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Objective: To study, isolate and characterize leucine-rich repeat-containing heterotrimeric guanine nucleotide-binding protein-
coupled receptor 5 (LGR5)-positive cells from human endometrium to determine their functional relevance.

Design: Prospective experimental animal study.

Setting: University research laboratories. '

Animal(s): Nonobese diabetic mice (NOD-SCID) (strain code 394; NOD.CB 17—Prkdc*“'Y/NerCrl).

Intervention(s): Human LGR5" cells were labeled with superparamagnetic iron oxide nanoparticles (SPIOs) and injected under the kid-
ney capsule in immunocompromised mice.

Main Outcome Measure(s): Epithelial and stromal LGR5" cells were isolated from human endometrium by means of fluorescence-
activated cell sorting, and phenotypic characterization was performed by means of flow cytometry with the use of hematopoietic
and mesenchymal markers. Engrafted SPIO-labeled LGR5" cells were localized with the use of Prussian blue staining and
immunohistochemistry against CD9 and Vimentin. Deep transcriptomic profiling of LGR5" cells was performed with the use of
microarrays and RNA sequencing,.

Result(s): The percentage of LGR5" cells in human endometrium represented 1.08 & 0.73% and 0.82 =+ 0.76% of total cells in the
epithelial and stromal compartments, respectively. LGR5 " cells were phenotypically characterized by abundant expression of CD45 he-
matopoietic marker and no expression of surface markers CD31, CD34, CD133, CD73, and CD90. Coexpression with the macrophage
marker CD163 was detected. Xenotransplantation of labeled LGR5" cells into the kidney capsules of immunocompromised mice re-
sulted in a weak endometrial reconstitution from this cell of origin. Transcriptomic profiling revealed new attributes for LGR5" cells
related to their putative hematopoietic origin.

Conclusion(s): These data suggest that endometrial LGR5 is not an endogenous stem cell marker. Instead, LGR5" cells appear to be
recruited from blood to be part of the stem cell niche at the perivascular microenvironment to activate the endogenous niche. (Fertil
Steril® 2017;107:510-9. ©2016 by American Society for Reproductive Medicine.)
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nary regenerative capacity throughout a woman'’s repro-
ductive life (1, 2). Somatic stem cells (SSCs), represented

mostly by the side population (SP), have been proposed as the
endogenous cellular source responsible for this exceptional
regenerative ability (3, 4) and are extensively characterized in
the human endometrium (5-9). However, SP cells are
heterogeneous; therefore, the search for specific stem cell
markers to characterize the human endometrial SSC
population continues. Several candidates have been
proposed, such as CD146 and PDGFR-beta (10), Musashi-1
(11), and W5C5 (12), but no consistent agreement has been
reached and no markers have been translated to the clinic.

The identification of the self-renewing capacity of small
intestinal mucosa revealed specific genes with expression
restricted to the intestinal crypt bottom (13). The most impor-
tant, termed leucine-rich repeat-containing heterotrimeric
guanine nucleotide-binding protein-coupled receptor 5
(LGR5), is a cell surface receptor that is activated to trigger
canonic Wnt signaling. Heterozygous Lgr5-LacZ mice re-
vealed an active cycling nature, long life, and multipotent
ability in cells expressing LGR5; all of these features are char-
acteristic of stem cells (14). LGR5 is currently considered to be
a murine SSC marker because of its presence not only in small
intestine, but also in colon and stomach (15). Each of these tis-
sues originates from endoderm, but LGR5 has also been de-
tected in nonendodermal derived tissues such as hair follicle
(ectoderm origin) (16) and kidney (mesoderm origin) (17).

Thus, the presence of LGR5™ cells in several tissues is corre-
lated with stem cell maintenance, differentiation, and tissue
homeostasis. Surprisingly, LGR5 is detected in human endome-
trium at the mRNA (18, 19) and protein (19) levels, and the
LGR5" cell population is localized at the perivascular niche
in the lower functionalis region (19). It has been suggested
that the niche for endometrial SSCs could be the perivascular
region of the endometrium (20). Therefore, the implication of
LGR5 as stem cell marker in human endometrium has been
proposed several times, but functional proof remains elusive.

