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Abstract

Human chorionic mesenchymal stem/stromal cells (CMSCs) derived from the placenta are similar to adult tissue-derived MSCs. The aim
of this study was to investigate the role of these cells in normal placental development. Transcription factors, particularly members of the
homeobox gene family, play crucial roles in maintaining stem cell proliferation and lineage specification in embryonic tissues. In adult
tissues and organs, stem cells proliferate at low levels in their niche until they receive cues from the microenvironment to differentiate.
The homeobox genes that are expressed in the CMSC niche in placental tissues have not been identified. We used the novel strategy of
laser capture microdissection to isolate the stromal component of first trimester villi and excluded the cytotrophoblast and syncytio-
trophoblast layers that comprise the outer layer of the chorionic villi. Microarray analysis was then used to screen for homeobox genes
in the microdissected tissue. Candidate homeobox genes were selected for further RNA analysis. Inmunohistochemistry of candidate
genes in first trimester placental villous stromal tissue revealed homeobox genes Meis |, myeloid ectropic viral integration site | homolog
2 (MEIS2), H2.0-like Drosophila (HLX), transforming growth factor B-induced factor (TGIF), and distal-less homeobox 5 (DLX5) were
expressed in the vascular niche where CMSCs have been shown to reside. Expression of MEIS2, HLX, TGIF, and DLX5 was also detected
in scattered stromal cells. Real-time polymerase chain reaction and immunocytochemistry verified expression of MEIS2, HLX, TGIF, and
DLX5 homeobox genes in first trimester and term CMSCs. These data suggest a combination of regulatory homeobox genes is
expressed in CMSCs from early placental development to term, which may be required for stem cell proliferation and differentiation.
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Introduction

The human placenta has emerged as a valuable source of
transplantable cells of mesenchymal origin for multiple
cytotherapeutic purposes, including enhanced engraftment
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of hematopoietic cells, modulation of inflammation, bone
repair, and cancer.'” Human chorionic mesenchymal stem/
stromal cells (CMSCs, also known as placental mesenchymal
stem cells) are isolated from the chorion of the postpartum
human placenta and display stem cell-like properties such
as high proliferative capacity, self-renewal, multipotent dif-
ferentiation, and migration potential.*® In culture, CMSCs
can be readily induced to commit to mesodermal lineage path-
ways including adipogenesis, chondrogenesis, osteogenesis,
and myogenesis.®'® Although the ability of CMSCs to differ-
entiate into multiple lineages is important in regenerative med-
icine, with the exception of myogenesis and angiogenesis, the
other lineages are not relevant to normal placental development.
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Our knowledge of how CMSC differentiation is controlled in the
human placenta is rudimentary.

Transcription factors play crucial roles in the development
of the placenta, in particular the regulation of cell differen-
tiation and proliferation in specific placental cell types.''™'
Microarray analysis of human iliac mesenchymal stem cells
(MSCs) revealed a large number of transcription factors are
expressed in MSCs that are potentially important in MSC prolif-
eration and differentiation.'” Since CMSCs have been identified
relatively recently, there is scant knowledge of transcription
factor control of CMSC proliferation and differentiation.

Homeobox genes comprise a large family of transcription
factors, and several are key regulators in stem cell prolifera-
tion and differentiation, which is consistent with their role
as master regulators of cell fate.'> Homeobox genes nanog,
Oct3/4, Pax3/4/6, Nkx2.5, PDX1, LHX2, and HOXB4 are crit-
ical for maintaining stem cell proliferation and regulation of
differentiation.'>'®!” The formation of trophoblast cells, the
key placental cell lineage, involves downregulation of the
homeobox genes Oct3/4 (POUSF1) and nanog in stem cells,
which indicates that these genes are required for stem cell
maintenance. Conversely, upregulation of the homeobox gene
CDX2 is required for trophoblast differentiation.?%2

MSCs from various organs of the mouse (eg, lung, thymus,
sternum, forelimb, femur, and tibia) express a distinct combina-
tion of homeobox genes.? In humans, genomic profiling studies
on cultured MSCs from various sources (ie, bone marrow, adi-
pose tissue, and umbilical cord) reveal that the homeobox
genes HOXAS5 and HOXBG6 are highly expressed and that ZEB
is increased in differentiating MSCs.?* Similar studies to iden-
tify the homeobox expression profile of placental CMSCs have
not yet been carried out.

