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Abstract

Histone proteins undergo various modifications that alter chromatin structure, including addition

of methyl groups. Enhancer of zeste homolog 2 (EZH2) is a histone methyltransferase that

methylates lysine residue 27, and thereby suppresses gene expression. EZH2 plays integral roles in

the uterus and other reproductive organs. We have previously shown that conditional deletion of

uterine EZH2 results in increased proliferation of luminal and glandular epithelial cells, and RNA-

seq analyses reveal several uterine transcriptomic changes in Ezh2 conditional (c) knockout (KO)

mice that can affect estrogen signaling pathways. To pinpoint the origin of such gene expression

changes, we used the recently developed spatial transcriptomics (ST) method with the hypotheses

that Ezh2cKO mice would predominantly demonstrate changes in epithelial cells and/or ablation of

this gene would disrupt normal epithelial/stromal gene expression patterns. Uteri were collected

from ovariectomized adult WT and Ezh2cKO mice and analyzed by ST. Asb4, Cxcl14, Dio2, and

Igfbp5 were increased, Sult1d1, Mt3, and Lcn2 were reduced in Ezh2cKO uterine epithelium vs. WT

epithelium. For Ezh2cKO uterine stroma, differentially expressed key hub genes included Cald1,

Fbln1, Myh11, Acta2, and Tagln. Conditional loss of uterine Ezh2 also appears to shift the balance

of gene expression profiles in epithelial vs. stromal tissue toward uterine epithelial cell and gland

development and proliferation, consistent with uterine gland hyperplasia in these mice. Current

findings provide further insight into how EZH2 may selectively affect uterine epithelial and stromal

compartments. Additionally, these transcriptome data might provide mechanistic understanding

and valuable biomarkers for human endometrial disorders with epigenetic underpinnings.

https://doi.org/10.1093/biolre/ioab147
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Summary sentence

Spatial transcriptomics studies reveal how EZH2 selectively affects uterine epithelial and stromal

compartments, and findings may provide a mechanistic understanding and biomarkers for human

endometrial disorders originating from epigenetic changes.

Graphical Abstract
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Introduction

Epigenetic modifications regulate gene or protein expression in
normal and pathological cells without changing the DNA sequence.
Such changes include post-translational modification of histones
(e.g. methylation or acetylation), DNA methylation, and small and
long non-coding RNAs that target mRNAs before they are trans-
lated [1]. Enhancer of zeste homolog 2 (EZH2) is a subunit of
the polycomb repressive complex 2 (PRC2), which is a histone
methyltransferase critical for histone modifications. This complex
regulates gene function by tri-methylating histone 3 on lysine 27
(H2K27me3) [2], resulting in chromatin condensation and inhibition
of transcription. Upregulation of EZH2 has been linked to patholo-
gies including endometrial, colorectal, breast, and pancreatic cancer,
and its expression has prognostic significance [3–6]. However, loss
of function mutations in Ezh2 also occur in conditions such as acute
myeloid leukemia, as PRC2 can inhibit the expression of tumor

suppressor genes as well as oncogenes [7]. Furthermore, altered
EZH2 expression is also associated with endometriosis and uterine
fibroids [4, 8, 9], providing further evidence that EZH2 is critical for
normal uterine function.

Global deletion of Ezh2 in mice causes embryonic lethality,
with mutant embryos exhibiting hyperproliferation of mesoderm
cells [10]. Therefore, to understand the role of EZH2 in health
and disease, conditional knockout (cKO) mouse models have been
created. We and others have generated cKO mice lacking uter-
ine EZH2 (Ezh2cKO) to understand the normal uterine function
of this epigenetic modifier [11, 12]. Pathological changes follow-
ing uterine EZH2 deletion include epithelial hyperproliferation,
uterine hypertrophy, cystic endometrial hyperplasia, and E2 hyper-
responsiveness [11, 12]. Fang et al. [12] have also reported stratifica-
tion of uterine epithelium and increased expression of tumor markers
in this mutant mouse model. Uterine EZH2 deletion decreased
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H3K27me3 marks, which in turn could allow for promiscuous gene
expression.

We recently showed with RNA-seq analyses that Ezh2cKO mice
show global changes in uterine gene expression relative to WT mice
that collectively suggested disruption in estrogen receptor signaling
pathways [6]. While this study was informative, it did not allow
us to pinpoint the specific cellular origins of the gene expression
changes in this transgenic model. The recently developed Visium
Spatial Transcriptomics (ST) technology [13, 14] permits quanti-
tative mRNA profiles of cells in intact tissue and can determine
gene expression changes in various uterine cell lineages without
destroying the tissue architecture. Thus, we utilized this cutting-edge
technology to define how Ezh2 deletion affects individual uterine
cell populations, presumably having important clinical translation to
women with uterine diseases originating from different cell lineages.
We hypothesized that this innovative method would reveal that
Ezh2cKO mice demonstrate transcriptomic changes, especially in
epithelial cells and/or disruption in normal distribution of epithelial
to stromal transcript patterns. To test this hypothesis, we used ST to
analyze uteri of adult ovariectomized WT and Ezh2cKO mice.