We hypothesized that LGR5 may be an SSC marker in tis-
sues derived not only from endoderm or ectoderm, but also
from mesoderm, making it a potentially universal SSC marker.
In the present work, we aimed to demonstrate whether LGR5
could be a tissue-specific SSC marker in human endometrium.
For this purpose, we isolated and phenotyped LGR5™ cells from
the human endometrium. As a functional proof of concept,
labeled LGR5™ cells were injected into the kidney capsule of
immunocompromised mice to verify their putative regenera-
tive ability. We also attempted to elucidate their origin and
role in the human endometrial niche based on their specific
cell phenotype and the functional gene expression character-
ization. These findings have implications for furthering our un-
derstanding of the endometrial stem cell niche.

T he endometrium is a dynamic tissue with an extraordi-

MATERIAL AND METHODS
Human Tissue Collection
Use of human tissue specimens was approved by the ethics

committee of the Instituto Valenciano de la Infertilidad (IVI)
(Number: 1203-C-098-IC-F).
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Isolation of Endometrial LGR5™ Cells

Epithelial and stromal cell separation. Endometrial biopsies
from donors were obtained on the day of oocyte collection; a
total of 13 samples were collected for different experiments
(n = 3 for phenotypic analysis; n = 3 for the animal model;
n = 4 for microarray assays; and n = 3 for RNA sequencing).
Samples were carefully rinsed of blood and mucus and sliced
into 1-2-mm? fragments. Digestion was carried out in Dul-
becco modified Eagle medium (DMEM; Sigma-Aldrich) con-
taining 10 mg collagenase type IA (Sigma-Aldrich).
Epithelial and stromal cells were separated based on their
size by means of gravity sedimentation and membrane filtra-
tion, as previously described, and subsequently treated with
standard erythrocyte lysis solution (21).

Sorting of human endometrial LGR5™ cells. Samples were
incubated with the polyclonal rabbit anti-human antibody
against the LGR5 antigen (Novus 28904; 1 uL per million of
cells) in phosphate-buffered saline solution (PBS; Gibco Life
Technologies) containing 3% bovine serum albumin (BSA)
for 1 hour at 4°C on ice. Cells were incubated with secondary
antibody (goat anti-rabbit, A11034, 1:500, Alexa 488; Life
Technologies) for 45 minutes at 4°C. Cells were then washed
with PBS and resuspended in Hank balanced salt solution
buffer (Gibco Life Technologies). Epithelial and stromal cell
suspensions were filtered through 50 um and 30 um pore-
size filters, respectively (Partec; Celltrics).

Fluorescence-activated cell sorting (FACS) was used to
isolate LGR5™ cells (for flow cytometry and transcriptomic
analysis) or LGR5"/Rhodamine™ (for xenotransplantation).
To detect and distinguish LGR5-Alexa 488 and Rhodamine
B simultaneously, a Moflo Legacy high-speed cell sorter
(Beckman-Coulter) was used. The signals for LGR5-Alexa
488 and Rhodamine B were acquired using the 525 nm and
620 nm channels, respectively, after excitation by means of
the 488 nm laser. A 6-diamino-2-phenylindole (DAPI) probe
(5 ug/mL) was used to discard dead cells, which were detected
in the 450 nm channel after excitation by means of the
351 nm laser. Live cells (DAPI™ cells) were gated in an FS/
DAPI dot plot and applied to the LGR5-Alexa 488/Rhodamine
B dot plot, where double-positive cells were selected for cell
sorting.

Phenotypic analysis of human endometrial LGR5* cells.

Epithelial and stromal LGR5™ cells were washed and then incu-
bated for 45 minutes at 4°C with the following antibodies:
mouse anti-human CD9-PE (eBioscience), mouse anti-human
CD13-PE (BD Biosciences), mouse anti-human CD31-PE (Ab-
cam), mouse anti-human CD34-PECy5 (BD Biosciences),
mouse anti-human CD45-APCCy7 conjugate (BD Biosciences),
mouse anti-human CD73-PE (BD Biosciences), mouse anti-—
human CD90-PE (Chemicon-Merck Millipore), mouse anti-hu-
man CD133/1-Allophycocyanin (APC; Miltenyi Biotech),
mouse anti-human CD163-PE (BD Biosciences), mouse anti—
human CD56-PE (BD Biosciences), mouse anti-human CD3-
PE (BD Biosciences), and mouse anti-human CD19 (Exbio An-
tibodies). Negative control samples were stained with the cor-
responding isotypes (mouse IgG1-PE, mouse IgG1-A PCCy7,
and Alexa 488). All samples were analyzed on a flow cytometer
(Epics XL; Beckman Coulter) with the use of System I software,
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version 3.0 (Beckman Coulter). At least 1,000 cells in total were
analyzed.