We used MSC surface markers to provide evidence for a
vascular microenvironment or “niche” for CMSCs.” The vas-
cular niche, as defined by Nikolova et al,*” is a microenviron-
ment that is generated by endothelial cells and/or mural cells
(pericytes or smooth muscle cells), which affects the behavior
of adjacent cells. According to this definition of the vascular
niche, an influence of nonvascular cells in the niche is not
excluded. We also demonstrated that stem cell surface marker
expression in the vascular niche does not change significantly
from first trimester to term as would be expected of stem
cells that reside in a niche. We also provided evidence of a
vascular niche for MSCs in the decidua parietalis associated
with the fetal membranes.”® Normally, the niche maintains
MSCs in a quiescent state but when triggered by developmen-
tal or environmental stimuli, the surrounding microenvironment
signals to MSCs to either promote self-renewal or differentiate
to form new tissue.?”*® Thus, identification of homeobox genes
expressed in the stem cell niche through normal placental devel-
opment should reveal candidate homeobox genes required for
stem cell proliferation and/or differentiation, which is the aim
of this study.

As described earlier, screens for homeobox genes in cul-
tured MSCs from various tissue sources have been carried out.
Nevertheless, the process of in vitro culturing, which includes

additives such as serum, changes global gene expression pat-
terns in human bone MSCs.?° Variation in the expression of
some “‘stemness’” markers is also observed with passaging
of CMSCs.*° Thus, in vitro CMSC gene expression patterns
do not necessarily reflect the in vivo patterns. Our novel strat-
egy was to use laser capture microdissection to isolate the
stromal component of first trimester villi, which includes the
CMSC niche and then identify expressed homeobox genes by
genome-wide microarray analysis. The homeobox genes iden-
tified were subsequently screened for expression in first tri-
mester placental tissue, as well as in unpassaged and early
passage CMSCs, which were derived from early pregnancy
tissue (early CMSCs) and term CMSCs. This allowed us to
identify candidate homeobox genes, which are potentially
important for proliferation and differentiation of CMSCs
throughout placental development.

Materials and Methods

Tissue Collection

First trimester placental tissue for laser capture microdissec-
tion was obtained by vacuum suction, following termination
of uncomplicated pregnancies for psychosocial reasons (7 to
9 weeks of gestation). The study was approved by the ethics
committee of the Medical University of Vienna (Vienna,
Austria). For immunohistochemical and immunofluorescence
studies, first trimester placentae (8-12 weeks of gestation)
were obtained by author UM following elective termination of
pregnancy and with ethics approval (Southern Health Human
Research Ethics Committee) and written informed patient con-
sent. For preparation of early CMSCs, early pregnancy placental
chorionic villous samples (12-14 weeks of gestation) were pro-
vided by M. Pertile of the Victorian Clinical Genetics Services
and were obtained with informed patient consent and ethics
approval from The Royal Women’s Hospital Human Research
and Ethics Committee and The Royal Children’s Hospital
Melbourne Research and Ethics Committee.

For the preparation of term CMSCs, placentae were obtained
from uncomplicated, term pregnancies by vaginal delivery or
cesarean section, with informed patient consent and with the
approval of The Royal Women’s Hospital Human Research
and Ethics Committee.