Materials and methods

Animals, animal care, and treatments

Transgenic mice expressing Cre recombinase under the control of
the progesterone receptor (Pgr) promoter on a mixed C57BL/6 and
129SvEv background were produced at the University of Florida,
as described previously [11]. They were housed in standard mouse
cages at 25 ◦C, with 12 h:12 h light/dark cycles and provided ad
libitum access to water and rodent commercial diet (Teklad Global
18% Protein Rodent Diet). All procedures and experiments were
approved by the University of Florida IACUC and conducted under
the NIH Guidelines for the Care and Use of Laboratory Animals.
Thus, investigations using experimental animals were conducted in
accordance with the relevant institutional and national guidelines
and standards.

Transgenic Pgr-Cre mice were bred to mice in which the Ezh2
gene was homozygously floxed (Jackson Laboratories, Bar Harbor,
ME). Male and female offspring expressing Pgr-Cre and heterozy-
gous for floxed Ezh2 (Pgrwt/Cre, Ezh2+/flox) were then crossed to
obtain Ezh2cKO females expressing Pgr-Cre and homozygous for
floxed Ezh2 (Pgrwt/Cre, Ezh2flox/flox), whereas WT controls expressed
floxed Ezh2 but no Cre (Pgrwt/wt, Ezh2flox/flox). Four different litters
were used for the current studies, with one Ezh2cKO and one WT
female randomly selected from each litter. Females were ovariec-
tomized at postnatal day (PND) 71 ± 4. Uteri were collected on
PND 112 ± 11. Uteri were embedded and frozen in Tissue-Tek
optimal cutting temperature (O.C.T.) compound (Sakura Finetek
USA, #25608-930) and then shipped on dry ice to the University of
Missouri and stored at –80 ◦C until processed for spatial transcrip-
tomics followed by RNAScope.

Genotyping

At weaning, genotyping for Pgr-Cre and floxed Ezh2 was performed
by multiplex PCR with genomic DNA. Specific primers used; the
PCR procedure and the visualization of the Pgr-Cre and floxed Ezh2
PCR products have been described previously [11].

Tissue sectioning, staining, and imaging

Tissue samples were cut using a Thermo Scientific HM525 NX
cryostat, and 10 μm thick sections were placed on capture areas

of Visium spatial gene expression slides (10X Genomics). Imme-
diately after sectioning, tissues were fixed and stained according
to manufacturer’s recommendations. In brief, tissue sections were
fixed in prechilled methanol for 30 min at −20 ◦C, stained with
Mayer hematoxylin for 7 min followed by washing in three changes
of nuclease-free water and a 2 min incubation in bluing buffer
(Dako, Agilent, Santa Clara, CA, USA). Subsequently, sections were
counterstained with eosin for 1 min, then briefly washed and dried
for 5 min on a slide warmer at 37 ◦C. Images of individual capture
areas with stained sections were acquired using a Zeiss Axiovert
200 M motorized microscope equipped with a 5x Plan Apochromat
objective and a Leica (Buffalo Grove, IL USA) DFC290 camera.
Image tiles were stitched with Metamorph 7.8.12 software. Pixel size
of final composite images was 1.275 μm.

Visium spatial gene expression

Permeabilization, reverse transcription, second strand synthesis, and
cDNA PCR amplification. Optimal enzymatic permeabilization time
for the tissue type was pre-determined using the 10X Genomics
Tissue Optimization kit (Pleasanton, CA, USA). Stained and imaged
slides were incubated in permeabilization enzyme solution for 20 min
at 37 ◦C. Following the permeabilization wash step, reverse tran-
scription master mixture was added and incubated for 45 min at
53 ◦C. After degradation of the mRNA with KOH, the second
strand synthesis was carried out for 15 min at 65 ◦C by adding
a second strand mixture containing the second strand enzyme and
primer. The second strand cDNA was released by denaturation of
the double-stranded cDNA with KOH, neutralized with 1 M Tris-
HCl and transferred from the slide section to 8-tube strip. After
determining the optimal PCR cycle number by KAPA SYBR FAST
qPCR Master Kit, cDNA was amplified for 15 cycles using the
PCR cycling conditions according to the 10X Genomics Visium
Spatial Gene Expression instructions. The cDNA was purified using
0.6X AxyPrep Mag magnetic beads (Axygen, Tewksbury, MA, USA).
The quality and concentration were confirmed by Fragment Ana-
lyzer (Agilent, Santa Clara, CA, USA) using the High Sensitivity
NGS kit.