Xenotransplantation Assays with LGR5™
Rhodamine™ Cells

Animal care and use. All procedures involving animals in
this study were approved by the Universidad de Valencia
Institutional Review Board Ethics Committee
(A1318591196411).

LGR5™ cell labeling with the use of Molday ION Rhodamine.
A non-transfection-based method, superparamagnetic iron ox-
ide nanoparticle Molday ION Rhodamine B (SPIO) with fluores-
cent iron-oxide nanoparticles, was chosen to label endometrial
cells for cell-tracking experiments in the in vivo model. Epithe-
lial and stromal cells were plated in appropriate conditions with
DMEM-F12 medium containing 10% FBS and 0.1% antibiotics
and antimycotics (Gibco-Invitrogen) and incubated at 37°C and
506 CO,. After cells adhered overnight, SPIO (CL-50Q02-6A-50
[2 mg Fe/mlL]; Biopal) was added in different concentrations,
50 ug/mL for epithelial cells and 10 ug/mL for stromal cells,
to the supplemented medium and samples were incubated for
22 hours. Neither stromal nor epithelial SPIO-labeled cells ex-
hibited signs of cytotoxicity; stromal cell viability was ~91%
and epithelial cell viability ~88% (data not presented). Rhoda-
mine B fluorescence staining was analyzed with the use of a Cy-
tomics FC500 cytometer (Beckman-Coulter) at 575 nm,
determining that Rhodamine B labeling was 82%-93% in both
stromal and epithelial cells.

Animal procedures. Female NOD-SCID mice (Nonobese dia-
betic/severe combined immunodeficient mice strain code 394,
NOD CB17—Prkdc®™/NCrCrl; Charles River Laboratories)
were ovariectomized at 4-5 weeks to be used for xenotrans-
plantation experiments (n = 6). The mice were treated with
a cocktail of analgesic and antiinflammatory drugs and anes-
thetized with sevofluorane inhalation. Kidneys were external-
ized through a dorsal-horizontal incision to enable cell
injection.

FACS-sorted LGR5" Rhodamine™ single-cell suspen-
sions (2,000-20,000 cells) were resuspended in 30 uL me-
dium (DMEM-F12) and injected under the kidney capsule
(n = 3) on the left side. The same number of LGR5™
Rhodamine™ cells were injected into the left kidney capsule
of control mice (n = 3), this control was used to demon-
strate the low reconstruction ability of LGR5™ cells to
give rise to endometrial-like tissue in vivo. Before the cell
injection, both ovaries were removed to eliminate the influ-
ence of endogenous hormones. During transplantation, E,
pellets (0.36 mg/60 days 176-E,, SE121; Innovative
Research of America) were implanted in the neck, and after
a 3-week period (only with E,) P (provided by Dr. Carreras,
Hospital 14, Barcelona) was administered subcutaneously
every day for 2 weeks; after a second 3-week period
(only with E,) the mice were subjected to a second cycle
of daily P injections for 2 more weeks. The hormonal treat-
ment was administered to mimic human menstrual cycles
in the injected mice. Throughout this experiment, xeno-
transplanted mice were maintained in a specific

pathogen-free facility and fed ad libitum for 60 days after
the initial cell injection. Subsequently, the mice were killed
by inhalation of carbon dioxide (CO,) and nephrectomized.
Finally, the xenotransplanted kidneys were extracted,
formalin fixed, and paraffin embedded.

Histological Analysis and Immunostaining

Detection of iron deposits. Paraffin sections from the in-
jected kidneys were deparaffinized at 60°C and rehydrated
through graded ethanol to distilled water. Accustain Iron
Stain (procedure no. HT20; Sigma-Aldrich) was used to visu-
alize the presence of iron deposits inside cells after treatment
with Molday ION using Prussian Blue, according to the man-
ufacturer’s protocol. Mounted sections were visualized with a
Nikon Eclipse 80i microscope with x20, x40, and x63 objec-
tives. The control samples used for iron deposits were the non-
injected kidney as negative and the spleen as positive
(because iron deposition usually occurs in the cells of the
reticuloendothelial system).