Laser Capture Microdissection, RNA Processing, and
Microarray Analysis

First trimester placentae (n = 3; 7-8 weeks, 8 weeks and
9 weeks of gestation) were fixed overnight in a 30% sucrose
solution and embedded in Optimum cutting temperature
(O.C.T.) compound (Tissue Tek, Australia). Approximately
12 hours elapsed between tissue collection and final embed-
ding. Serial cryosections (7 um) were prepared and mounted
on polyethylene napthalate-membrane slides (P.A.L.M.
Microlaser Technologies AG, Bernried, Germany; Carl Zeiss
Microlmaging GmbH, Goéttingen, Germany). Subsequently,
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slides were quickly stained with hematoxylin and total villous
stroma was dissected from chorionic villi in each slide, using
a laser capture microdissection unit as described by the man-
ufacturer (P.A.L.M. Microlaser Technologies AG; Carl Zeiss
Microlmaging GmbH, Goéttingen, Germany). The dissected
material of 20 cryosections of each placental sample was pooled
together before RNA isolation. RNA extraction of microdissected
tissue yielded approximately 150 ng of total RNA after isolation
with peqGOLD TriFast reagent (Peqlab, Erlangen, Germany).
RNA integrity was checked using the Agilent RNA 6000 Pico Kit
and the Agilent 2100 Bioanalyzer (Agilent; Palo Alto, Califor-
nia). The quality criterion for the isolated RNA was the presence
of both 28S and 18S ribosomal RNA (rRNA) peaks. The range of
the RN A ratio 28S/18S was from 0.3 to 0.5. RN A was amplified to
8 to 9 ug per sample and biotin-labeled using a Two-Cycle Target
Labeling kit as described by the supplier (Affymetrix, Santa
Clara, California). Labeled RNA of 5 ug was used to prepare com-
plementary DNA (cDNA) and this was subsequently used for
GeneChip analysis. Hybridization to human U133A, B Gene-
Chips (Affymetrix, California) and scanning of the arrays were
carried out according to the manufacturer’s protocols (https://
www.affymetrix.com) as recently described by Bilban et al.>!

Immunohistochemistry

Placental tissue was dissected from random areas of central coty-
ledons, placed into O.C.T. freezing medium, snap frozen in
liquid nitrogen, and then stored at —80°C. Sections of 5-um
thickness were cut and placed on SuperFrost coated slides
(Menzel-Glaser, Germany). Tissue sections were treated with a
blocking reagent (Histostain-Plus Broad Spectrum kit, Zymed
Laboratories, California) and subsequently washed in
phosphate-buffered saline (PBS). The sections were incubated
overnight at 4°C with either one of the following primary mouse
monoclonal or rabbit polyclonal antibodies at 1 pg/mL concen-
tration: Meis1, myeloid ectropic viral integration site 1 homolog
2 (MEIS2), H2.0-like Drosophila (HLX), Msh homeobox 2
(MSX2), hematopoietically expressed homeobox (HHEX), trans-
forming growth factor B-induced factor (TGIF), HOXB?7, distal-
less homeobox 5 (DLX5), or distal-less homeobox 4 (DLX4).
Negative controls included omission of primary antibodies and
incubation with the appropriate mouse or rabbit immune preim-
mune serum control. Sections were incubated with the appropri-
ate biotinylated secondary antibody for 15 minutes followed by
the addition of streptavidin horseradish peroxidase conjugate for
15 minutes at room temperature. Detection was by 3-amino-9-
ethylcarbazole (AEC; Zymed, California). Morphological
assessment was carried out on sections counterstained with
0.5% methyl green. All slides were mounted in 80% glycerol,
visualized using a Zeiss Axioscop microscope and analyzed with
Axiovision software (Carl Zeiss Inc, Germany).

Multilabel Immunofluorescence

Frozen first trimester placental blocks were cut to a 5-pum thick-
ness and placed onto Superfrost Plus slides (Menzel-Glaser,

Germany). Mouse antihuman frizzled family receptor 9
(FZD9/CD349) (1pg/mL, Biolegend, California) was added
together with the following rabbit antihuman primary antibo-
dies: HLX (3.2 pg/mL, Sigma-Aldrich, Australia), DLXS (1/
200 dilution, Abcam, Cambridge, United Kingdom), and o-
lintegrin (ITGA1/CD49a/VLA-1) (1/250 dilution, Millipore,
Australia). Conjugated secondary antibodies used were goat
antirabbit Alexa Fluor 568 (8 pg/mL; Life Technologies, Australia)
and donkey antimouse Alexa Fluor 488 (4 ng/mL, Life Technol-
ogies, Australia). Nonimmune rabbit serum (1 pg/mL, Flinders
Technologies, Australia) and control mouse monoclonal antibody
X63 (see subsequently), which has no known cross-reactivity with
human proteins, were used as negative controls. Nuclei were coun-
terstained with Vectashield mounting medium with 4’,6-diamidino-
2-phenylindole (DAPI; Vector Laboratories, California). Sections
were mounted and coverslipped using Dako fluorescence
mounting medium (Dako, Australia). Fluorescent staining was
visualized on an Olympus AX70 fluorescence microscope with
the appropriate filters and the resulting multicolor image was pro-
duced by Axiovision 4 software (Carl Zeiss, Jena, Germany).

