB1), while Sertoli cells
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receive the most of GAS (GAS6-AXL, GAS6-MERTK, and
GAS6-TYROQ) signaling activities (Figure S3L).

Disruptions in the spatial expression patterns of LR
pairs induced by diabetes

We recently demonstrated that spatial transcriptomics can be
applied to characterize pathological changes in spermatogen-
esis.'® We revealed a disruption in the spatial organization of
testicular cell types in leptin-deficient diabetic mice (ob/ob)
compared with the WT'® (Figure 5A).

To further characterize the pathological changes of ob/ob
testes at the molecular level, we devised a spatial autocorrela-
tion score to quantify the spatial expression pattern of a given
LR pair (STAR Methods). A high spatial autocorrelation score
represents a non-random spatial distribution of LR expression,
whereas a low score suggests a distribution without a clear
spatial pattern. By calculating the spatial autocorrelation score
for each LR pair using Slide-seq data from both the WT and
ob/ob mice, we identified LR pairs with significantly lower scores
in the ob/ob testes than in the WT (p < 0.05, Wilcoxon rank-sum
test) (Figure 5B; Table S2). Visualization of some of the identified
LR pairs clearly showed changes in their spatial expression pat-
terns in the ob/ob sample compared with the WT (Figure 5C). For
example, in the WT testis, the expressions of LR pairs Adam12-
Itga3 and Ebi3-1I6st are spatially enriched at the basal compart-
ment of seminiferous tubules where the SSCs reside. However,
their spatial expressions become “diffused” in the ob/ob testis
(Figure 5C).

To validate the results revealed by the spatial autocorrelation
score analysis, we applied SPARK,*> a generalized linear
spatial model, to statistically test if the spatial expression of a
given LR pair is non-random within a seminiferous tubule. We
reasoned that the alteration in the spatial expression of LR pairs
revealed by the spatial autocorrelation score analysis may be
reflected at the level of individual seminiferous tubules. To
this end, we looked for the edge cases where a given LR pair
shows a statistically significant non-random spatial distribution
in the WT tubules but entirely loses its specialized spatial
expression patten in ob/ob tubules. We applied SPARK to 6
LR pairs whose spatial autocorrelation scores significantly
decrease in ob/ob vs. WT tubules (shown in Figures 5B and
5C). We found that 4 of the LR pairs (F13a1-ltga9, Lnx1-
Igsf5, Serpine1-Sele, and Ebi3-1I6st) passed the stringent sta-
tistical test of SPARK (n = 25 seminiferous tubules tested) (Fig-
ure S4A). The alterations in the spatial expression patterns of
the remaining two LR pairs (Adam12-ltga3 and Col1a1-Cd93)
are likely not drastic enough to be characterized as a total
loss of spatial patterns by SPARK. This analysis suggests
that the spatial autocorrelation score analysis captures real
changes in the spatial expression pattens of LR pairs. Because
not all LR pairs show changes in their spatial distribution drastic
enough to be captured by SPARK, we argue that the spatial
autocorrelation score is a more sensitive approach to detect
global spatial re-distribution of LR pair expression.

Of note, the alterations in spatial expression patterns of the LR
pairs are not likely a byproduct of the changes in cellular organi-
zations in the ob/ob testis. This is because out of all the LR pairs
quantified, ~95% (564 of 594) showed no or limited alterations in
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Figure 5. Diabetes causes disruptions in spatial expression patterns of selective LR pairs

(A) Spatial mapping of major mouse testicular cell types (left) and transcriptional states of spermatogonia (right) in an ob/ob testis sample. ES, elongating/
elongated spermatid; RS, round spermatid; SPC, spermatocyte; SPG, spermatogonium. Scale bar, 300 pm.

(B) The spatial expression patterns of selective LR pairs as quantified by the spatial autocorrelation score in both WT and ob/ob testis samples. **p < 0.01
(Wilcoxon rank-sum test). n = 3 replicates in each group. Data are represented as mean + SD.

(C) Visualization of the spatial expression patterns of the LR pairs quantified in (B) in both WT and ob/ob testis samples. Scale bar, 350 um.

(D) Gene Ontology analysis of LR pairs with disrupted spatial expression patterns in ob/ob testis samples.

their spatial expression patterns (Figures S4B and S4C). This
suggests that only a specific subset of LR pairs is affected under
the diabetic condition. To reveal the functions of the affected LR
pairs, Gene Ontology (GO) enrichment analysis was performed.
We found that the affected LR pairs are enriched in signaling
pathways related to cell adhesion and immune-related cell
proliferation (Figure 5D). Together, our data implies that a spatial
re-distribution of LR pairs involved in inflammatory responses
underlies diabetes-induced testicular injuries.