Immunohistochemistry for endometrial SSC markers. Sec-
tions were deparaffinized and rehydrated through graded
ethanol, rinsed in distilled water, and treated with antigen
retrieval. Membrane permeabilization was performed for vi-
mentin (Vm) staining. After blocking by means of PBS (5%
BSA, 0.05% Tween-20), primary antibodies were added:
mouse monoclonal anti-human CD9 (dilution 1:20, Abcam
49325) and mouse monoclonal anti-human Vm clone V9,
(dilution 1:100, Dako M0725) for endometrial epithelial and
stromal cells, respectively. A biotin-streptavidin kit was
used for secondary antibody binding according to the manu-
facturer’s instructions (LSAB method; Dakocytomation).
Finally, detection was performed with the use of 3,3-
diaminobenzidine incubation. Counterstained sections with
hematoxylin were visualized with the use of a Nikon Eclipse
80i microscope with x20, x40, x63, and x 100 objectives.
The control samples used were the noninjected kidney as
negative and the endometrium as positive.

Human Endometrial LGR5™ Cell Transcriptome

RNA isolation and microarray hybridization. Total RNA was
extracted from the isolated cell fractions by means of flow cy-
tometry with the use of a Quick-RNA Microprep Kit (Zymo
Research) according to the manufacturer’s protocol. Quality
of RNA was assessed with the use of RNA Pico Chips (Agilent
Technologies). Each sample in this study consisted of a pool of
four human endometrial biopsies. Four fractions each were
selected from the stromal compartment (stromal LGR5"
[n = 4] and stromal LGR5™ [n = 4]) and three fractions
each from the epithelial compartment (epithelial LGR5"
[n = 3] and epithelial LGR5™ [n = 3]); fractions were hybrid-
ized after fulfilling the required RNA quality standards.

Approximately 50 ng per sample was hybridized on the
Human GE 4x44K v2 Microarray (Agilent Technologies),
which targets 27,958 Entrez Gene RNAs, protocols were car-
ried out according to the manufacturer’s instructions. Hybrid-
ized microarrays were subsequently scanned with the use of a
Power Scanner (Tecan).
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Preprocessing, normalization, and differentially expressed
genes in LGR5™ cells. Gene expression array spot intensity
measurements were performed with the use of the Genepix
Pro 6.0 (Molecular Devices). Densitometry values were
normalized to rule out possible sources of variation coming
from nonbiologic sources by means of a quantile method
and then further transformed to the logarithmic scale (log2).
Gene expression profiles were determined by comparing
the experimental groups (LGR5" population) with the control
group (LGR5™ population) by means of nonparametric tests
with the use of the Bioconductor package Rankprod
(www.bioconductor.org) in R software (www.r-project.orf/).
Up- and down-regulated genes in LGR5™ cells were identified
with the use of two criteria: an absolute fold change of > 2.0,
and a corresponding adjusted P value of <.05. To compare
LGR5" cells in stromal and epithelial fractions, intersected
genes were obtained with the use of the Venny tool (http://
bioinfogp.cnb.csic.es/tools/venny/index.html).

Functional transcriptomic characterization of LGR5™ cells.
To understand the functional meaning of LGR5™ cells’ tran-
scriptome, functional enrichment of differentially expressed
genes in epithelial and stromal fractions were performed
with the use of Clusterprofiler version 2.2.2 (22) from Bio-
conductor (release 3.1). Enriched terms for KEGG pathways
(23) and Gene Ontology (www.geneontology.org/) were
calculated by means of a gene set enrichment analysis
(GSEA) ranking genes by fold-change values. We used the
Benjamini-Hochberg conventional multiple-testing P value
correction procedures (24) to derive adjusted P values.