Isolation of First Trimester (Early) CMSCs

The method was based on the study of Poloni,>* which describes
the isolation of MSCs from first trimester chorionic villi of human
placenta. Chorionic villus samples were obtained from pregnan-
cies between 12 and 14 weeks of gestation by ultrasound-guided
transabdominal chorionic villus sampling. Samples were col-
lected into flasks containing 1 x PBS without calcium and magne-
sium (Gibco, California), supplemented with 50 IU/mL heparin
(Pfizer, New York) and 100U/mL penicillin and 100pg/mL strep-
tomycin (Roche, Germany). The aspirated chorionic villi were
transferred to a 55-mm Petri dish and washed free of maternal
blood using prewarmed (37°C) PBS. Washed villi were examined
under a stereomicroscope (x 16 magnification) and fine sterile
forceps were used to dissect away any contaminating maternal
decidua. The cleaned villi were removed to a second Petri dish
and rinsed again using PBS. After removing the PBS, the cleaned
chorionic villi (10-20 mg) were finely minced in 2 to 3 drops of
0.25% trypsin (Gibco, California) using a sterile, size 22 surgical
scalpel blade (Swann-Morton, Sheffield, United Kingdom).
Minced villi were transferred into a conical centrifuge tube con-
taining 2 mL 0.25% trypsin, agitated thoroughly, and incubated
for 30 minutes at 37°C. The digested tissue was then neutralized
by adding 5 mL complete medium (Roswell Park Memorial Insti-
tute supplemented with 20% fetal bovine serum) and pelleted by
centrifugation at 560g at room temperature for 6 minutes. The
supernatant was removed and the cells were seeded onto glass
coverslips in Petri dishes with Amniomax C100 medium (Life
Technologies, Australia). Cultures were maintained at 37°C in
a humidified atmosphere with 5% CO, until ready for routine
diagnostic karyotype analysis. Once karyotype analysis was com-
plete, cells from back-up cultures were used to prepare early
CMSCs by subculturing in Amniomax medium. Only samples
with normal fetal ultrasound findings and normal diagnostic kar-
yotype were included for subculture. Typically, these subcultures
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of early CMSCs were at passages P1 or P2 prior to release for sub-
culturing early CMSCs. Following subculture, early CMSCs
from P2 or P3 were assessed for their proliferative potential,
expression of cell surface markers, and differentiation poten-
tial as described previously.”*® Early CMSCs up to P5 were
used for experiments. Preparations of early CMSCs from male
placentae were routinely tested for the presence of maternal
cell contamination.

Isolation of Term CMSCs

Term placentae were used to prepare CMSCs using a method
adapted from Fukuchi et al'® and described in more detail
elsewhere.” Term placentae (n = 5) from uncomplicated preg-
nancies were used to prepare cultures of CMSCs.

The maternal side of the placenta was used for MSC pre-
paration following careful removal of decidual tissue that
was attached to the maternal surface. Placental tissue from central
cotyledons of about 10 g (2.5 cm cubes) was dissected, exten-
sively minced, and then centrifuged at 550g for 5 minutes. The
pellet was hemolyzed in red blood cell lysis buffer (155 mmol/
L NH4Cl, 10 mmol/L KHCO3, 0.1 mmol/L EDTA, pH 8.0) and
then centrifuged again at 550g for 5 minutes at room tempera-
ture. The pellet was incubated at 37°C in 0.05% Trypsin-EDTA
solution (Invitrogen, Australia) for 10 minutes, resuspended
twice in 50% a-Minimum Essential Medium (a-MEM)/50%
fetal bovine serum (FBS), centrifuged at 550g for 10 minutes
at room temperature, and then plated in «-MEM medium sup-
plemented with 20% FCS, 0.02% ascorbate-2-phosphate, 1%
L-glutamine, 0.5% penicillin/streptomycin, 0.5% fungizone, and
1% tylosin. Cultures were maintained at 37°C in a humidified
atmosphere with 5% CO,. After incubation for 3 days, cells had
adhered to the plate and the digested tissue pieces were removed
by washing in Hank Balanced Salt Solution (HBSS). Cultures
were maintained in «-MEM complete medium until 80% conflu-
ent and then passaged (P) up to 5 times.