Spatial gene expression library construction. The cDNA library for
the Illumina platform was prepared by following the 10X Genomics
spatial gene expression library construction protocol. Briefly, double
stranded cDNA was fragmented, end repaired, and A-tail added
in a single step. The A-tailed fragments were size selected using
double-sided AxyPrep Mag magnetic beads with a bead to reaction
solution ratio of 0.6X and 0.8X for the for the first and second
steps, respectively. Next, the adaptor was ligated and purified with
0.8X AxyPrep Mag magnetic beads. The final Illumina libraries
were amplified by PCR, which added unique dual indexes to each
sample. The PCR-amplified libraries were purified and size selected
by using two reactions with double-sided AxyPrep Mag magnetic
beads at the bead to reaction solution ratios described above. The
individual library was analyzed by Fragment Analyzer (Agilent,
Santa Clara, CA, USA) to determine the quality and average fragment
size and quantified by Qubit (Invitrogen, Waltham, MA, USA) DNA
assay. The libraries were pooled in an equimolar ratio with a total
concentration of 5 nM and sequenced on the Illumina Novaseq 6000.

Bioinformatics analyses of RNA-seq data. FASTQ files generated from
the sequencing procedure were processed by using the 10X Genomics
SpaceRanger 1.2.0 pipeline to demultiplex the spots to their spatial
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location. One Ezh2cKO section did not contain a full thickness
uterine cross section, and thus was excluded from the final analyses.
Thus, final ST analyses included 4 WT and 3 Ezh2cKO uterine
sections. The remaining seven tissue samples were aggregated using
the 10X Genomic SpaceRanger aggregate function grouped by geno-
type (WT or Ezh2cKO). We detected a minimum of 6600 unique
molecular identifiers (UMIs) and over 3000 unique genes per spot
for all tissue samples (Supplementary Table S1). In clustering the
spots of each ST array based on the principal component scores, we
found that the resulting clusters were consistent with the independent
histological annotations, supporting the ability to identify distinct
spatial regions within a section based on ST gene expression. The
aggregated file was then imported into the 10X Genomics Loupe
program for further analysis.

Differential gene expression

The 10X Genomics Loupe Browser was used to identify differential
gene expression based on sub-regions within the uterus and geno-
type. These analyses included four comparisons: WT vs. Ezh2cKO
epithelium, WT vs. Ezh2cKO stroma, WT epithelium vs. WT stroma,
and Ezh2cKO epithelium vs. Ezh2cKO stroma. The latter compar-
isons were made to determine if conditional Ezh2 deletion alters
the normal distribution of epithelium vs. stromal gene expression
patterns. For all comparisons, an absolute fold change >1.5 and
FDR ≤ 0.05 was considered significant.

To perform these analyses, spots in each tissue region were
manually selected based on histology/structure (epithelial cells vs.
stromal cells) using the Loupe program for accuracy and confirma-
tion of the different cell types in the seven uterine sections. These
data were generated with the uniform manifold approximation and
projection feature in the Loupe program, and were determined based
on epithelial or stromal categories. Differences between groups were
then tested using the sSeq method [15], which employs a negative
binomial exact test. The Loupe program computed relative library
size based on the total UMI counts for each cluster divided by the
median UMI counts per cluster. Normalization was implicit in that
the per-cluster library-size parameter is incorporated as a factor
in the exact-test probability calculations. The Loupe program was
also used to generate t-distributed stochastic neighbor embedding
(t-SNE) graphs to visualize the relationship between clusters for the
WT and Ezh2cKO groups and examine potential outliers.

Potential protein–protein interactions (PPI) based on differen-
tially expressed genes (DEG) identified for the four above compar-
isons were determined with STRING [16] (https://string-db.org/).
To identify hub genes, the PPI files generated with STRING were
imported into the cytohubba application [17] in Cytoscape [18], and
the top 10 hub genes, if there were more than 10, were identified.
Within this program, hub genes were determined according to the
maximal clique centrality (MCC) analysis, as recommended [17].
Pathway enrichment analyses based on DEG for these four compar-
isons were done by using the over-representation analysis (ORA) and
GO biological pathways through WebGestalt (WEB-based GEne SeT
AnaLysis Toolkit) [19]. In absence of a mouse database that considers
gene expression patterns in uterine tissues, we screened genes that
were identified to be DE in our mouse samples with the GTEx Portal
(https://www.gtexportal.org/home/). This human database includes
a global list of gene expression patterns in the uterus that also
allowed us to explore the potential translational of our findings in
mice to humans, where EZH2 is abundantly expressed in the uterus
and associated with a variety of uterine diseases [3, 6, 20, 21].

Results

Spatial transcriptomics

Supplementary Table S1 summarizes the reads and genes per spot
for each tissue section. The average number of mean reads per spot
for all seven sections was 167 785. The average genes per spot were
3906. The average total genes detected were 16 056. The median
UMI counts per spot were 10 030. These numbers are comparable
to other studies that used this approach [22].