Array validation. To verify the microarrays results, real-time
polymerase chain reaction (PCR) was conducted with the
use of three genes selected for validation: IL1B (interleukin-
18) and CSF1R (colony-stimulating factor 1 receptor), repre-
senting two up-regulated genes in the LGR5 " population, and
the down-regulated gene RAMP1 (receptor activity-modi-
fying protein 1). Designed primer pairs were: IL1B, forward
TTACAGTGGCAATGAGGATG, reverse GTAGTGGTGGTCG
GAGATTC; RAMP, forward CTAACTACGGTGCCCTCCT,
reverse CTGTAGCTCCTGATGGTCCT; and CSFIR, forward
GAGATGAGGCCTGTCTCCA, reverse ATGACCATTGGTCAA
CAGCA. Real-time PCR was performed on the Roche Lightcy-
cler 480 with the use of the Fast Start DNA Master Sybr-green
I system (Roche) according to the manufacturer’s protocol.
The transcript levels were normalized to the 18S gene for
quantitative comparisons between different samples.

Comparative Analysis of LGR5™ CD45™ versus
LGR5" CD45~ Cells

Endometrial biopsies (n = 3) were sorted with the use of the
BD FACS ARIA I instrument among three paired samples of
LGR5" CD45" and LGR5" CD45~ cells from each donor. An-
tibodies and protocols against LGR5 and CD45 and the stain-
ing procedure have been previously described (Novus and
BD Biosciences). The secondary antibodies were Alexa647
and Alexa488, respectively. High-throughput RNA
sequencing of the six samples was performed. Samples
were processed on the Illumina platform RS-122-2301

Fertility and Sterility®

with the use of Truseq Stranded Total RNA LT and the
Ribo-Zero Gold Set A kit. A total of six paired-end (2 X
50) pairs of FASTQ files were obtained and analyzed. Basic
quality controls were completed with FASTQC, FASTX-
Toolkit, and PRINSEQ (25). Paired-end (forward-reverse)
sample merging, as well as the remaining steps of the bioin-
formatics analysis, was performed with the software CLCBio
Genomics Workbench version 8.0.2. Alignment and map-
ping were analyzed against the current human genome
(Homo sapiens hg19 at both gene- and mRNA-level tracks,
from Ensembl’s Homo_sapiens.GRCh37.75.gtf.gz file).
Counts were normalized by means of the standard RPKM
method (26). Significance testing for differentially expressed
genes was implemented with the use of Edge testing (27)
(equivalent to F tests and t tests) within the same CLCBio
software, with a significance criteria of alpha = .05, with
adjustment for multiple testing with the false discovery
rate method. Biologic significance analysis was performed
by comparing gene set enrichment analysis against KEGG
and GO (www.geneontology.org/) databases with the use
of GAGE (28) and Pathview (29) Bioconductor packages.

RESULTS
Isolation and Immunophenotype Characterization
of Human Endometrial LGR5* Cells

A total of 15 paired samples from the endometrial epithelial
and stromal compartments was sorted for LGR5' cells
(Fig. 1A). They represented an average 1.08 £ 0.73% of the
cells in the epithelium, with 56.4% viability, and an average
0.82 + 0.76% of the cells in the stromal compartment, with
60.2% viability.

The inmunophenotypic characterization of the isolated
endometrial LGR5" revealed that they were negative for
CD31 (mature endothelial cells), CD133 (endothelial progeni-
tor cells), and CD34 (hematopoietic stem cells) in both endo-
metrial cell fractions (Fig. 1B). Raw data of the percentages
corresponding to cells stained for each marker are presented
in Figure 1C. Surprisingly, we observed that 62.73% of epithe-
lial LGR5™" cells and 57.84% of stromal LGR5™ cells were also
CD45" (Fig. 1B and C). Whereas epithelial LGR5" cells
showed low signal for CD73 and CD90 (<8%), stromal cells
displayed a positive expression for these markers, ranging
from 10% to 60% (Fig. 1B and C).

Owing to the unexpected abundance of CD45" marker in
the LGR5™ subpopulation, coexpression with other hemato-
poietic antigens was assessed. LGR5' CD45" cells (~48%)
were positive for CD163 in epithelium; the same population
represented >55% of cells in the stroma (Fig. 1B). LGR5"
CD45" cells were negative for CD3, CD19, and CD56,
revealing an unexpected association with macrophage origin
but not with T lymphocytes, B lymphocytes, or natural killer
uterine cells, respectively (Supplemental Fig. 1; Supplemental
Figs. 1-5 are available online at www.fertstert.org).