DISCUSSION

The stem cell niche represents a unique tissue microenviron-
ment, in which cellular components of the niche interact with
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the stem cells to maintain the self-renewal of the stem cells or
promote their differentiation. A large portion of these cellular in-
teractions are mediated through LR pairs. Knowledge of these
LR interactions has practical implications, as the regenerative
potential of tissue-specific stem cells can be exploited
therapeutically.*®

Understanding how the niche controls the stem cell phenotype
through LR interactions represents a formidable challenge
because of the complexity of the niche composition, its dy-
namics, and nonlinear stem cell-niche interactions. To overcome
this challenge, we have used spatial transcriptomics and
computational approaches to systematically map the LR interac-
tion landscape of the mammalian SSC niche. To increase the
accessibility of our datasets to the whole research community,
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we have established an interactive data visualization portal
using the framework of Single Cell Portal (Portal ID: SCP2166)
for the purpose of data visualization and exploration. Users could
simply type in a gene name to search for a LR pair of interest and
visualize its spatial distribution.

Unlike the studies using scRNA-seq in which LR pairs were in-
ferred between every pair of cells regardless of their spatial dis-
tance in the tissue, we used a spatial graph-based network to
extract LR pairs only from cells within biologically meaningful
distances. This approach significantly reduces the number of
false-positive LR pairs while preserving information of the key
niche factors. Using this approach, we identified cell type-spe-
cific LR interactions in the SSC niches. The spatial information
obtained from Slide-seq also enabled the classification of stages
of the cycle of seminiferous epithelium, facilitating the identifica-
tion of stage-specific LR expressions.

Among the ligands identified from our systematic approach,
PTN may serve as a key niche factor in regulating the functions
of mouse SSCs through SDC receptors. Indeed, the transplan-
tation assay showed that PTN exerts a dose-dependent
biphasic effect on SSCs where PTN at 5 ng/mL promotes
SSC colonization, whereas PTN at 50 ng/mL suppresses it.
Given that cells treated with PTN were cultured in medium sup-
plemented with FGF2 and that SDC receptors on the surface of
SSCs can also bind to FGFs,” it is possible that PTN at 50 ng/
mL competes with FGF2 for SDC receptor binding, therefore in-
hibiting the self-renewal signal induced by FGF2. Additional
support for our competitive binding hypothesis comes from a
previous observation that male mice over-expressing a domi-
nant-negative mutant of PTN were sterile with a diminished
spermatogonial pool.?®> This mutant PTN contains only the first
N-terminal 40 amino acids (aa) of PTN, including a 32 aa signal
peptide and a sequence of GKKEKPEK. The presence of the
signal peptide and the highly positively charged Lysine residues
means that this PTN mutant can be secreted and interact with
numerous SSC cell surface receptors that have an affinity for
positively charged molecules, including the SDC receptors.
Therefore, overexpression of this mutant PTN may cause steril-
ity through competing with FGFs for receptor binding on the
surface of SSCs. Future studies using neutralizing antibodies
against PTN and PTN knockout mice are needed to reveal
the mechanisms underlying the observed impact of PTN on
mouse SSCs.

In the human testis, we identified EFNA1 as a potential niche
factor to regulate SSC functions. We found that the number of
GFRA1™"; KIT™ undifferentiated SPG decreased over 7 days in
culture across all the treatment groups. However, there was a
consistent trend (across 4 replicate human testis samples)
showing that EFNA1 treatment improved the retention of
GFRA1"; KIT™ undifferentiated SPG in culture compared with
the untreated group. This increase in the retainment of
GFRA1"; KIT~ SPG by EFNA1 is not statistically significant, likely
because of high variance in human samples. In addition, FGF2
has been shown to induce the expression of EFNA1 receptor
EPHA2 and EPHA2 phosphorylation in the absence of EFNA1
in the cultured mouse SPG.*° Therefore, it is possible that
FGF2 in the culture medium partially offsets the effects of
EFNA1 treatment on human SSCs. Nonetheless, the consistent
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trend of an improved retention of human GFRA1*; KIT ™~ undiffer-
entiated SPG by EFNA1 treatment across 4 highly heteroge-
neous human testis samples suggests a potential functional
role of EFNA1 on human SSCs.

Another advantage of our approach is to enable systematic
characterizations of signaling pathways inferred from individual
LR pairs in a spatially resolved manner. Taking into account
the spatial localizations of sender cells and receiver cells, we
were able to pinpoint both the activity and the direction of
each signaling pathway across the tissue sections. In turn, this
facilitated the identification of signaling pathways with cell type
specificity or stage specificity.