To examine how conditional deletion of Ezh2 affected uter-
ine ST patterns, we first compared genes that were differentially
expressed (DE) in uterine epithelium of Ezh2cKO vs. WT mice,
where 5812 distinct genes were identified. The Loupe program used
the gene signature patterns to designate the WT epithelial cells as
blue (Supplementary Figure S1) and Ezh2cKO epithelial cells as red
(Supplementary Figure S2). To ensure that only epithelial cells were
included in the actual comparison, we used the hand select tool
feature in the Loupe program to select only epithelial cells in these
two groups for comparison based on histology/structure. The t-SNE
plots for WT and Ezh2cKO groups are shown in Supplementary
Figures S3 and S4, respectively. Based on the cluster arrangement,
there was one potential outlier (represented by the last column in
Supplementary Figure S2) for the Ezh2cKO group, and this one was
excluded from further analyses. This one may be an outlier as we
were not able to obtain a representative uterine cross section for
it. All the other sections within each of the groups showed tight
clustering. These findings suggest that the variation within age for
some replicates did not affect the overall gene expression profiles for
the WT and Ezh2cKO groups.

The remaining samples were analyzed based on Ezh2cKO epithe-
lium vs. WT epithelium and Ezh2cKO stroma vs. WT stroma. The
results of the first comparison are included in Supplementary File
1. For this comparison, seven genes were DE with Asb4, Cxcl14,
Dio2, and Igfbp5 increased and Sult1d1, Mt3, and Lcn2 reduced
in Ezh2cKO vs. WT uterine epithelium. Of these, the GTEx Portal
reveals that IGFBP5 is the most abundant in the human uterus
(Figure 1).

We next compared Ezh2cKO vs. WT stroma and 1192 distinct
genes were identified. In Supplementary Figures S1 and S2, this area
is depicted in green. However, to ensure that the comparison only
included underlying uterine stroma and not myometrial cells, the
stromal region in each section was hand selected. Genes that are
DE based on this comparison are listed in Supplementary File 2. For
this comparison, 18 genes differed in expression between the two
groups. Cxcl14, Bcat1, Dio2, Clca1, Bpifb5, Lbp, Ccnd1, Anpep,
and Col6a4 were upregulated in Ezh2cKO, but Rgs2, Myh11, Pcp4,
Acta2, Meis2, Tagln, Cald1, Cxcl12, and Fbln1 showed reduced
expression in this group. CALD1, FBLN1, MYH11, ACTA2, and
TAGLN show the greatest expression in the human uterus based on
a GTEx Portal search (Figure 1).

Another possibility is that conditional deletion of Ezh2 alters the
epithelial to stromal gene expression patterns. Thus, we compared
epithelial vs. stromal transcripts in WT and then Ezh2cKO uteri. WT
uteri epithelial to stromal gene expression differences are detailed
in Supplementary File 3. About 509 genes were DE. The top 10
genes DE based on FDR between these two groups were Igfp3,
Cxcl12, Malat1, Dcn, Gpx3, Igfbp5, Tcf4, Vim, Apoe, Tacstd2. All of
these were downregulated in WT epithelium relative to WT stromal
cells except for Tacstd2, which was significantly elevated in WT
epithelium.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://string-db.org/
https://www.gtexportal.org/home/
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
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Figure 1. Heatmaps of genes DE for our mouse uterine samples relative to their orthologs that are enriched in human oviduct, uterine, and cervix samples. (A)

Ezh2cKO epithelium vs. WT epithelium. (B) Ezh2cKO stroma vs. WT stroma. The GTEx Portal (https://www.gtexportal.org/home/) was used to determine which

of the DE genes for the Ezh2cKO epithelium vs. WT epithelium and Ezh2cKO stroma vs. WT stroma are enriched in the human oviduct, uterus, and cervix.

Supplementary File 4 lists the genes that were DE in Ezh2cKO
epithelium vs. Ezh2cKO stroma. About 271 genes were DE for
this comparison. The top 10 DE genes for this comparison were
Igfbp3, S100, Lratd1, Cxcl12, Calb1, Sfrrp4, Inmt, Gsto1, Cldn3,
and Wfdc2. Igfbp3, Cxcl12, Sfrp4, and Inmt which were reduced in
Ezh2cKO epithelium vs. Ezh2cKO stroma. S100g, Lratd1, Calb1,
Gsto1, Cldn3, and Wfdc2 were elevated in Ezh2cKO epithelium
compared to Ezh2cKO stroma.

We also used these comparisons to validate the two clusters
that we defined as uterine epithelium and stroma. We did this by
considering the expression pattern for genes characterized as marker
genes for uterine epithelium vs. those for uterine stroma in the
WT and Ezh2cKO samples. These included Bcat1, Alcam, Cdh1,
Krt18, Krt19, Krt8 for uterine epithelium and Vim, Vegfa, Tgfbr2,
Cd34 for uterine stroma [23]. We focused just on these two tissues
and clusters based on the previously characterized role of EZH2 in
uterine epithelium and stromal tissues [11, 21, 24]. As shown in
Supplementary Table S2, the expression patterns for these marker
genes matched previous reports with epithelial markers enriched
in the cluster identified as epithelium for WT and Ezh2cKO, and
stromal markers elevated in the cluster identified as uterine stroma
for both genotypes.