Xenotransplantation Assays

To determine if the LGR5" Rhodamine™ cell population was
involved in the human endometrial-like tissue formation
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Cervelld. LGR5* cells in human endometrium. Fertil Steril 2016.
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A 2,000 Lgr5 Rhod*

< 2 Prussian blue Prussi

2,000 Lgr5* Rhod*

20,000 Lgr5* Rhod* Positive Controls

Representative sections from the left kidneys of three xenotransplanted mice are shown with (A) Prussian blue staining and (B) CD9 and (C) vimentin
(Vm) immunohistochemistry. Control samples are shown in the last column: spleen for Prussian blue and endometrium for CD9 and Vm. Images
were taken at x40 and x 100 magnification. A dashed line delineates the kidney structure from the endometrial-like newly formed tissue. Positive
staining for Prussian blue, shown by blue spots, suggests that newly formed endometrial tissue was developed from the human injected cells
(arrows). Immunohistochemical analysis for human endometrial markers CD9 (epithelium) and Vm (stroma) was performed to test if the newly

formed tissue had endometrial-like characteristics.

Cervellé. LGR5* cells in human endometrium. Fertil Steril 2016.

in vivo, detection of iron deposits by means of Prussian blue
staining and immunohistochemistry for endometrial SSC
markers were performed. Furthermore, to characterize the
new tissue present in the kidney capsule, immunohistochem-
istry for Vm and CD9 was performed.

After standardization of the protocol for staining with
SPIOs in cultured endometrial cells (Supplemental Fig. 2), a
total of 2,000, 4,000, and 20,000 each of LGR5* Rhodamine™
(4/+) and LGR5~ Rhodamine™ (—/+) cells were injected un-
der the kidney capsule of recipient mice (n = 6). Unfortu-
nately, mice receiving 4,000 —/+, 20,000 —/+, and 20,000
+/+ cells died during the 3-month experimental period;
only results obtained from the remaining animals (n = 3)
are shown in Figure 2.

All three kidneys showed the presence of human cells
within the kidney capsule. These results suggest that
endometrial-like cells were regenerated from both LGR5"
and LGR5~ Rhodamine™ endometrial fractions injected into
the xenograft.

Transcriptomic Characterization

The transcriptomic signature of the LGR5" cell population
of the human endometrium was generated with the use of

epithelial (n = 3) and stromal (n = 4) LGR5™ cells versus
their corresponding LGR5™ cells from both compartments.
In total, 1,053 genes were differentially expressed in the
epithelium and 679 in the stroma. Among these, 368 genes
were common between both compartments, 681 were
differentially expressed only in epithelium, and 307 only
in stromal LGR5" cells. Moreover, the differential expres-
sion analysis, with the use as threshold of fold change
>2.0 with P<.05, showed a total of 494 up- and 559
down-regulated genes in the LGR5" versus LGR5™ epithe-
lial cell fraction; and 619 up- and 60 down-regulated genes
in the LGR5" versus LGR5 cells of the stromal fraction
(Supplemental Fig. 3).

Functional analysis indicates that, independently from
their stromal or epithelial origin, LGR5" cells share similar
functional genomics and could therefore provide a global
endometrial LGR5 cell signature. Using the enrichment score
values from the gene set enrichment analysis, the main repre-
sented KEGG functions for both origins were organized based
on the adjusted P value of <.05 (Fig. 3). Hematopoietic line-
age (hsa04640) was in the top enrichment score for both com-
partments (epithelium, Fig. 3A; stroma, Fig. 3B). Interestingly,
all the genes prevailing in this function were up-regulated
and were represented in all the different subpathways
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FIGURE 3

