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Abstract

Exposure to endocrine-disrupting chemicals (EDCs) during development may cause reproductive disorders in women.
Although female reproductive endpoints are assessed in rodent toxicity studies, a concern is that typical endpoints are not
sensitive enough to detect chemicals of concern to human health. If so, measured endpoints must be improved or new bio-
markers of effects included. Herein, we have characterized the dynamic transcriptional landscape of developing rat ovaries
exposed to two well-known EDCs, diethylstilbestrol (DES) and ketoconazole (KTZ), by 3° RNA sequencing. Rats were
orally exposed from day 7 of gestation until birth, and from postnatal day 1 until days 6, 14 or 22. Three exposure doses for
each chemical were used: 3, 6 and 12 pg/kg bw/day of DES; 3, 6, 12 mg/kg bw/day of KTZ. The transcriptome changed
dynamically during perinatal development in control ovaries, with 1137 differentially expressed genes (DEGs) partitioned
into 3 broad expression patterns. A cross-species deconvolution strategy based on a mouse ovary developmental cell atlas
was used to map any changes to ovarian cellularity across the perinatal period to allow for characterization of actual changes
to gene transcript levels. A total of 184 DEGs were observed across dose groups and developmental stages in DES-exposed
ovaries, and 111 DEGs in KTZ-exposed ovaries across dose groups and developmental stages. Based on our analyses, we
have identified new candidate biomarkers for female reproductive toxicity induced by EDC, including Kcne2, Calb2 and Insi3.
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Introduction

Early life exposure to endocrine-disrupting chemicals
(EDCs) can affect reproductive development and cause dis-
ease later in life. This holds true for both male and female
reproductive health (Johansson et al. 2017; Skakkebaek
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Since rats are often used for in vivo reproductive toxic-
ity testing of chemicals, it is important to consider dif-
ferences in reproductive development between rats and
humans. There are obvious temporal differences in ovarian
development between the species, which also means that
there are differences in susceptible windows of chemical
exposure (Johansson et al. 2017). With regard to chemi-
cal safety assessments, a prevailing challenge is that cur-
rent rodent test guidelines may not be sensitive enough
to reveal endocrine-disrupting effects that could pose a
risk to women’s reproductive health (Draskau et al. 2021;
Johansson et al. 2021; OECD 2018). This is not necessar-
ily because there is a lack of effects, but could instead be
that the endpoints being assessed are not sensitive or spe-
cific enough for their intended purposes (Johansson et al.
2021). This, coupled with the fact that chemical testing
and regulation regimens are aiming at rapidly reducing
the use of animal testing for chemical safety assessment,
means that we must identify appropriate mechanisms of
action in order to employ the correct panel of tests in the
future.

Diethylstilbestrol (DES) and ketoconazole (KTZ) are
well-characterized EDCs. In humans, prenatal exposure
to the synthetic estrogen DES increases the incidence of
reproductive tract cancers, impairs fertility and causes
early menopause in daughters of mothers who have taken
DES during pregnancy (Hatch et al. 2006; Hoover et al.
2011; Johansson et al. 2021; Laronda et al. 2012; Palmer
et al. 2001; Steiner et al. 2010). KTZ, a pharmaceutical
used to treat fungal infections, can perturb steroid hor-
mone synthesis in humans and rodents by inhibiting vari-
ous cytochrome P450 (CYP) enzymes of the steroidogen-
esis pathway (Kjerstad et al. 2010; Mason et al. 1987,
Munkboel et al. 2019), potentially interfering with both
androgen and estrogen synthesis and downstream signal-
ing. KTZ has also been used to reduce the rate of follicu-
logenesis in women during fertility treatment (Gal et al.
1999; Parsanezhad et al. 2003). However, the mechanisms
by which either DES or KTZ cause these adverse female
reproductive effects are poorly understood.

We recently performed an in vivo rat reproductive tox-
icity study to address the lack of sensitive markers for
female reproductive toxicity (Johansson et al. 2021). Both
DES and KTZ were used to answer some of the questions
raised above. To complement and expand on this work,
we used the Bulk RNA Barcoding-sequencing (BRB-seq)
technology on rat developing ovaries to study the impact of
perinatal exposure to DES and KTZ at the transcriptional
level and to potentially identify biomarkers of exposure
which might be used in future chemical testing strategies.
We also performed a cross-species deconvolution-based
analysis by combining the BRB-seq dataset with a mouse
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ovary developmental cell atlas composed of three single-
cell RNA sequencing datasets. This was done to validate
if the transcriptional changes we observed were indeed
related to transcriptional variations or simply to changes in
the ratio of different cell types that normally occur during
ovary development.

Materials and methods
Chemicals

Diethylstilbestrol (DES, CAS no. 56-53-1; purity > 99%)
and Ketoconazole (KTZ, CAS no. 65277-42-1; purity 98%)
were purchased from Sigma-Aldrich and BOC Sciences Inc.,
USA, respectively. Corn oil was purchased from Sigma-
Aldrich (cat.no. C8267-2.5 L) and used as control and vehi-
cle. Solutions used for dosing of animals were stored in glass
bottles in the dark at room temperature and continuously
stirred during the dosing period.

Animals and dosing

Animal experiments had ethical approval from the Danish
Animal Experiments Inspectorate (license number 2015-
15-0201-00553) and were overseen by the in-house Animal
Welfare committee. All methods were performed in accord-
ance with relevant guidelines and regulations.

The in vivo rat study was previously described in Johans-
son et al. (2021). Briefly, time-mated Sprague—Dawley
rats (Crl:CD(SD)) (Charles River Laboratories, Sulzfeld,
Germany) were delivered on gestational day (GD) 3, with
the day following overnight mating denoted GD1. Dams
were weighed and assigned to treatment groups with
similar body weight (bw) distributions on GD4. Animals
were housed in standard conditions with 12 h light/dark
cycles and fed a standard soy- and alfalfa-free diet based
on Altromin 1314 (Altromin GmbH, Germany) along with
ad libitum tap water in Bisphenol A-free bottles (Polysul-
fone 700 ml, 84-ACBT0702SU Tecniplast, Italy). Animals
were housed in pairs until GD17, thereafter individually.
Rat dams were exposed to DES or KTZ from GD7 until
birth. Dams, and offspring following birth, were weighed
and gavaged each morning with vehicle control or test
substances.