A comparison of genes DE in Ezh2cKO epithelium vs. WT epithe-
lium and Ezh2cKO stroma vs. WT stroma revealed Dio2 and Cxcl14
to be the only genes that are DE in both comparisons (Figure 2).
A Venn diagram shows that 208 genes overlap in WT epithelium
vs. WT stroma and Ezh2cKO epithelium vs. Ezh2cKO stromal
comparisons (Figure 3). However, 301 and 63 genes, respectively, are
unique for these two comparisons, suggesting the conditional loss of

Figure 2. Venn diagram comparison of genes DE in Ezh2cKO epithelium vs.

WT epithelium and Ezh2cKO stroma vs. WT stroma.

Ezh2cKO alters the gene expression patterns between these two cell
populations.

Potential PPIs were examined based on proteins encoded for
genes DE based on the four comparisons. For the seven DE genes that
were DE for Ezh2cKO epithelium vs. WT epithelium and Ezh2cKO
stroma vs. WT stroma, no PPI interactions were identified (Figure 4).

For Ezh2cKO stroma vs. WT stroma, seven proteins encoded by
the DE genes were interconnected. These hub genes included Acta2,
Tagln, Cald1, Myh11, Cxcl12, Ccnd1, and Cxcl14 (Figure 4). Several
PPIs were evident for WT epithelium vs. WT stroma and Ezh2cKO
epithelium vs. Ezh2cKO stroma comparisons (Supplementary Figure
S5). Based on these PPI, the top 10 hub genes for the WT epithelium
to WT stromal comparison are Fst1, Igfb3, Igfbp5, App, Apoe,

https://www.gtexportal.org/home/
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab147#supplementary-data
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Figure 3. Venn diagram comparison of genes DE in WT epithelium vs. WT stroma and Ezh2cKO epithelium vs. Ezh2cKO stromal comparisons.

Figure 4. PPI interactions for Ezh2cKO epithelium vs. WT epithelium and Ezh2cKO stroma vs. WT stroma. (A) PPI interactions for Ezh2cKO epithelium vs. WT

epithelium. As shown, there are no significant interactions between the seven DE genes for this comparison. (B) PPI interactions for Ezh2cKO stroma vs. WT

stroma. Seven of the 18 DE genes showed some form of interactions. (C) Hub genes for the Ezh2cKO stroma vs. WT stroma comparison include Acta2, Tagln,

Cald1, Myh11, Cxcl12, Ccnd1, and Cxcl1.

Igfbp7, C3, Penk, Lgals1, and Mfg8 (Figure 5). The top 10 hub genes
for Ezh2cKO epithelium vs. Ezh2cKO stroma are Cdh1, Epcam,

Krt18, Krt19, Krt8, Krt19, Krt7, Erbb2, Krt8, Cldn3, Cd34, and
Ncam1 (Figure 6).
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Figure 5. Hub gene analyses for WT epithelium vs. WT stroma comparison. The PPIs were determined by STRING analysis. The PPI files generated with STRING

were imported into the cytohubba app [17] in Cytoscape [18] to examine for the top 10 hub genes. Within this program, hub genes were determined with MCC

analysis, as recommended [17].

Figure 6. Hub gene analyses for Ezh2cKO epithelium vs. Ezh2cKO stroma comparison. The PPIs were determined by STRING analysis. The PPI files generated

with STRING were imported into the cytohubba app [17] in Cytoscape [18] to examine for the top 10 hub genes. Within this program, hub genes were determined

with MCC analysis, as recommended [17].

Lastly, we considered those pathways that are likely enriched
based on the genes DE for these comparisons. For Ezh2cKO epithe-
lium vs. WT epithelium, some of the pathways that are potentially
enriched include adaptive thermogenesis, organic hydroxy com-
pound metabolic process, cellular modified amino acid catabolic
process, negative regulation of growth, protein kinase B signaling,
cellular response to toxic substance/drug, response to leptin, and
transition metal ion homeostasis (Figure 7). For Ezh2cKO stroma
vs. WT stroma, select pathways that are predicted to be enriched
included positive regulation of response to external stimuli and

drugs, regulation of chemotaxis, drug transport, cell chemotaxis,
amine transport, monoamine transport, and ammonium transport
(Figure 8).

For WT epithelium vs. WT stroma, pathways presumed to be
enriched included response to wounding, response to antibiotic,
response to alcohol, reproductive system development, urogenital
system development, negative regulation of cellular component
movement, response to vasculature development and angiogenesis
(Figure 9). Pathways enriched for Ezh2cKO epithelium vs. Ezh2cKO
stroma included epithelial cell proliferation, morphogenesis of a
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Figure 7. Pathways predicted to be affected based on DE genes for the for Ezh2cKO epithelium vs. WT epithelium comparison. Functional enrichment analyses

with the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) [63] and GO molecular function terms were performed based on DE genes to determine which

pathways might be affected for this comparison.

branching structure, urogenital system development, response to
wounding, gland morphogenesis, epithelial tube morphogenesis,
epithelial cell development, ameboidal type cell migration, and
angiogenesis (Figure 10).