A GSEA LGRS Epithelial Cells

KEGG id KEGG name Gene Background Adjusted Enrichment
Ratio Ratio p-value score
hsa04812 . Antigen processing and presentation 20/408 T7/7011 0.0089 ’ 0.9117
hs304840 Hematopoietic cell ineage 21/408 8377011 0.0089 0.8873
hsa04514 Cell adhesion molecules (CAMs) 27/408 142/7011 0.0089 0.8530
h=a304010 MAFK signaling pathway 18/408 257/7011 0.0222 0.8525
hsa04620 ‘ Tolkiike receptor signaling pathway 18/408 108/7011 0.0288 0.8415
h=304280 Osteoclast dif ferentiation 337408 132/7011 0.0222 0.8104
hs304080 Cytokine-cytokine receptor interaction 25/408 265/7011 0.0416 0.8000
B GsEA LGRs* stromal Cells )
KEGG id KEGG name Gene Background Adjusted Enrichment
Ratio Ratio p-value score
h=304840 - Hematopoietic cell lineage 19/315 - 88/7011 0.0103 ‘ 0.8842
h=a04010 MAFK signaling pathway 17/315 2557011 0.0301 0.8523
hsa04612 Antigen processing and presentation 23315 T7/7011 0.0301 0.8488
hsa04620 Tolllike receptor signaling pathway 21/315 106/7011 0.0163 0.8442
h=a04514 Cell adhesion molecules (CAMs) 28/315 142/7011 0.0103 0.8308
hsa040€0 Cytokine-cytokine receptor interaction 31/315 285/7011 0.0103 0.8084
hsa04145 ‘ Phagosome 41/315 88/7011 0.0103 0.8082

LGR5™ cell gene set enrichment analysis (GSEA). Enriched KEGG functions in LGR5™ cells isolated from (A) endometrial epithelial cells and (B)
endometrial stromal cells. LGR5™ cells were associated with hematopoietic cell lineage KEGG pathway (Supplemental Fig. 4; www.genome.jp/
kegg-bin/show_pathway?hsa04640). The most enriched pathways (adjusted P<.05) and enrichment scores are presented. Enriched pathway in

both epithelium and stroma is indicated by blue and yellow, respectively.

Cervello. LGR5* cells in human endometrium. Fertil Steril 2016.

(Supplemental Fig. 4), suggesting the implication of these
LGR5 cells in the hematopoietic stem cell lineage.

The 24 differentially regulated genes are included in the
hematopoietic pathway and are detailed in Supplemental
Figure 5 as well as other genes related to interleukins, CD fam-
ily, and major histocompatibility complex.

Profiles of LGR5™ CD45" versus LGR5* CD45~
Cells according to RNA Sequencing
Although differences between these two LGR5' subpopula-

tions were found, no transcripts with false discovery rate
<0.05 were observed (data not presented). We next selected

top genes by means of unadjusted P<.05 and fold change
>2.0. A total of 279 down-regulated transcripts were found,
and the related pathways implicated were involved in chemo-
kine signaling, cell cycle, endocytosis, apoptosis, Toll-like re-
ceptor signaling, and embryo development.

DISCUSSION

In previous work, we confirmed the existence of LGR5 expres-
sion in the human endometrium throughout the menstrual
cycle, describing its localization in a restricted epithelial
and stromal area located in the perivascular regions of the
lower functionalis (19). In the present work, we isolated
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Schematic illustration of proposed hypotheses to describe the function of human endometrial LGR5™ macrophage-like cells with hematopoietic
origin. (A) LGR5" macrophage-like cells are recruited via bone marrow; and (B) LGR5" perivascular macrophages modulate the niche.

Cervello. LGR5* cells in human endometrium. Fertil Steril 2016.

LGR5" cells from the human endometrium; the percentages
of LGR5™ cells isolated (0.8%-1%) are similar to the 0.6%
LGR5" expressing cells isolated from the hair bulge (30).
The existence of this rare subpopulation in the human endo-
metrium was the first hint to consider LGR5™" cells as a puta-
tive stem cell population (31).

The characterization of endometrial LGR5™" cells reveals
the absence of an endothelial, mesenchymal, or pure hemato-
poietic profile, but the presence of high CD45 expression.
Clever’s group also identified CD45" cells in an LGR5™ he-
matopoietic stem cell fraction during mouse embryonic
development and, consistently with our study, found that
these cells reconstituted hematopoietic lineages in adult
mice after transplantation although with very low efficiency
(32). Moreover, the comparison of the gene expression profile
of the positive and negative populations for CD45 (LGR5™
CD45" versus LGR5' CD457) revealed no significant differ-
ences between the subpopulations despite the small number
of samples assessed (n = 3).

Nevertheless, the coexpression of CD45 and CD163 in
LGR5™ cells indicates that this population is phenotypically
similar to macrophages, which was unexpected. Macrophages
have been implicated in processes such as tissue repair and re-
modeling (33). Most importantly, macrophages regulate adult
stem cell niches such as the hematopoietic system (34),

mammary gland (35), liver (36), and hair follicle (37), raising
a new putative role for this subset of cells as niche gatekeepers
(Fig. 4).