Impact of KTZ and DES exposures were studied at three
distinct postnatal days (PND 6, 14, and 22) using three dif-
ferent doses of 3, 6 and 12 pg/kg bw/day for DES and of 3,
6 and 12 mg/kg bw/day for KTZ. Ovaries from a total of
159 rats were collected for analysis, giving 5-8 replicates
for each experimental condition (Fig. 1A).
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Fig.1 Experimental design, principal component analysis and sta-
tistical filtration. A Rat dams were orally exposed from gestational
day (GD) 7 until birth day, then the offsprings until postnatal day
(PND) 6, 14 or 22 via mother’s milk. Exposure doses were 3 (low),
6 (medium) and 12 (high) pg/kg bw/day of DES and 3 (low), 6
(medium) and 12 (high) mg/kg bw/day of KTZ. A total of 156 rat
ovaries were collected and sequenced 79 from DES exposure groups
and 77 from KTZ exposure groups. B Projection on a two-dimension
PCA-based space of preprocessed sample data. Ovaries exposed to
DES are represented with squares and those exposed to KTZ with
triangles. Three colors differentiate the three different stages, PND6
in blue, PND14 in green and PND22 in pink. A color gradient dif-
ferentiates the doses within each group; lightest for control group
and darkest for highest dose group. The first dimension (Dim 1)
explains around 41% of variance, discriminating samples accord-

ing to postnatal days. C Differentially expressed genes (DEGs) dur-
ing rat ovary development and after exposures, analyzed by BRB-seq
by comparing controls at PND6, PND14 and PND22 and controls vs
low, medium, high doses of DES (3, 6 and 12 pg/kg bw/day) or KTZ
(3, 6 and 12 mg/kg bw/day). A total of 1254 DEGs were detected
by applying 3 filtration steps for each comparison: (i) the detectable
cutoff (0.43); (ii) the fold-change cutoff (1.5) and (iii) the adjusted F
value (0.05). These genes were then separated into 1137 DEGs dur-
ing ovary development, 184 DEGs after exposure to DES and 111
DEGs after exposure to KTZ. The number of DEGs found in each
condition is indicated in the next row, and the two following rows
representing the number of over- or under-expressed DEGs for each
condition. Diethylstilbestrol (DES), ketoconazole (K7Z), bodyweight
(bw). (color figure online)
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RNA extraction

Total RNA was extracted using an RNA/DNA extraction kit
(Qiagen, Germany) following manufacturer’s instructions.
For PND6 samples, two ovaries from two littermates were
pooled for RNA extraction. For PND14 and PND22, only
one ovary from one littermate was used for RNA extraction.
RNA quantity was assessed using a NanoDrop" 8000 Spec-
trophotometer (Thermo Fisher Scientific), and RNA quality
using a 2100 Bioanalyzer Instrument (Agilent Technologies,
CA, USA) according to manufacturer’s instructions. Only
samples with an RNA integrity number (RIN)-score>7
were included for sequencing.

BRB-seq library preparation and sequencing

The 3° Bulk RNA Barcoding and sequencing (BRB-seq)
(Alpern et al. 2019) experiments were performed as previ-
ously described (Draskau et al. 2021; Giacosa et al. 2021).
Briefly, RNAs from ovaries for all treatment groups were
distributed onto two 96-well plates, referred to as plate #1
and plate #2. A first step of reverse transcription and tem-
plate switching reactions was performed using 4 pL total
RNA at 2.5 ng/uL and sample-specific barcoded oligo-dT.
Subsequently, cDNAs from each plate were pooled, puri-
fied and double-strand (ds) cDNAs were synthesized by
PCR. The two corresponding sequencing libraries were
next built by tagmentation using 50 ng of ds cDNA with the
Illumina Nextera XT Kit (Illumina, #FC-131-1024) follow-
ing the manufacturer’s recommendations. The two resulting
libraries were finally sequenced on a NovaSeq sequencer
as Paired-End 100 base reads, following Illumina’s instruc-
tions by the IntegraGen Company (https://integragen.com/
fr/). Image analysis and base calling were performed using
RTA 2.7.7 and bcl2fastq 2.17.1.14. Adapter dimer reads
were removed using DimerRemover (https://sourceforge.
net/projects/dimerremover/).

Data preprocessing and quality control

Briefly, the first reads (R1) contained 16 bases that were
required to have a phred quality score higher than 10.
Among these, the first 6 bases corresponded to the unique
sample-specific barcode that was needed to de-multiplex
the sequencing data, while the following 10 bases corre-
sponded to a unique molecular identifier (UMI) that was
used for quantification. The second reads (R2) were aligned
to the rat reference transcriptome from the UCSC website
(release rn6, downloaded in August 2020) using BWA ver-
sion 0.7.4.4 with the parameter “—1 24”. Reads mapping
to several positions in the genome were filtered out from
the analysis. After quality control and data preprocessing,
a gene count matrix was generated by counting the number
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of unique UMIs associated with each gene in lines for each
sample in columns. The UMI matrix was further normal-
ized with the regularized log (rlog) transformation pack-
age implemented in the DeSeq?2 package (Love et al. 2014)
(Fig. S1A). Raw and preprocessed data were deposited at the
GEO repository under the accession number GSE208545
(Edgar et al. 2002). After quality controls, the number of
samples was reduced to 156.