Discussion

The primary goal of this study was to use the relatively recently
developed ST technology [13, 14] to examine how conditional
deletion of Ezh2 affected uterine epithelial and stromal gene expres-
sion patterns. By using RNA-seq, we found that conditional deletion
of Ezh2 results in several gene expression changes in mutant vs. WT
mice and may overall impair estrogen receptor signaling pathways
[24]. As with any whole organ transcriptome approach though, we
could not localize the cellular origin of such gene expression changes.
Additionally, some subtle gene expression changes in individual
tissue compartments may have been masked or diluted out with
this approach. While single cell RNA-seq has been successfully and
widely used in the uterus, we opted to use ST for the current studies to
maintain the integrity and normal architecture of the uterus such that
potential relations between epithelium and stromal compartments
could be examined.

We first considered genes that were DE between Ezh2cKO epithe-
lium WT epithelium. Several uterine enriched genes (Asb4, Cxc14,
Dio2, and Igfbp5) were upregulated in Ezh2cKO uterine epithelium.

Upregulation of these proteins, as detailed below, has been linked
to altered cell proliferation and metabolism in other cell types.
For example, proteins such as ankyrin repeat (AR) and SOCS box
proteins (ASBs) mediate the ubiquitination of numerous proteins
[25], specifically an upregulation of ASB4 is associated with migra-
tion and invasion capacity in hepatocellular carcinoma cells [26].
Cxc14 encodes a recently characterized chemokine C-X-C Motif
Chemokine Ligand 14; its functions have been described as a reg-
ulator of immune cell migration and an inflammation modulator
[27]. In the uterus, CXCL14 is necessary to recruit natural killer
cells, as evidenced by the fact that Cxcl14 knockout show reduced
decidual NK cell populations [28]. Further, this protein promotes
epithelial–mesenchymal transition by serving as a key regulator of
migration and proliferation of oral squamous cell carcinoma cells
[29]. Dio2 encodes the deiodinase DIO2 that converts thyroxine (T4)
to its active form triiodothyronine (T3). Notably, this gene was also
increased in uterine stroma of Ezh2cKO mice. The endometrium
appears to synthesize extrathyroidal T3 and T4 [30], T3 and T4
synthesis are upregulated by E2 [31], and altered thyroid hormone
metabolism is evident in endometriosis lesions [32]. Igfbp5 mRNA
is overexpressed during the proliferative phase in the endometrium
[33], which is consistent with the endometrial gland hyperplasia
observed in our Ezh2cKO model [11]. IGFBP5 is also important in
maintaining epithelial–mesenchymal boundaries [34], a process in
which EZH2 is another key player [20].
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Figure 8. Pathways predicted to be affected based on DE genes for the Ezh2cKO stroma vs. WT stroma comparison. Functional enrichment analyses with the

WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) [63] and GO molecular function terms were performed based on DE genes to determine which pathways

might be affected for this comparison.

Sult1d1, Mt3, and Lcn2 were downregulated in Ezh2cKO epithe-
lium relative to WT. When transcriptomes of the whole uterus
were previously analyzed, Sult1d1 was consistently downregulated
in Ezh2cKO animals treated with vehicle as well as stimulated with
E2 [24]. As a sulfotransferase, SULT1D1 is a detoxifying enzyme and
has been shown to catalyze the sulfation of several prostaglandins;
its expression is an implantation marker in glandular epithelium
[35]. Additionally, Sult1d is downregulated in surgically induced
endometriosis in mice [36]. Metallothioneins 3 (MT3) is a protein of
interest in multiple cancers, as it stimulates tumor cell proliferation,
angiogenesis, drug resistance, and metastasis [37]. Specifically, MT3
is overexpressed in prostate cancer cells [38], but downregulated
in breast cancer cell lines [39]. Acute-phase protein lipocalin 2 is a
secretory protein encoded by the Lcn2 gene; this protein is produced
by epithelial cells in response to physiological changes or pathogens.
LCN2 is estrogen-responsive, participates in epithelial–mesenchymal
transition, and is upregulated in endometrial carcinoma cells and
other endometrial lesions [40]. Selective pathways that are likely
increased based on the DE genes for the epithelial comparisons
include the protein kinase B signaling pathway. This pathway is
increased in various uterine diseases, such as uterine fibroids [41]
and leiomyomas [42].