Finally, we demonstrated the strengths of our approach to pro-
file pathological conditions. By quantifying the spatial expression
pattern of each LR pair and observing how its spatial pattern
changes under the diabetic condition compared with the WT,
we systematically identified LR pairs susceptible to diabetes.
Given that the number of affected LR pairs (~5%) is relatively
small compared with the total number of LR pairs profiled, the
changes in their spatial expression patterns are unlikely a result
of adisruption in tissue structures in general. Thus, the spatial re-
distribution of this selected subset of LR pairs may be a potential
cause to the diabetes-induced testicular injuries. This work dem-
onstrates how cell-cell communications alter in a disease state.
We anticipate that this approach can be widely adapted to
examine tissue microenvironments under various disease
states, such as cardiovascular diseases and cancer.

In summary, we established an innovative approach to
comprehensively reveal the detailed cell-cell communication
landscape that instructs SSC functions in both the mouse and
the human testis. This ability to profile systematically, quantita-
tively, and in a spatially resolved manner the tissue-wide LR
interaction landscape as well as signaling pathway activities at
high cellular resolution may have a transformative potential in
the field of stem cell biology and beyond.

Limitations of the study

Although Slide-seq provides a high spatial resolution (10 um), it
is possible that one Slide-seq bead could capture mRNA from
2 to 3 adjacent cells from different cell types. Thus, this intrinsic
limitation of Slide-seq means that the resulting data does not
represent authentic single-cell level transcriptome. However,
our cell type assignment approach based off on RCTD'” effec-
tively addresses this challenge by deconvoluting the transcrip-
tome profile captured by each bead. Yet the accuracy of cell
type assignment would likely further benefit from an enhanced
capture efficiency of testicular mRNA by the Slide-seq array,
especially for the assignment of SPG subtypes. A low RNA
capture rate also means that lowly expressed genes might be
overlooked, leading to the possibility that certain LR interac-
tions might not be identified in the current study. In addition,
our computational approach to infer signaling activities con-
siders all cells across the testis. Future work that allows re-
gion-specific activity inference would pinpoint signaling
pathways that are specifically active at the SSC niche more
efficiently. Finally, spatial transcriptomics data alone does not
directly represent protein abundance and cannot capture pro-
tein-specific modifications, such as protein phosphorylation,
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glycosylation, and dimerization. A multimodal spatial omics
profiling technology that combines protein and RNA readout
may help address this challenge and further reduce the false-
positive rate of LR pair identification.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse Anti-CYP11A1

Rabbit anti-PTN

Goat anti-PTN

Mouse anti-Syndecan-4 (5G9) Alexa Fluor® 546
Rabbit anti-Ephrin A1

Mouse anti-VWF

Mouse anti-GFRa1 Alexa Fluor® 647
Alexa Fluor 488 Secondary Antibody
Alexa Fluor 594 Secondary Antibody
Alexa Fluor 647 Secondary Antibody
Goat anti-GFRa1

PE rat anti-human CD49f/ITGA6
APC mouse anti-human CD117/KIT

Proteintech

Proteintech

R&D Systems

Santa Cruz Biotechnology
Abcam

Proteintech

Santa Cruz Biotechnology
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
R&D Systems

BD Biosciences

BD Biosciences

Cat# 67264-1-1g; RRID: AB_2882535
Cat# 27117-1-AP; RRID: AB_2880763
Cat# AF252SP; RRID: AB_2300563

Cat# sc-12766 AF546; RRID: AB_628314
Cat# ab124911; RRID: AB_10974078
Cat#: 66682-1-lg; RRID: AB_2882036
Cat# sc-271546 AF647; RRID: AB_10649373
Cat# A-11008; RRID: AB_143165

Cat# A-11012; RRID: AB_141359

Cat# A-21447; RRID: AB_141844

Cat# AF714; RRID: AB_355541

Cat# 555736; RRID: AB_396079

Cat# 550412; RRID: AB_398461

Biological samples

Human Testis Tissue Samples
Mouse Testis Tissue Samples

Kyle Orwig Lab
Haigi Chen Lab

N/A
N/A

Chemicals, peptides, and recombinant proteins

Human Recombinant GDNF

Rat Recombinant GFRa1
Recombinant FGF2

Recombinant PTN

DAPI

ProLong™ Gold Antifade Mountant
Hank’s Balanced Salt Solution (HBSS)
Collagenase IV

Trypsin-EDTA

DNase |

DPBS

FBS

Anti-PE Microbeads
StemPro-34TM SFM Media

bFGF

Human Ephrin-A1 (EFNA1)

0.5% Trypsin EDTA

Ghost Dye™ Red 780

1:1 Perm/Wash Buffer

R&D Systems

R&D Systems

Invitrogen

R&D Systems
Sigma-Aldritch
Sigma-Aldritch

Thermo Fisher
Worthington Biochemical
Thermo Fisher
Worthington Biochemical
Thermo Fisher