Differential gene expression analysis

Principal component analysis (PCA) was performed with
the FactoMineR (L& et al. 2008) package implemented in R
v4.0.3. Differentially expressed genes (DEGs) were identi-
fied based on the following statistical comparisons: (i) PND6
controls vs PND14 controls vs PND22 controls; (ii) controls
vs DES-exposed samples at PND6, 14 and 22 and at each
dose; (iii) controls vs KTZ-exposed samples at PND6, 14
and 22 at each dose. To avoid potential batch effects between
different plates, the comparison of controls at distinct devel-
opmental stages was performed using samples from plate #1
only, as these included more replicates. The comparison of
KTZ- and DES-exposed samples with their respective con-
trols was performed using plate #1 and plate #2, respectively.

For each comparison, sequential filtration steps (Fig.
S1A) were applied: (i) the median gene expression value
of all the samples was used as a background cutoff; (ii) a
fold-change cutoff of at least 1.5; and, (iii) a statistical filtra-
tion with the Linear Models for MicroArray data (LIMMA)
package (Smyth 2004) and a p value cutoff of 0.05 adjusted
with the Benjamini and Hochberg method (Benjamini and
Hochberg 1995). Finally, heatmap representations of DEGs
were generated with the R package pheatmap. Spot plots
were generated with the FlexDotPlot package (Leonard et al.
2022).

The resulting transcriptomic signatures were deposited
at the TOXsIgN repository under the accession number
TSP1269 (https://toxsign.genouest.org/) (Darde et al. 2018).

Clustering and functional analysis

The resulting lists of DEGs were clustered into distinct gene
expression patterns with the K-means algorithms. A Gene
Ontology term enrichment analysis was performed with the
Annotation Mapping Expression and Network (AMEN)
suite (Chalmel and Primig 2008). A specific annotation
term was considered significantly enriched in a given gene
expression pattern when the False Discovery Rate (FDR)-
adjusted p value (Fisher’s exact probability) was <0.05 and
the number of associated genes was > 2. KEGG pathways
were visualized using the pathview function implemented in
R (Luo and Brouwer 2013).


https://integragen.com/fr/
https://integragen.com/fr/
https://sourceforge.net/projects/dimerremover/
https://sourceforge.net/projects/dimerremover/
https://toxsign.genouest.org/

Archives of Toxicology (2023) 97:849-863

853

Assembly of a mouse ovary developmental cell atlas

The analysis of three single-cell RNA sequencing (scRNA-
seq) datasets (Long et al. 2022; Meinsohn et al. 2021; Wang
et al. 2020) was performed using the Seurat v4.0.1 (Hao et al.
2021) package in R (Fig. S1B). Doublets were filtered out
independently in each individual sample using the Doublet-
Finder R package v.2.0.2 (McGinnis et al. 2019). Cells with
less than 1000 UMI, 500 genes and more than 15% of mito-
chondrial content were removed.

Data for each individual dataset were normalized using the
NormalizeData and the SCTransform (by regressing out for
the mitochondrial, ribosomal and cell cycle genes) functions
implemented into Seurat. The three datasets were then inte-
grated using the RPCA function implemented into Seurat. A
principal component analysis (PCA) was performed with the
RunPCA function based on the top-3000 most varying genes
by excluding mitochondrial, ribosomal and cell cycle genes.
Next, cells were projected into a two-dimensional space with
the Uniform Manifold Approximation and Projection (UMAP)
method implemented into the RunUMAP function based on
the top-50 principal components. Cells were then clustered
with the FindNeighbors and FindClusters functions with
default parameters. Each cell cluster was associated with ovar-
ian cell types based on known marker genes complemented by
markers identified by the R package Presto (Korsunsky et al.
2019). A total of 10 broad cell types corresponding to 36 clus-
ters were identified.

Deconvolution analysis

The MuSiC R package was used for the deconvolution analy-
sis (https://github.com/xuranw/MuSiC) (Wang et al. 2019).
MuSiC is a method that utilizes cell type-specific gene expres-
sion from scRNA-seq data to characterize cell type compo-
sitions from bulk RNA-seq data in complex tissues (Wang
et al. 2019). For the subsequent analysis, each bulk sample was
deconvoluted to estimate the proportion of each individual cell
type described in the mouse ovary developmental cell atlas.
Briefly, count matrices of scRNA-seq data and BRB-seq data
were used as input data. To assist the deconvolution algorithm
with cell type-specific genes conserved across mice and rats,
the scRNA-seq matrix was reduced to only variable genes with
unique mouse-to-rat ortholog, i.e., one-to-one relationship as
described in the set of homologs available on Ensembl v105
(Howe et al. 2021). The deconvolution analysis was performed
on each cell cluster described in the mouse ovary develop-
mental cell atlas (Fig. 2A). The proportions of ten broad cell
types (including coelomic/surface epithelial cells, interstitial
cells, theca cell, granulosa cells, steroidogenic granulosa
cells, germ cells, endothelial cells, immune cells, erythrocytes
and perivascular cells) were estimated by summing the pre-
dicted proportions of their associated cell clusters. Statistical

comparisons were performed using the Wilcoxon rank-sum
test.

Results

A cross-species deconvolution-based strategy
confirms significant changes in ovarian cellularity
during perinatal development

To further characterize toxicological effects in the devel-
oping rat ovaries exposed to DES and KTZ (Johansson
et al. 2021), we sought to analyze potential transcriptional
changes using the BRB-seq technology. Total RNA from
156 postnatal ovaries from 12 experimental groups were
sequenced, comprising 3 dose groups each of DES- and
KTZ-exposed rats with respective control groups, at 3 dis-
tinct developmental stages: PND6, PND14 and PND22
(Fig. 1A). Following data normalization, the 156 tran-
scriptomes were projected on a 2D PCA-based space
whose first component explaining 41% of the variation
(x-axis) clearly differentiated samples according to the
three developmental stages (Fig. 1B). Notably, the two first
components of the PCA analysis could not discriminate
between samples based on exposure scenarios.