The branched-chain amino acid aminotransferase 1 gene
(BCAT1) was upregulated in Ezh2cKO stroma relative to epithelial
tissue in this genotype. This enzyme supports synthesis of
branched-chain amino acids that in turn act to induce the
mechanistic target of rapamycin 1 (mTORC1) pathway, which is
linked to endometrial cancer progression [43]. Another upregulated
stromal gene was Ccnd1, which encodes for cyclin D1. In estrogen
receptor-positive, breast cancer cells, EZH2 acts as a gene promoter
by binding to ESR1 and β-catenin, activating CCND1 transcription

[44], Ccnd1 is a cell cycle regulator enriched in endometrial
adenocarcinomas [45]. Stromal Rgs2 was reduced; this protein
(regulator of G protein signaling 2) promotes arterial structural and
remodeling that has been studied primarily in pregnant mice [46].
Myosin heavy chain 11 encoded by Myh11 was downregulated in
our model, but high expression of this protein is correlated with
uterine leiomyoma development [47].

Alpha smooth muscle actin encoded by Acta2 was downregu-
lated in stromal cells. Although it is considered a biomarker for
smooth muscle cells, it is expressed in uterine stroma [48]. Exposure
to activated platelets upregulates its expression, causing smooth
muscle metaplasia; alterations in this estrogen-ACTA2 system are
associated with endometriosis [49]. Acta2 is highly enriched in
human uterus and is considered a key hub gene with the highest inter-
action score for this comparison. Another hub protein and smooth
muscle differentiation marker downregulated in our system was
Tagln, encoding transgelin, an actin-binding protein. Upregulation
of Tagln occurs in uterine smooth muscle tumors [50]. Some of the
pathways enriched in the Ezh2cKO stroma consisted of regulation
chemotaxis and leukocyte migration pathways; both pathways are
essential for normal endometrial physiology [51, 52].

To gain further understanding into how conditional deletion of
Ezh2 affects uterine tissues, we compared our current results where
we are able to separate out and resolve gene expression patterns in
select tissues to our previous study using RNA-seq on whole uteri
from Ezh2cKO and WT mice [24]. Table 1 compares the DE genes
identified based on the Ezh2cKO vs. WT epithelium and Ezh2cKO
vs. WT stroma. ST technology permitted us to pinpoint which
tissues gave rise to the original whole organ changes. For instance,
Asb4 was elevated in Ezh2cKO vs. WT uteri. The current findings
reveal that this increase presumably originated from the Ezh2cKO
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Figure 9. Pathways predicted to be affected based on DE genes for the WT epithelium vs. WT stroma comparison. Functional enrichment analyses with the

WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) [63] and GO molecular function terms were performed based on DE genes to determine which pathways

might be affected for this comparison.

epithelium. In contrast, Sult1d1 was reduced in Ezh2cKO uteri, and
the ST technology suggests that this is due to decreased expression
in Ezh2cKO epithelium vs. WT epithelium. Cxcl12 was reduced
in whole uteri of Ezh2cKO mice, and present results reveal that
this change in expression originates from Ezh2cKO stroma. While
Dio2 and Cxcl14 did not show DE with whole uteri, ST analysis
revealed both genes to be upregulated in Ezh2cKO, suggesting that
analysis of whole uteri that included the myometrial layer may have
masked these key gene expression changes. Likewise, Igfbp5, which
is prevalent in human uteri, did not show altered expression in whole
uteri, but this gene was upregulated in Ezh2cKO epithelium vs. WT
epithelium. Taken together, the ST approach allows more refined
resolution of gene expression changes at the tissue and cellular
level while preserving the original organ structure. Importantly, this
innovative technology has permitted us to identify gene expression
changes in tissue specific regions that may have been masked or
diluted out with the whole organ approach.

Sixty-three genes showed differential expression in epithelium
relative to stroma only in Ezh2cKO, and these include Wnt7a, C1ql2,
Atp2b2, Ccl21a, Lratd1, Cxcl17, Krt7, Fndc1, Aox3, Tagln, Slc14a1,
and Fndc5. Of these, key uterine functions have been ascribed to
Wnt7a and various Krt forms. Wnt7a is essential in uterine cell
specification and epithelial–mesenchymal interactions in mice and
humans [53, 54]. Transgenic mice lacking this gene do not develop
uterine glands and are infertile [53]. In our previous studies with
whole uterine samples, we found that conditional loss of uterine
EZH2 generally upregulates various genes associated with uterine
disease, including keratin 5 (Krt5) and keratin 15 (Krt15) [24]. Fang
et al. [12] also showed that KRT5, KRT6A, and KRT14 protein and
mRNA expression were elevated in uteri of Ezh2cKO mice relative
to their WT counterparts [12]. Uterine loss of Ezh2 thus also affects
Krt7 expression in the epithelium vs. stromal compartment. Notably,
this gene, along with Krt18, Krt19, and Krt8, is considered a hub gene
for this comparison.
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Figure 10. Pathways predicted to be affected based on DE genes for the Ezh2cKO epithelium vs. Ezh2cKO stroma comparison. Functional enrichment analyses

with the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) [63] and GO molecular function terms were performed based on DE genes to determine which

pathways might be affected for this comparison.