Thermo Fisher

Milteny Biotec

Thermo Fisher

Thermo Fisher

R&D Systems

Gibco

Tonbo Biosciences

BD Biosciences

Cat# 212-GD-050
Cat# 560-GR-100
Cat# 13256-029
Cat# 252-PL
Cat# D9542

Cat# P36934

Cat # 24020-117
Cat# LS004188
Cat# 25200114
Cat# LS002147
Cat# 14200-075
Cat# 10082-147
Cat# 130-048-801
Cat# 10639011
Cat# 13256-029
Cat# 6417-A1
Cat# 25300120
Cat# 13-0865-T100
Cati# 554723

UltraComp eBeads™ ThermoFisher Cat# 01-2222-42
Critical commercial assays

lllumina NovaSeq 100 Cycle Reagent kit lllumina Cat# 20028319
Nextera XT DNA Library Preparation Kit (96 samples) lllumina Cat# FC-131-1096
Slide-seq Arrays Fei Chen Lab N/A

Dead Cell Removal Kit

Milteny Biotec

Cat# 130-090-101

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw Slide-seq data GEO BioProject ID: PRINA668433

Additional raw Slide-seq data UTSW Cloud Drive https://cloud.biohpc.swmed.edu/index.
php/s/oCBrZWj6JGjC8E9

Processed data Github https://github.com/thechenlab/Testis_Slide-seq

Additional processed data UTSW Cloud Drive https://cloud.biohpc.swmed.edu/index.php/s/
nCM8Px3zFmTpZrk

Processed LR interaction data Single Cell Portal Portal ID: SCP2166

Experimental models: Organisms/strains

Mouse: 129/SvEv x B6 F1 Hybrids Makoto Nagano Lab N/A

Mouse: C57BL/6J The Jackson Laboratory Strain #:000664

Oligonucleotides

Template Switch Oligo (AAGCAGTGGTATCA This paper N/A

ACGCAGAGTGAATIrG+GrG)

SMART_PCR_Primer (AAGCAGTGGTATCAACGCAGAGT) This paper N/A

Truseq_PCR_Handle (CTACACGACGCTCTTCCGATCT) This paper N/A

Truseq P5 (MATGATACGGCGACCACCGAGATCTA This paper N/A

CACTCTTTCCCTACACGACGC TCTTCCGATCT)

dN-SMRT oligo (A AGCAGTGGTATCAACGCAGAG This paper N/A

TGANNNGGNNNB)

HCR probes Molecular Instruments N/A

Software and algorithms

Testis Slide-seq data analysis In house https://github.com/HaigiChenlLab/
Slideseq_SSC_Niche

Slide-seq tools In house https://github.com/MacoskoLab/
slideseq-tools

RCTD Cable et al."” https://github.com/dmcable/spacexr

NICHES Raredon et al.'® https://github.com/msraredon/NICHES

COMMOT Cang et al.”® https://github.com/zcang/COMMOT

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Haigi Chen
(haigi.chen@utsouthwestern.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® The raw sequencing data supporting the findings of this study are available in the NCBI BioProject database (BioProject ID:
PRJNA668433) and at https://cloud.biohpc.swmed.edu/index.php/s/oCBrZWj6JGjC8E9. The newly generated, processed
data including the gene expression matrix and the bead location matrix can be found at https://cloud.biohpc.swmed.edu/
index.php/s/nCM8Px3zFmTpZrk. Previously generated, processed data including the gene expression matrices and bead
location matrices are available at https://github.com/thechenlab/Testis_Slide-seq. A data visualization portal using the frame-
work of Single Cell Portal can be access through the following link https://singlecell.broadinstitute.org/single_cell/study/
SCP2166/testis-slide-seq.

o Custom code is available at https://github.com/HaigiChenlLab/Slideseq_SSC_Niche.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Mouse testis tissue collection for Slide-seq and IF were carried out with prior approval of the UT Southwestern Medical Center on Use
and Care of Animals, in accordance with the guidelines established by the National Research Council Guide for the Care and Use of
Laboratory Animals. Adult (7-18 weeks old) C57BL/6J (B6) male mice were housed in the UT Southwestern Medical Center animal
facility, in an environment controlled for light (12 h on/off) and temperature (21-23°C) with ad libitum access to water and food.

All procedures for handling and care of mice for spermatogonial culture and transplantation experiments were approved by the
Animal Care and Use Committee of the Research Institute of the McGill University. 6- to 9-day old F1 pups of B6 and B6.129S7-Gtro-
sa26Sor, the latter of which carries the bacterial B-galactosidase, served as donor miceand were used to isolate spermatogonia. The
recipient mice for spermatogonial transplantation were 129/SvEv x B6 F1 hybrids. All mice were housed in an environment controlled
for light (12 h on/off) and temperature (21-23°C) with ad libitum access to water and food.