We next performed a cross-species deconvolution anal-
ysis to predict the relative proportion of distinct ovarian
cell types in each BRB-seq sample. Since rat scRNA-seq
datasets describing the developing ovary were not avail-
able at the time of the analysis, we instead assembled
a mouse ovary developmental cell atlas. This atlas was
composed of nine samples ranging from embryonic day
16.5 (E16.5) to adulthood by integrating control samples
from three studies (Long et al. 2022; Meinsohn et al. 2021;
Wang et al. 2020). After quality controls, the number of
detected cells per sample ranged from 610 to 16,202 (Fig.
S2A). The median number of detected genes per cell
ranged from 917 to 5738. The final scRNA-seq dataset
contained 35,040 cells that were projected on a 2D space
(UMAP) (Fig. S1B). Cells were next partitioned into 36
cell clusters (termed c1-c36) (Fig. S2B) that were associ-
ated with ten broad cell types based on specific marker
genes (Fig. S2, panels C-D, Table S3).

Germ cells (associated with five cell clusters includ-
ing c4, c6, cl4, c23, and c26) were identified based on
the expression of Ddx4, Dazl, Sycp3 and Kit (Fig. S2 C,
D). Four clusters (c10, c12, ¢34, and ¢36) were classified
as coelomic or surface epithelial cells as they expressed
canonical markers such as Upk3b and Krt19. Height clus-
ters (cl, ¢5, c7, ¢8, cl1, c13, ¢28, and c31) were asso-
ciated with granulosa cells and two others (c19, c24)
with steroidogenic granulosa cells based on the expres-
sion of Fst, Foxl2, Nr5al, Wnt6, and Runxl as well as
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genes encoding steroidogenic enzymes (such as Cypl7al,
Cypl9al, Cypllal, Star, and Hsd3bl). Eight clusters
(c2,c3, cl6, cl5, c21, ¢30, ¢33, and c35) were associated
with interstitial cells among which two corresponded to
theca cells (¢33, c35) based on the expression of Pdg-
fra, Tcf21, Dcn and Ptchl. The remaining clusters were
classified as endothelial cells based on Cd34 and Pecaml
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(c20), perivascular cells based on Pdgfrb and Acta2 (c29),
erythrocytes based on Snca and Alas2 (c9, c17, c18, and
c27), and finally immune cells based on Ptprc (c22, c25,
and c32).

With the exception of a difference in the germ cell pop-
ulation at PND14, no significant difference in overall cell
numbers were observed between the two BRB-seq plates
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«Fig.2 Transcriptional characterization of perinatal ovary develop-
ment. A Uniform manifold approximation and projection (UMAP)
representation of single-cell atlas of the developing mouse ovary
comprising 35,040 cells divided into 36 cell clusters and showing 10
broad ovarian cell types, including germ cells, immune cells, coe-
lomic/surface (C/S) epithelial cells, theca cells, perivascular cells,
interstitial cells, erythrocytes, endothelial cells, granulosa cells and
steroidogenic granulosa cells. B Boxplot showing predicted cell pro-
portions of the eight most prominent ovarian cell types after decon-
volution using single-cell data. Control samples were from the plate
containing KTZ-exposed samples (Plate #1). Statistical comparisons
were performed using the Wilcoxon rank-sum test, with asterisks
indicating statistical significance. ns=non-significant; *p<0.05;
*#p <0.01; ***p<0.001. Coelomic/surface epithelial cells (C/S epit.
cells), interstitial cells (Interst. cells), granulosa cells (Gran. cells),
steroidogenic granulosa cells (SG cells), endothelial cells (Endo.
cells). C Heatmap representation of DEGs during rat ovary develop-
ment revealed by BRB-seq through comparisons of control ovaries at
PND6, PND14 and PND22. In total, 1137 DEGs were detected and
grouped into 3 expression patterns (O1-03) underpinning rat ovary
development. Each row represents a gene and each column a time
point. The color code indicates scaled gene expression values. GO
terms enrichment analysis revealed biological processes terms signifi-
cantly associated with each expression pattern, which are indicated
on the right with associated number of genes and p value. Besides,
enriched cell types based on corresponding markers are provided for
each pattern.

(#1 and #2), which reflects good reproducibility within
the study (Fig. 2B, Fig. S3). When comparing cell popula-
tions in control ovaries from plate #1 across developmental
stages, a shift in overall cell type proportion for almost all
cell populations was detected: (i) a decrease in proportion
of germ cells (— 81%, 5.8e-4); (ii) a decrease in proportion
of coelomic/surface epithelial cells (— 65%, 4.1e—3) and
interstitial cells (— 66%, 5.8e—4) concomitant with, (iii) an
increase in the proportion of granulosa (+53%, 5.8e—4),
steroidogenic granulosa (4 600%, 5.8e—4) and theca cells
(+67%, 7.3e—2); and finally, (iv) variations in immune
(+78%, 2.3e—3) and endothelial (+340%, 4.7e-3) cell
populations (Fig. 2B).

Temporal changes in the rat ovary transcriptome
between PND6 and PND22

Statistical comparisons of control ovaries at distinct devel-
opmental stages, or control samples to either DES- or KTZ-
exposed samples, identified 1254 significantly differen-
tially expressed genes (DEGs) (Fig. 1C, Table S1) among
which 1137 were differentially expressed during ovarian
development(Figs. 1C, 2C, Table S1). DEGs related to the
developing ovary were subsequently clustered into three
expression patterns (named O1-03) showing transcriptional
transitions across developmental stages (Fig. 2C). The func-
tional analysis of those expression patterns highlighted 479
enriched biological processes and 22 pathways (Table S2,
Fig. 2C). Briefly, the O1 expression pattern displayed high-
est expression at PND6 and was significantly enriched in