Pathways that were unique to the Ezh2cKO epithelium vs.
Ezh2cKO stromal comparison consisted of response to epithelial
cell proliferation, epithelial cell development, epithelial tube
morphogenesis, morphogenesis of a branching structure, and gland
morphogenesis. In contrast, pathways that were enriched in WT
epithelium vs. WT stromal comparison include reproductive system
development, regulation of vascular development, and negative
regulation of cellular component movement. The overall profiles
suggest that Ezh2cKO mice exhibit a greater number of gene-sets
involved in epithelial cell proliferation and gland development. Such

findings are consistent with the endometrial gland hyperplasia that
we, and others, have previously reported in these Ezh2cKO mice
[11, 12].

This is the first report that utilizes ST, a recently developed
high-throughput method, on whole uteri. While other studies have
used single cell RNA-seq and laser capture microdissection (LCM)
technique in combination with RNA-seq approaches to examine
gene expression in select uterine tissues [55–58], these procedures
destroy the tissue architecture. These approaches also require pre-
existing knowledge about distinct genes to assign gene identities
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Table 1. Comparison for current results to previously published results with whole uteri from Ezh2cKO and WT mice

Epithelial cells Stromal cells Whole uterus from [13]

Ezh2cKO to WT Ezh2cKO to WT Ezh2cKO to WT

Gene Fold change Adjusted P-value
(FDR)

Fold change Adjusted P-value
(FDR)

Fold change Adjusted P-value
(FDR)

Asb4 6.506 0.000 9.718 0.000
Sult1d1 0.247 0.001 0.490 0.000
Mt3 0.235 0.010 0.584 0.030
Igfbp5 3.124 0.037
Lcn2 0.306 0.037
Dio2 2.869 0.016 2.937 0.004
Cxcl14 1.446 0.010 5.932 0.000
Rgs2 0.314 0.000
Myh11 0.283 0.000 NI NI
Bcat1 6.250 0.000 1.442 0.014
Acta2 0.362 0.005
Cald1 0.424 0.005
Clca1 7.527 0.005
Bpifb5 5.916 0.005
Lbp 3.500 0.006
Cxcl12 0.447 0.012 0.625 0.001
Fbln1 0.481 0.017
Col6a4 2.410 0.021
Meis2 0.374 0.031
Tagln 0.402 0.031
Anpep 2.636 0.038
Pcp4 0.345 0.039 0.615 0.000
Ccnd1 2.958 0.039 2.300 0.001

Blank cells are not significant. NI = not identified.

to the different clusters. Moreover, it is not possible to examine in
situ relationships between gene expression patterns in neighboring
tissues. RNA-seq with whole uteri has been a useful approach in
understanding broadly how gene deletion and other factors affect
uterine physiology. This global approach though may dilute out and
even mask genes that are DE in discrete uterine tissues, especially
ones where the gene may be upregulated in one tissue but decreased
in another tissue from the same group. This is especially important
when considering that the uterus consists of only 5–10% epithelial
cells [59]. ST analyses combine histological and transcriptome anal-
yses to permit gene expression patterns in select tissues but in the
context of the whole tissue. In so doing, it addresses the limitations
of other high-throughput approaches.

As with any transcriptomics approach, one major concern is
interpreting gene expression changes and their potential contribution
to pathophysiological changes. While we cannot ascertain which, if
any, of these changes lead to the uterine gland hyperplasia evident
in the Ezh2cKO mice, it is important to note that Igfbp5 was
increased in Ezh2cKO epithelium relative to WT epithelium. This
gene is abundantly expressed in human uteri, and becomes elevated
during the proliferative phase [33], IGFBP5 is upregulated in uterine
leiomyoma and is associated with tumorigenesis [60]. All these find-
ings suggest that further studies, such as ChIP-seq, should investigate
whether potential interactions exist in the uterus between EZH2 and
Igbp5. In mutant breast cancer cells, a relationship exists between
EZH2 and IGFBP5 [61]. EZH2 represses IGFBP5, this inhibition
is restored by lysine demethylase 6B (KDM6B), a demethylase of
H3K27. Analogous findings are present in human umbilical vein
endothelial cells [62].

The fact that comparison of epithelial vs. stromal genes in
Ezh2cKO reveals overexpression of genes that promote epithelial
cell development and proliferation and gland development is con-
sistent with the observation that these conditional mutant mice
have increased epithelial proliferation and gland hyperplasia. Lastly,
these findings might provide useful biomarkers, namely IGFBP5, for
uterine endometrial pathologies.

In conclusion, the current studies used the recently developed ST
technology to refine our understanding of how conditional loss of
Ezh2 affects expression profiles in uterine epithelium and stroma
while preserving the uterine morphology. A handful of genes were DE
in uterine epithelium and stroma of Ezh2cKO compared to their WT
counterpart tissues. Findings herein might provide additional insight
into how EZH2 may selectively affect uterine epithelial and stromal
compartments. Moreover, these transcriptome results likely provide
mechanistic understanding and useful biomarkers for endometrial
disorders in women arising due to EZH2 expression changes.
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