Macrophages have different roles according to their tissue
microenvironment. In the hair follicle, macrophages display
increased expression levels of Wnt ligands before the onset
of the anagen phase, or growth phase, activating the epithelial
stem cells in a Wnt-dependent manner to enter into anagen
(37). Along this line, Wattananit et al. demonstrated that
macrophage-like cells recruited from the blood are important
in long-term spontaneous functional tissue recovery after
ischemic brain injury (38).

To assess the potential of LGR5™ cells for differentiation,
xenotransplantation of cells was performed under the kidney
capsule in immunocompromised mice. New putative
endometrial-like tissue, which positively stained for Prussian
blue as a reporter of human endometrial LGR5™ cells, formed
above the kidney capsule for both LGR5" and LGR5™ cell
fractions. The macroscopic appearance (morphology and
thickening) of the reconstructed endometrial tissue was not
like previous results in the in vivo nonhuman animal model
(7-11), suggesting that we likely did not isolate a pure SSC
population. Indeed, the reconstitution ability was very low,
and a clear limitation is not only the low number of cells
injected (2,000 and 20,000), but also the low efficiency of
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LGR5"' cells to reconstitute original cell lineages after
transplantation (corroborated by Clever’ s group in 2014 [32]).

The shared functions and the significant amount of
shared genes (368) between LGR5' stromal and epithelial
cells point to a substantial similarity and common cell fate be-
tween these two cell populations, postulating the similar
origin for these endometrial LGR5™ cells as a possible expla-
nation. When we performed the functional analysis of the 368
common genes, the hematopoietic lineage showed a signifi-
cant adjusted P value (<.05). The gene expression analysis
further supports the presence of the CD45 marker in the
LGR5™ cells, suggesting an important role for LGR5-CD45 co-
expression in the human endometrium.

The present data describe endometrial LGR5" cells as a
rare population of cells with a low ability to form
endometrial-like tissue and a phenotype closer to macro-
phages than to mesenchymal stem cells, thereby questioning
the utility of LGR5 as a specific marker for endometrial stem
cells. These data suggest that endometrial LGR5" cells may
instead be a resident component displaying macrophage fea-
tures within the niche located in the perivascular microenvi-
ronment (39). It is well known that macrophages interact with
stem cells within their specific niche to modulate self-renewal
and tissue remodeling (40).

The principal limitations of this study are the relatively
small sample size of xenograft assays owing to the difficulties
raised by the experimental animal model; nevertheless, we
were able to corroborate our hypothesis and results through
several complementary assays.

In conclusion, we propose two hypotheses to explain the
potential role of LGR5™ cells in the human endometrial stem
cell niche: 1) After tissue damage during menstruation, the
perivascular macrophages mobilize surrounding stem cells
to respond to the injury for repair and remodeling of a new
endometrial layer; tissue-resident macrophages described
here could be part of the different components of the endo-
metrial stem cell niche; or 2) in the endometrium these
macrophage-like cells are naturally recruited from an exog-
enous source, such as bone marrow, to activate the endoge-
nous niche, thereby contributing to long-term functional
recovery (41).
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SUPPLEMENTAL FIGURE 1

Hematopoietic Lineages Phenotype
Epithelial LGR5* cells
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CD163*

LGRS* CD45" B
47% LGR5* CD45* cells are monocytes or macrophages and

negative for: CD3, CD19 and CD56.

OTHERS CD45: Leukocyte marker
a% CD3: T Lymphocytes
CD19: B Lymphocytes
CD56: Uterine NK
CD163: Monocytes/Macrophages

Stromal LGR5" cells
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LGRS5* CD45" 57%

38%

OTHERS
5%

Diagram showing the specific phenotypes of LGR5™ cells related to hematopoietic lineage markers.
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SUPPLEMENTAL FIGURE 2
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Results from the in vitro assays, showing the standardization of the superparamagnetic iron oxide nanoparticle (SPIO) protocol.
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List of genes up- and down-regulated in the epithelial and stromal fractions of the LGR5™ cell populations of the human endometrium versus their
whole epithelial and stromal counterparts (LGR57).
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