genes associated with ‘reproductive process’ (118 genes,
adjusted p value 6.5e—12), gamete generation (55, 1.4e-5),
‘oogenesis’ (14, 1.3e—3) and ‘oocyte differentiation’ (12,
6.2e—4), as well as ‘cell cycle’ (84 genes, adjusted p value
5.1e-5), ‘cell division’ (43, 6.6e—6) and ‘meiotic cell
cycle’ (27, 1.1e—5). As expected, O1 included well-known
oocyte/germline-related genes such as Ddx4, Sycpl, Sycel,
Syce2, Hsf2bp, Dazl, Lhx8 and Nirp5 (Table S2). Functional
analysis based on markers identified from scRNA-seq data
demonstrated O1 to be significantly enriched for markers of
germ cells (220, 1.5e—16), coelomic/surface epithelial cells
(103, 6.5e—16), interstitial cells (102, 3.4e—22), granulosa
cells (76, 1.2e—4), erythrocytes (40, 1.4e—2), theca cells
(39, 9.0e—3), endothelial cells (29, 1.2e—3) and perivascu-
lar cells (21, 1.2e—3). Genes belonging to O2 were most
highly expressed at PND14, were significantly associated
with terms such as ‘response to hormone’ (21, 2.8e—3) or
‘small molecule metabolic process’ (34, 1.2e—7) and were
enriched in marker genes for steroidogenic granulosa cells
(28, 1.3e—5), granulosa cells (27, 5.4e—8), coelomic/surface
epithelial cells (14, 3.1e—2) and immune cells (10, 2.8e—2).
Finally, the O3 expression pattern showed highest expression
at PND22 and was enriched in biological processes related
to ‘response to stress’ (139, 3.3e—7), ‘regulation of apop-
totic process’ (69, 1.1e—5), ‘developmental process’ (203,
2.0e—6), ‘cell differentiation’ (134, 5.0e—4), and ‘cell migra-
tion’ (64, 2.3e—4). It was enriched with markers for steroido-
genic granulosa cells (136, 9.0e—35), granulosa cells (123,
3.5e—42), coelomic/surface epithelial cells (81, 1.3e—17),
immune cells (53, 8.0e—14), interstitial cells (51, 9.1e—8),
theca cells (50, 4.8e—12) and endothelial cells (22, 5.8e—4)
(Table S2, Fig. 2C).

DES exposure induces significant transcriptional
changes in the developing rat ovary

The cross-species deconvolution analysis was performed on
the DES transcriptomic data (plate #2) to estimate whether
DES exposure could induce changes to ovary cellularity.
The relative proportion of each cell type was statistically
compared between DES samples and their corresponding
control samples at each exposure dose (low =3 ug/kg bw/
day; medium =6; high=12) and at each developmental stage
(PND6, PND14 and PND22) (Fig. S4). With the exception
of a decrease of coelomic/surface epithelial cells (—46%,
1.7e—2) and a slight increase of granulosa cells (+ 17%,
3.8e—2) at PNDG6 in the highest dose, this analysis did not
reveal any other significant changes.

The pairwise comparisons between ovaries exposed to
DES and control samples at each developmental stage,
and at each dose, identified 184 DEGs (Fig. 1C, Fig. 3A,
Table S1) of which 62, 71 and 128 showed significant
changes at the low, medium and high doses, respectively.
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Fig.3 Heatmap representation of differentially expressed genes
(DEGs) induced by DES and KTZ. A DES exposure induced 184 DEGs
in the ovaries at postnatal days 6, 14 and 22 at 3 different exposure doses
(3, 6 and 12 pg/kg bw/day), and were grouped into 6 expression pat-
terns (D1-D6). B 111 DEGs induced by KTZ exposure induced 111
DEGs at postnatal days 6, 14 and 22 at 3 different exposure doses (3,
6 and 12 mg/kg bw/day) and were grouped into 8 expression patterns

Conversely, out of the 184 DEGs, 91, 85 and 27 genes
showed significant changes at PND6, PND14 and PND22,
respectively. The resulting DEGs were further clustered
into six expression patterns (named D1-6) which were
subjected to a functional analysis (Fig. 3A, Table S2).
Patterns D1 and D2 comprised 59 genes that were over-
expressed following DES exposure, but not enriched in
specific biological processes. Patterns D3, D4 and D5
comprised 113 genes that were under-expressed after
DES exposure. These DEGs were significantly associated
with 178 biological processes and six pathways (Fig. 3A,
Table S2), including ‘response to stress’ (42, 3.4e—3),
‘response to external stimulus’ (36, 3.6e—3),’response to
hormone’ (35, 2.6e—11) and ‘developmental process’ (62,
9.1e—4). Pattern D6 was composed of genes with a mixed
expression pattern; i.e., showing overexpression at PND14
and underexpression at PND22, but were not enriched in
specific biological processes. In clusters D1 and D3 at
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common between DES and KTZ exposure are indicated in black on the
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PND6, some gene transcripts stood out with interesting
expression profiles specific to DES exposure. In cluster
D1, expression of Duspl0 and Homer2 were upregu-
lated in all dose groups, and Tex/0! in two dose groups
(Fig. 3A, Table S1). In cluster D3, Rspol expression was
decreased in all dose groups, whereas Sycp3 and Wrl were
downregulated in two dose groups (Fig. 3A, Table S1).
These genes could be potential candidate biomarkers for
estrogen-like activities. The functional analysis based on
single-cell, cell-specific markers revealed that the under-
expressed patterns (D3-5) were significantly enriched for
markers of coelomic/surface epithelial cells (27, 1.4e—8),
granulosa cells (21, 1.6e—4), interstitial cells (16, 7.1e—4),
steroidogenic granulosa cells (22, 4.7e—3), immune cells
(10, 2.0e—2) and perivascular cells (5, 4.0 e—2). Together,
these results indicate that the decrease of coelomic/surface
epithelial cell markers might be due to the slight decrease
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of the coelomic/surface epithelial cell proportion observed
at PND6 with the cross-species deconvolution analysis.