Human samples

Adult human testicular samples were from four healthy men (donor #1: 21 years old; donor #2: 24 years old; donor #3: 32 years old;
donor #4: 48 years old; unknown races); Samples were obtained through the University of Pittsburgh Health Sciences Tissue Bank
and Center for Organ Recovery (CORID No. 686). All samples were de-identified.

Primary cell cultures
Mouse SSCs were isolated from 6- to 9-day old male F1 pups of B6 and B6.129S7-Gtrosa26Sor parents and were cultured in vitro.
Human SSCs were isolated from human testicular samples described above and were cultured in vitro. See below for culture details.

METHOD DETAILS

Slide-seq workflow

Slide-seq arrays were gifts from Fei Chen at the Broad Institute of MIT and Harvard. Fresh frozen testis tissue sections at 10 um thick-
ness were obtained using a cryostat (Leica CM3050S), and then moved onto the Slide-seq arrays. The arrays were then placed into a
1.5 mL microcentrifuge tube. The sample library was then prepared based on the protocol detailed before.'** Library quantification
was performed using the Bioanalyzer. The library concentration was normalized to 4 nM for sequencing. Samples were sequenced
on the lllumina NovaSeq S2 flow cell 100 cycle kit with the read structure 42 bases Read 1, 8 bases i7 index read, 50 bases Read 2.
Each bead array received approximately 150-200 million reads, corresponding to ~2,000-2,500 reads per bead.

Immunofluorescence

Slides with tissue sections were fixed in 4% PFA (in PBS) and washed three times in PBS for 5 min each, blocked 30 minin 4% BSA (in
PBST), incubated with primary antibodies overnight at 4°C, washed three times in PBS for 5 min each, and then incubated with sec-
ondary antibodies at for 1 h at room temperature. Slides were then washed twice in PBS for 5 min each and then for 10 min with a PBS
containing DAPI (D9542, Sigma-Aldrich). Lastly, slides were mounted using ProLong Gold Antifade Mountant (P36934, Thermo
Fisher Scientific) and sealed. Antibodies used for IF: mouse Anti-CYP11A1 antibody (1:200, 67264-1-Ig, Proteintech), rabbit anti-
PTN antibody (1:100, 27117-1-AP, Proteintech), goat anti-PTN antibody (1:100, AF252SP, R&D Systems), mouse anti-Syndecan-
4 (5G9) Alexa Fluor 546 antibody (1:100, sc-12766 AF546, Santa Cruz Biotechnology), rabbit anti-Ephrin A1 antibody (1:100,
ab124911, abcam), mouse Anti-VWF antibody (1:100, 66682-1-lg, Proteintech), mouse anti-GFRal Alexa Fluor 647 antibody
(1:100, sc-271546 AF647, Santa Cruz Biotechnology) and Alexa Fluor 488-, 594-, and 647-conjugated secondary antibodies (Thermo
Fisher Scientific). Imaging was performed using an inverted Nikon CSU-W1 Yokogawa spinning disk confocal microscope with a Ni-
kon CFl APO LWD 40X/1.15 water immersion objective and an Orca-Fusion GEN-IIl sCMOS camera.

smFISH

smFISH was performed using the hybridization chain reaction (HCR) technique as described before.'® Reagents and gene probes
were purchased from Molecular Instruments. Briefly, frozen testes were sectioned into (3-Aminopropyl) triethoxysilane-treated glass
bottom 24-well plates. Sections were cross-linked with 10% Formalin for 15 min, washed with 1X PBS for three times, and permea-
bilized in 70% ethanol for 2 h - overnight at —20°C. Sections were then rehydrated with 2X SSC for three times and equilibrated in
HCR hybridization buffer for 10 min at 37°C. Gene probes were added to the sections at a final concentration of 2 nM in HCR hybrid-
ization buffer and hybridized overnight in a humidified chamber at 37°C. After hybridization, samples were washed four times in HCR
wash buffer for 15 min at 37°C and then three times for 5 min at room temperature in 5X SSCT. The probe sets were amplified with
HCR hairpins for 12-16 h at room temperature in HCR amplification buffer. Prior to use, the hairpins were ‘snap cooled’ by heating at
95°C for 90 s and letting cool to room temperature for 30 min in the dark. After amplification, the samples were washed in 5X SSCT
and stained with 20 ng/mL DAPI before imaging. Microscopy was performed using an inverted Nikon CSU-W1 Yokogawa spinning
disk confocal microscope with 488 nm, 640nm, 561nm, and 405 nm lasers, a Nikon CFI APO LWD 40X/1.15 water immersion objec-
tive, and an ORCA-FUSION GEN-IlIl sCMOS camera. NIS-Elements AR software (v4.30.01, Nikon) was used for image capture.
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Culture of mouse spermatogonia for the transplantation assay