KTZ exposure induces significant transcriptional
changes in the developing rat ovary

With the exception of a decrease in interstitial cells at the
lowest dose (—42%, 2.9¢—2) and at the highest dose (—58%,
1.8e—2) at PND22, the cross-species deconvolution analysis
of the KTZ transcriptomic data (plate #1) did not reveal any
other significant variations in relative cell proportions (Fig.
S5). The transcriptomic analysis identified 111 DEGs show-
ing an altered expression after exposure to KTZ, including
36, 53 and 49 genes at the low, medium and high doses,
respectively (Fig. 1C, Fig. 3B, Table S1). The majority of
the transcriptional changes were observed at the two high-
est exposure doses. Among the 111 DEGs, 43, 40 and 40
genes showed an altered expression level at PND6, PND14
and PND22, respectively. Contrary to DES, transcriptional
changes induced by KTZ exposure were not linear dose-
responses in the current study. The 111 DEGs were next
partitioned into eight expression clusters (termed K1-KS8)
(Fig. 3B). Clusters K1, K2, K3 and K4 comprised 54 genes
over-expressed at PND6, PND14, PND14-22 and PND22,
respectively. Among the genes specifically altered after
exposure to KTZ, Hormadl in K1 and Sox9 in K4 were
consistently over-expressed whatever the dose at PND6,
and could therefore be considered as potential candidate
biomarkers for exposure to steroidogenic inhibitors. The
functional analysis did not reveal any enriched terms. Con-
versely, expression patterns K5, K6, K7 and K8 included 57
genes under-expressed at PND6, PND14, PND14-22 and
PND22, respectively. These DEGs were significantly asso-
ciated with nine biological processes (Table S2) related to
‘response to hormone’ (14, 3.6e—2), ‘hormone metabolic
process’ (7, 2.7e—2) and ‘response to gonadotropin’ (5,
2.7e=2). The cell type functional analysis did not reveal any
cell type enrichment.

Transcriptional signature comparison of DES
and KTZ points to candidate biomarkers of exposure

We next sought to identify potential biomarkers for sensitive,
reliable and reusable endpoints related to female reproduc-
tive toxicity that may be used for future chemical hazard
identification or safety assessments. The transcriptomic
analysis of perinatal ovaries exposed to either DES or KTZ
identified 184 and 111 DEGs, respectively. Of these, 35
were affected by both DES and KTZ (Fig. 4A) which were
subsequently partitioned into four clusters (termed P1-4)
(Fig. 4B, Table S1). Genes belonging to P1 (15 genes) were
downregulated after exposure to DES and KTZ. Conversely,
cluster P2 (3 genes) included genes that were upregulated.
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Fig.4 Identification of shared differentially expressed genes
(DEGs) induced by DES and KTZ. A Intersection plot indicating
the number of DEGs shared by DES and KTZ over-expressed (D1—
D2 and K1-K4), under-expressed (D3-D5 and K5-K8) or mixed
expression patterns (D6). B Heatmap representation of the 35 shared
DEGs after exposure to DES and KTZ, which were grouped into four
expression patterns (P1-P4). The number of DEGs in each cluster
is indicated on the left of the heatmap. The matching GO terms are
shown on the right with the associated number of genes and p value.
The color code indicates scaled log2 fold-change values. Genes that
are found in the single-cell data are indicated in bold. Those that were
also found as cell type markers are indicated with asterisks

Cluster P3 comprised 10 genes that were predominantly
downregulated after exposure to DES, but upregulated after
exposure to KTZ. Finally, genes from P4 showed a com-
plex expression pattern for which it is difficult to identify
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common characteristics. Functional analysis of the 35 shared
DEGs identified 64 enriched biological processes (Table S2,
Fig. 4B), including ‘lipid metabolic process’ (12, 2.2e-3),
‘hormone metabolic process’ (7, 4.7e—4), ‘response to hor-
mone’ (13, 3.3e—4), ‘gonad development’ (6, 1.2e—2), ‘sex
differentiation’ (6, 2.1e—2) or ‘reproductive process’ (11,
2.9e—2). The overwhelming majority of those terms were
specifically associated with P1 (Fig. 4B). Pathway analy-
sis revealed that ovarian steroidogenesis was significantly
associated with P1 (3, 1.1e—2). Indeed, the expression pat-
terns of the three genes Cypl7al, Cypl9al and Lhcgr of the
ovarian steroidogenesis pathway were similarly affected by
DES and KTZ exposures, whereas the expression of several
other genes encoding for steroidogenic enzymes (i.e., Star,
Hsd3b3, Hsd17b1 and Akrlcl5) were only altered by one of
the two chemicals (Fig. S6). This suggests that expression,
and potentially function, of critical steroidogenic enzymes
are negatively affected by DES and KTZ exposure during rat
ovary development. Among the 35 shared DEGs, 23 were
found in the mouse ovary developmental cell atlas, with 13
corresponding to marker genes associated with specific cell
type populations (Fig. S7, Table S3). Crem and Stcl were
associated with theca cells, Por and Ptgds with coelomic/
surface epithelial cells, CypI7al, Cypl9al, Lhcgr and
Dhcr7 with steroidogenic granulosa cells, and Nup214 and
Zfp703 with germ cells. Ccnl is associated with coelomic/
surface epithelial cells, interstitial cells and perivascular
cells, Drosha with germ and steroidogenic cells, and finally
Alasl with immune and granulosa cells. Importantly, three
regulated genes belonging to P2 (Kcne2, Dhrc7, Akrib7)
were identified as being upregulated at several doses and
developmental stages in both DES and KTZ. We also identi-
fied Insi3 in P1, which tended to be under-expressed what-
ever the dose of either DES or KTZ. These up- or downregu-
lated genes might be good candidate markers of exposure to
investigate in the near future.

Discussion

With the use of BRB-seq technology, we have analyzed
transcriptional changes in the developing rat ovary follow-
ing exposure to two well-known endocrine disruptors DES
and KTZ. These analyses were conducted to complement
our previous in vivo toxicity study (Johansson et al. 2021)
where we reported on reproductive effect outcomes, but with
a specific aim to potentially identify sensitive biomarkers of
ovarian dysgenesis.