The culture was established as described previously®® using Thy1-positive spermatogonia from 6- to 9-day old pups (designated
B6ROSA26). These donor mice were the F1 progeny of B6 and B6.129S7-Gtrosa26Sor, the latter of which carries the bacterial
B-galactosidase in virtually all cell types. Cells were placed initially in the wells of 24-well plates at 0.2 x 10° cells/well. They were
cultured on an STO feeder layer with culture medium supplemented with recombinant human GDNF (212-GD-050, R&D Systems)
at 20 ng/mL, recombinant rat GFRa1 (560-GR-100, R&D Systems) at 75 ng/mL, FGF2 (13256-029, Invitrogen) at 1 ng/mL, and O,
5, or 50 ng/mL of recombinant PTN (252-PL, R&D Systems). The dosages of PTN were selected based on a previous study.*° Culture
medium was replaced every 3 to 4 days, and spermatogonia were subcultured every week at a 1:2 split rate four times; thus, the total
culture period was 5 weeks up to transplantation.

Transplantation assay

The recipient mice for spermatogonial transplantation were 129/SvEv x B6 F1 hybrids. These mice were treated with an i.p.-injection
of busulfan at 50 mg/kg body weight at 4 weeks of age and served as recipients of transplantation 7 to 8 weeks later.®” Cultured
mouse spermatogonia were harvested by trypsinization and a single-cell suspension was made at ~10° cells/mL. These cells
were injected into the seminiferous tubules of recipients through efferent ducts using micropipettes.®”* Two months after transplan-
tation, recipient testes were recovered and stained with X-gal to count the number of colonies derived from donor spermatogonia.
The colony number indicates the number of SSCs successfully engrafted after transplantation. The count data was normalized as
“per culture well” for fair comparisons across the treatment groups.*®

Isolation of human spermatogonia and culture

To investigate the effects of Ephrin-A1 on human spermatogonial cells in vitro, culture of spermatogonial cells was performed as pre-
viously described.? Briefly, cryopreserved human testicular tissues from four adult donors (21, 24, 32, and 48 years old, respectively)
were thawed quickly in a 37°C water bath and washed in Hank’s Balanced Salt Solution (HBSS) (24020-117, Gibco). Tissues were
then digested sequentially with 2 mg/ml Collagenase IV (LS004188, Worthington Biochemical), 0.25% Trypsin-EDTA (25200114,
Thermo Fisher), and 3.5 mg/ml DNase | (LS002147, Worthington Biochemical) in HBSS at 37°C. The cell suspension obtained
was filtered through a 40 um cell strainer (08-771-1, Thermo Fisher), and dead cells were removed through magnetic activated
cell sorting (MACS) using the Dead Cell Removal Kit (130-090-101, Milteny Biotec). MACS-sorted live cells were stained with PE
rat anti-human CD49f/ITGA6 (10 uL/10° cells, 555736, BD Biosciences) in 1X DPBS (14200-075, Gibco) supplemented with 1%
FBS (10082-147, Gibco), then incubated in DPBS containing anti-PE MicroBeads (2 ulL/10° cells, 130-048-801, Milteny Biotec).
The ITGA6+ fraction was collected in StemPro-34TM SFM media (10639011, Thermo Fisher) supplemented with GDNF (450-010,
Peprotech) at 20 ng/mL and bFGF (13256-029, Thermo Fisher) at 1 ng/mL. Cells were then seeded on human collagen I-coated
6-well plates (1 pg/cm?; 08-774-550, Corning) to remove adherent somatic cells. After 24 h at 37°C, floating cells were removed
and re-plated on fresh collagen I-coated wells for additional 24 h. In the following day, the remaining floating cells were collected
for cell culture.

To culture human spermatogonia, human testis-derived extracellular matrix (tECM) was neutralized to pH 7.6 using 0.1 N NaOH
and diluted in 1X DPBS for coating 24-well plates at a final concentration of 300 pg/mL for 2 h at room temperature. At the time of
seeding ITGA6" MACS-sorted cells, wells containing residual htECM were washed with HBSS and the cells were plated at a concen-
tration of 2.5-5x10* cells/cm? in three different GDNF/bFGF supplemented StemPro-34TM SFM media with: 0 ng/mL, 3 ng/mL, and
6 ng/mL of recombinant human Ephrin-A1 (EFNA1, 6417-A1, R&D Systems). The concentration of EFNA1 used in this study was
determined according to manufacturer’s instructions that approximately 0.6-3 ng/mL produces 50% of the optimal binding response
measured by ELISA. Fresh medium was added into culture wells every 3—-4 days and cells were collected at day 0, and day 7 after
trypsinization (0.05% Trypsin EDTA, 25300120, Gibco).