We first performed a cross-species deconvolution analysis
to identify changes to rat ovarian cellularity during early
postnatal development. The relative proportion of germ cells
was drastically reduced between PND6 and PND22, con-
comitant with a relative decrease in interstitial cells, and an
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increase in theca cells. These changes in tissue cellularity
correspond with known biological events occurring during
ovary development (Picut et al. 2015), for instance the death
of the first wave of follicles (McGee et al. 1998) and the
occurrence of a second wave of follicle formation by around
PND14 (Picut et al. 2015). Despite massive follicular atre-
sia, we also observed a relative increase in the granulosa
cell proportion, which could be explained by the continuous
recruitment of subsequent waves of follicle growth rather
than a bias of the deconvolution-based analyses. Notably,
cross-species differences between rats and mice could
introduce some limitations with respect to deconvolution
using the mouse single-cell dataset; however, our approach
allowed for a broad classification of genes consistent with
known cell types of both species. In addition, it identified
steroidogenic granulosa cells, consistent with known profiles
of the first waves of follicle growth in rats (Guigon et al.
2003; Mazaud et al. 2002), mice and humans (Frangois et al.
2017), suggesting that cross-species comparisons was a valid
approach in this instance.

With respect to ovaries from rats exposed to either DES
or KTZ, we did not observe any significant changes in over-
all cell type numbers when compared to control ovaries.
Thus, with the exception of coelomic/surface epithelial cell
numbers that were slightly decreased at PND6 in the DES-
exposed ovaries, we surmised that any observed changes
to transcript levels in the exposed ovaries were most likely
due to bona fide effects on gene expression and not sim-
ply a consequence of changes to tissue cellularity. In other
words, we have demonstrated that a cross-species deconvo-
lution approach can confirm a good correspondence between
mouse and rat developmental windows between PNDO to
PND14 (Cardoso-Moreira et al. 2019). Given the critical
importance of the rat model in toxicology, however, it would
be valuable to assemble a rat ovary developmental cell atlas
to further improve such deconvolution-based analyses.

During the course of postnatal ovarian rat development,
we found 1137 DEGs divided into 3 expression patterns
(O1-3) showing consecutive peak expression at PND6,
PND14 and PND22. Each pattern was associated with spe-
cific processes including oogenesis and gamete generation
in O1 at PNDG6, response to hormone in O2 and O3 from
PND14 onwards, and response to stress and apoptotic pro-
cess in O3 at PND22. This is consistent with the high rela-
tive ratio of oocytes at PND6, the growth of healthy follicles
based on a high rate of proliferation of granulosa cells at
PND14 with differentiating theca, and with the beginning
of follicle atresia at PND22 (Mazaud et al. 2002; Picut et al.
2015). Noteworthy, the PND6-22 window of development
encompasses the first waves of follicle growth, which were
already shown to be atypical (Francois et al. 2017; Mazaud
et al. 2002). Although not the focus of this study, these
developmentally regulated genes display a pattern consistent
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with what is known about the program underlying ovary
development in the rat and thus attest to the robustness of
our BRB-seq dataset.

Most DEGs induced by DES exposure were significantly
differentially expressed at PND6 (91 DEGs) and PND14
(85 DEGs), and less at PND22 (27 DEGs). This suggests
either an age-related effect with more marked effect at earlier
stages, or a cell type-related effect, considering the evolu-
tion of cell type ratios in the postnatal ovary. Our results
also indicate dose-dependent effects of DES, with a higher
dose corresponding to a higher number of transcriptional
alterations in the developing ovary. In addition, the majority
of the DEGs were downregulated after DES exposure (113
out of 184 DEGs). Functional analysis of these revealed a
direct response to external stimuli, including response to
hormone signaling, stress responses and general cell differ-
entiation. In the absence of gross changes in ovarian cellu-
larity, as shown by deconvolution analyses, these responses
could be indicative of disrupted perinatal development.
Interestingly, several genes whose expression has already
been described as atypical in the development of the first
waves of follicular growth in immature rats were deregu-
lated at PND14 (Guigon et al. 2003; Mazaud et al. 2002).
Genes displaying lower expression levels in exposed ova-
ries typically associate with the first wave of follicle growth
in granulosa cells (e.g., Inhbb, Cypl19al, and Inhba) and
theca cells (Star, Cypl7al, Cypllal, Lhcgr, and Insi3).
Since this effect peaked at PND14, it suggests that this first
follicular wave may have been altered by DES exposure,
which would be consistent with almost 50% of the down-
regulated genes known to be involved in developmental
processes. In general, the early effect on the transcriptome
by DES is associated with the enrichment in genes involved
in development, which is consistent with the in vivo effects
observed on immature rat ovaries (Johansson et al. 2017).
Thus, potential biomarkers of estrogenic effects, selected at
PND6, could include Homer2, Dusp10, TexI101, Sycp3, Wt
and Rspol, as they were all affected by exposure to DES for
at least two doses.

Compared to DES, KTZ induced a comparable low num-
ber of transcriptional changes at PND6 (43 DEGs), PND14
(40) and PND22 (40), with only a few genes intersecting
between the groups, i.e., Sox9 and Ccnl, suggesting stage-
dependent modes of action. Functional analysis revealed
dysregulation of genes involved in the response to hormones
such as Cypl7al, Fdx1, Por, Cypl19al and Lhcgr. KTZ
also had much less effect on genes associated with atypical
expression in the first waves of follicular growth in imma-
ture rats than what was observed for DES. For example,
Cypl19al and Inhba, both of which are strongly expressed in
the granulosa cells of the first waves, were not significantly
affected by KTZ with the exception of reduced expression
of Cyp19al at PND22. This may suggest that the first wave