Multiparameter FACS

To evaluate the presence of undifferentiated (GFRa1*) and differentiated (Kit*) spermatogonia through FACS, we followed the
method previously reported by Murdock et al.*° In short, cultured human spermatogonia were washed with azide-free and
serum-free 1X DPBS (DPBS-S, 14200-075, Gibco) and incubated with the viability dye Ghost Dye Red 780 (13-0865-T100, Tonbo
Biosciences) according to the manufacturer’s instructions. Cells were washed and incubated in 1X DPBS (DPBS-S, 14200-075,
Gibco) containing 1% FBS (10082-147, Gibco), goat anti-GFRa1 antibody (5uL/10° cells; AF714, R&D Systems) and APC mouse
anti-human CD117/KIT antibody (5uL/108 cells, 550412, BD Biosciences) for 25 min on ice. Cells were then washed and incubated
with fluorescent secondary antibodies. After washing, cells were fixed in 4% PFA for 15 min at room temperature and washed in 1:1
Perm/Wash buffer (554723, BD Biosciences). After being washed and filtered through 40 um strainers (08-771-1, Thermo Fisher),
samples were analyzed using the BD FACSAria Il flow cytometer. Unstained cells were used as the negative control. Compensation
controls were prepared using UltraComp eBeadsTM (01-2222-42, ThermoFisher) incubated with isotype antibody controls for each
fluorophore according to manufacturer instructions.
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Computational methods for slide-seq data

Preprocessing of slide-seq data

The Slide-seq tools (https://github.com/MacoskolLab/slideseq-tools) were used for processing raw sequencing data. In brief, low-
quality reads were filtered and trimmed. STAR*" was used to align reads to genome sequence. The Slide-seq tools extracted cellular
barcode (i.e., bead spatial barcode) and molecular barcode (UMI) from aligned reads. For each of those cellular barcodes, hamming
distances were calculated between it and all the cellular barcodes from in situ sequencing. The list of uniquely matched bead barc-
odes was outputted. The final output from the Slide-seq tools were a digital gene expression matrix (bead barcodes X genes) and
barcode location matrix (bead barcodes X spatial coordinates). For each Slide-seq bead, the total number of UMIs were calculated
and beads with less than 20 UMIs were filtered out. A trimming step was also applied to exclude beads located outside the main area
of the bead array.

Cell type assignment

RCTD was used to accurately assign cell types and SPG subtypes to Slide-seq beads."” The method consisted of two main steps:
first, scRNA-seq data previously annotated with cell type identities was used to calculate the mean gene expression profile of each
cell type and SPG subtype. Next, RCTD created a spatial map of cell types/subtypes by fitting the spatial transcriptomics of each
Slide-seq bead as a linear combination of individual cell types/subtypes. Cell type/subtype weights and a bead class (one of the
following: singlet, doublet, and reject) were assigned to each bead. Beads with the bead class as ‘reject’ were removed from down-
stream analysis. The cell types/subtypes of the remaining beads were assigned based on the identity of the cell type/subtype with the
largest weight. To perform RCTD on the mouse slide-seq data, we used scRNA-seq data from a study by Green et al.'® For the human
Slide-seq data, we used data from Guo et al. as a ref. 24.

Assignment of stages of the cycle of the seminiferous epithelium

To assign stage information to each Slide-seq bead, first, a pseudotime value was assigned to each bead using a previously estab-
lished method."® Next, the Slide-seq pseudotime data was converted into a grayscale image followed by Gaussian smoothing,
thresholding, watershed segmentation, and K-nearest neighbor (KNN) analysis'® (Figure S1G). The result was the assignment of
each Slide-seq bead to a seminiferous tubule. Segmented seminiferous tubules with a total number of beads less than 20 and
more than 700 were first filtered out. This was because tubules with less than 20 beads usually only represented a small portion
of atubule and tubules containing more than 700 beads represented two tubules which were not properly separated by the algorithm.
The raw unique molecular identifier (UMI) count data of the Slide-seq beads was then normalized and variance-stabilized using the
function SCTransform from Seurat V3.% The normalized gene expression values of the Slide-seq beads within the same tubule were
aggregated. Uniform manifold approximation and projection (UMAP) for dimension reduction of the aggregated gene expression
data were performed using the top 3000 highly variable genes under the assumption that seminiferous tubules at similar stages
should share similar transcriptional profiles. Finally, genes whose expressions are known to be stage-specific’®** were used to
assign stages to each cluster (Figure ST1H). These genes include H1fnt, H3f3b, Tnp1, Prm1, Prm2, Serpina3a, Smcp, Ssxb1, Taf2,
Pcaf, H2A, Ezh2, Brd8, Taf5, Trim24, and Brd2.

Generation of a spatially resolved LR interaction map

NICHES'® was adopted to survey the LR interaction landscape using the Slide-seq data. For each Slide-seq bead, a mutual KNN graph
was computed based on the spatial coordinates of the beads. K = 4 neighbors were used for building the nearest neighbor graphs. K=
10 was also tested and yielded similar results (data not shown). The expression level of each LR pair was calculated by multiplying
ligand expression on the sending cell with receptor expression on the receiving cell. The spatial expression of each LR pair was
then visualized using Scanpy.*® The bead-LR pair expression matrix was used to create a Seurat object, with the cell type and stage
information of each Slide-seq bead as meta data. The normalized and scaled LR-pair expression data was subject to low-dimensional
embedding using UMAP and was then used to identify the stage-specific expression of LR pairs using the FindAlIMarkers function from
Seurat V3. To dissect the interactions between each cellular component of the niche and the SSCs, the expression of LR pairs coming
from each niche component and landing on the SPG1 cell population was computed by summing the expression of the LR pairs from
beads belonging to the queried cell types. Cell type-specific expressions of LR pairs were then identified using the FindAllMarkers
function.

Calculation of signaling activities and signaling directions

COMMOT?® was adopted to infer signaling activities and spatial signaling directions. To achieve this, ligand and receptor expression
were viewed as two distributions to be coupled with a cost based on spatial distance to form an Optimal Transport problem. A col-
lective optimal transport approach was developed to reconstruct signaling activities based on LR expressions. The spatial signaling
direction was obtained by interpolating a cell-by-cell cell-cell communication matrix to a vector field in the intact tissue space to
describe from or to what direction was the signal received or sent.
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Neighborhood enrichment analysis

To dissect the spatial relationship between SPG subtypes, an enrichment score was calculated. First, a connectivity matrix from
spatial coordinates of the Slide-seq beads assigned as the SPG subtypes was computed. Next, the spatial association between
each SPG subtype pair in the connectivity graph was estimated by counting the sum of nodes that belong to the SPG subtype
pair and were proximal to each other. The number of observed nodes was compared against 100 permutations and a Z score
was computed. This analysis was implemented in the gr.nhood_enrichment function from Squidpy.*®

Calculation of the spatial autocorrelation score

The spatial autocorrelation score was adopted from the Moran’s | global spatial auto-correlation statistics which evaluates whether
features (in our case, the expression of an LR pair) show a pattern that is clustered, dispersed, or random in the tissue. We found that
only positive spatial autocorrelation scores were generated for the LR pairs. This implies that the expression of LR pairs tend to clus-
ter spatially (i.e., Slide-seq beads with high expression values cluster near each other, and beads with low values cluster near other
beads with low values). To enable the comparison between the WT and ob/ob samples, we assumed that the overall size and struc-
ture of the profiled tissue areas of the two groups were largely similar. Only the Z score from the Moran’s | statistics with a multiple
hypothesis-corrected p value less than 0.05 was used for comparison.

Validation of the spatial autocorrelation score analysis

To test if the spatial autocorrelation score captures real changes in the spatial expression patterns of LR pairs in the ob/ob vs. WT
testes, a generalized linear spatial model-based statistical method called SPARK®* was applied to individual seminiferous tubules.
For each queried LR pair, whether its spatial expression pattern is statistically non-random in the ob/ob vs. WT tubules was deter-
mined by SPARK using default settings. We looked for LR pairs whose expression show non-random spatial distribution in the WT
tubules but not in the ob/ob tubules.

GO analysis
GO analysis was performed using the clusterProfiler package.”” Cellular components from the org.Mm.eg.db genome wide anno-
tation for the mouse was used for the ontology database.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were reproduced at least twice unless stated otherwise. Transplantation data were obtained from two series of sper-
matogonial cultures, involving at least 12 testes for each group. Significance was determined using one-way ANOVA followed by the
Fisher’s Least-Significant-Difference Test, and p < 0.05 was determined to be significant. FACS data of human spermatogonia were
obtained from 4 patient samples. To enable comparison between groups, log2 transformed data on the percentage of each SPG
stage were used. Significance was determined using one-way ANOVA followed by Tukey’s Test, and p < 0.05 was determined to
be significant. Comparison of the spatial autocorrelation scores between the WT and ob/ob tubules were performed using Wilcoxon
rank-sum test.
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