of follicular growth is maintained, but may disappear pre-
maturely, or that its steroidogenic function contributing to
the E2 spike is affected specifically. Differentiation of theca
cells was also affected by KTZ, with under-expression of
genes such as Cypl7al, Fdxl, Por, or Insl3 from PND14.
This suggests an effect on the endocrine function of the first
waves of follicle growth rather than the growth itself, since
the deconvolution analysis revealed little effects on over-
all cellularity of the ovaries. Such subtle alterations may
not massively modify the maturation of the whole ovarian
brain axis, and subsequent puberty regulation, in these KTZ-
exposed animals (Johansson et al. 2021), consistent with
the absence of impact of disrupted first wave of follicular
growth on puberty parameters (Mazaud et al. 2002). Prom-
ising potential biomarkers of exposure to steroidogenesis
inhibitors were identified at PNDG6, and include the over-
expressed Hormadl, which is a critical protein involved in
meiosis I checkpoint (Shin et al. 2013) and Sox9, which can
be found in adult mouse theca interna cells of pre-antral/
antral follicles (Notarnicola et al. 2006) and is also found
to be affected after exposure to triticonazole (Draskau et al.
2022).

Comparison of both DES and KTZ transcriptomic sig-
natures identified 35 common genes that were further par-
titioned into four expression patterns (P1-P4). While gene
ontology consistently showed an enrichment of genes asso-
ciated with response to drugs, we also found that most of
the common DEGs associated with ovarian steroidogenesis.
This suggests that ovarian steroidogenesis is highly sensitive
to chemicals in immature rat ovaries, at least at the transcript
level. While some genes displayed very distinct transcrip-
tional changes when comparing DES and KTZ exposures
(expression patterns P3 and P4), others displayed reason-
ably similar transcriptional profiles after exposure to DES
and KTZ (expression patterns P1 and P2). This makes them
promising potential biomarkers of endocrine disruption.

Expression pattern P1 included 15 genes downregulated
after exposure to DES and KTZ, and it could thus be inter-
preted as a loss of cellular function. It includes well-known
genes encoding for protein involved in steroid biosynthe-
sis (Cypl7al, Cypl9al, Fdxl, Lhcgr and Por) (Yazawa
et al. 2019), gonad development (Ahsg, Insl3, Lhcgr, and
Ptx3) (Chartrain et al. 1984; Fisher et al. 1998; Mack et al.
2000; Scarchilli et al. 2007; Zhang et al. 2001; Zimmer-
mann et al. 1999), or the calcium signaling factor Calb2,
which may also be involved in steroidogenesis (Schwaller
2014). Calb2 has for long been known to be expressed in
the ovaries of rodents and humans (Bertschy et al. 1998;
Lugli et al. 2003; Pohl et al. 1992), but its function remains
unclear. Notably, expression mainly localizes to the andro-
gen-producing theca cells (Bertschy et al. 1998; Pohl et al.
1992) and in rats, there is a surge in Calb2 at around PND19
corresponding to theca cell recruitment and activation of
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the hypothalamus—pituitary—gonadal (HPG) axis (Picut
et al. 2015). Correspondingly, Calb2 is expressed by andro-
gen-producing Leydig cells of the testis (Altobelli et al.
2017; Strauss et al. 1994), where it has been suggested to
be involved in the regulation of steroidogenesis (Xu et al.
2018). We recently identified Calb2 as a putative biomarker
for female reproductive toxicity by performing a proteom-
ics screen on rat ovaries exposed during development to a
mixture of environmental chemicals (Johansson et al. 2020).
Subsequently, we have observed dysregulated Calb2 expres-
sion in fetal rat testis exposed to flusilazole (Draskau et al.
2021). Based on these observations, it would be of interest to
scrutinize further if Calb2 could serve as a broad biomarker
for gonadal toxicity, especially pertaining to perturbed ster-
oidogenesis and reproductive function.

Expression pattern P2 included Kcne2, Dhcr7 and Akr1b7
that were all upregulated in several exposure groups (sev-
eral doses and developmental stages). Kcne2 encodes an ion
transmembrane transport and voltage-gated potassium chan-
nel protein (Kundu et al. 2008) involved in cardiac arrhyth-
mia (Abbott 2012; Papanikolaou et al. 2021). While its role
during gonad development is not clearly established, several
potassium channels are known to participate in the regu-
lation of progesterone secretion (Kim et al. 2020). Dhcr7
encodes an enzyme involved in the cholesterol biosynthesis
(Nakanishi et al. 2021). It has been identified as a biomarker
of exposure to KTZ and DES in human adult ovarian cortex
cultures (Li T et al. Unpublished). Finally, Akrib7, which is
involved in lipid detoxification process (Volle et al. 2004),
is a major protein of the vas deferens in rodents (Baumann
et al. 2007). Together, Kcne2, and to a lesser extent Dhcr7
and Akrib7, appear to be robust candidate biomarkers of
ED exposure, being all upregulated after exposure to DES
and KTZ, while Inls3 was robustly under-expressed after
exposure to these drugs, whatever the age analyzed.

Conclusion

We previously showed that developmental exposure to DES
and KTZ could induce expected endocrine-disrupting effects
in exposed dams and male offspring, but not in female off-
spring. We surmised that this lack of effect outcomes had
as much to do with the measurements being insensitive to
detecting endocrine disruption in rodent toxicity studies as
with the chemicals not affecting reproductive parameters in
female offspring. By combining large-scale transcriptomic
screening using BRB-seq with a deconvolution approach
employing scRNA-seq datasets to discriminate bona fide
changes to gene transcription from changes in ovary cellular-
ity, we found the perinatal rat ovaries (PND 6-22) to be sen-
sitive to perturbation by both DES and KTZ. We identified
a suit of potential biomarkers of ovarian dysgenesis, some
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of which were common between the two chemicals. Many
of the genes should be scrutinized further for their potential
utility as biomarkers, both in combination and singularly.
In particular, we consider Kcne2, Calb2 and Insl3 as highly
interesting genes to investigate in additional rodent toxicity
studies testing endocrine disruptors for potential impacts on
the developing ovaries.
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