Flow Cytometry Analysis of CMSC Preparations

For flow cytometry, P2 to P4 early CMSCs or term CMSCs
were detached with TrypLE Express (Invitrogen, Australia)
and resuspended in HBSS(Invitrogen, Australia) with 2%
FBS. Approximately 10° cells per sample were stained with
CD73-PE (BD Biosciences, Australia), CD105-APC (Caltag
Laboratories, Buckingham, United Kingdom), and CD45APC-
Cy7 (BD Biosciences, Australia) for 30 minutes each at 4°C.
Mouse IgGkPE (BD Biosciences, Australia) isotype control was
used to detect nonspecific fluorescence. Cell preparations were
assayed on a BD LSRII flow cytometer and analyzed using
FACSDiva software (BD Biosciences, Australia).

Immunocytochemistry

The cultured CMSCs were placed onto 8 well-chamber slides
(BD Biosciences) and fixed in 10% formalin for 10 minutes
at room temperature and rehydrated twice separately in graded

ethanol. Endogenous peroxide activity was quenched with
0.3% hydrogen peroxide (Merck, Australia) solution. The
cells were blocked with blocking solution (solution A from
Histostain-Plus Broad Spectrum Kit, Life Technologies, Aus-
tralia) at room temperature for 20 minutes. Slides were then
incubated with rabbit polyclonal antihuman MEIS2, HLX,
MSX2, HHEX, TGIF, HOXB7, DLXS, and DLX4 at 1 pg/
mL concentration. Negative controls included the omission
of primary antibody (ie, using antibody diluent alone) and the
X63 antibody (1 pg/mL, immunoglobulin 1; mouse monoclo-
nal antibody P3X63.Ag8, supplied by the Department of Clin-
ical Immunology, Flinders Medical Centre, Bedford Park,
South Australia). X63 antibody is a negative control antibody
with no known cross-reactivity to human tissue.>* The immu-
noreactivity was visualized using biotinylated- and HRP-
conjugated secondary antibodies and the chromogen AEC
(Zymed Laboratories, California). The control was counter-
stained with 0.5% methyl green to assess chorionic villous
morphology.

RNA Isolation for Real-Time Polymerase Chain
Reaction Analysis

Confluent cultures of early CMSCs or term CMSCs were
homogenized using a QIAshredder spin column (Qiagen,
Australia), and total RNA extracted using the RNeasy Micro
Kit (Qiagen, Australia) as described.?” Relative quantitation
of homeobox genes in early and term CMSCs was performed
as described by Murthi et al*° on an ABI Prism 7700 Sequence
Detector (Perkin-Elmer Applied Biosystems, Australia) using
Inventoried gene expression assays consisting of a 20 X mix of
unlabeled polymerase chain reaction (PCR) primers and Tag-
Man MGB FAM dye-labeled probe ZHX1(Hs00232545_ml),
MEIS2 (Hs00542636_ml1), HLX (Hs00172035_m1), MSX2
(Hs00741177_m1), LIM6 (Hs00232660_m1), MOX2 (Hs00
232248 _ml), HHEX (Hs00242160_ml), TGIF (Hs008201
48 _gl), HOXA9 (Hs00365956_ml), PHOXI (HsHs0024
6567), HOXB7 (Hs00270131_m1), VSXI (Hs00232724_m]l),
NKX3-1(Hs00171834_m1), DLX5 (Hs00193291_m1), DLX4
(Hs00231080_m1), SIX6 (Hs00231050_m1), and PITXI (Hs
00267528 _m1). All probes were obtained from Applied Bio-
systems, Australia. Relative quantitation of homeobox gene
expression was normalized to 18S rRNA (TagMan MGB VIC
dye labeled probe, Applied Biosystems, Australia) in a duplex
reaction and calculated according to the 2~*2“T method of
Livak and Schmittgen.**

Data Analysis

Differences in homeobox gene messenger RNA (mRNA)
expression normalized to 18S rRNA in CMSCs were deter-
mined using the Mann-Whitney U test. Statistical calculations
were performed on the GraphPad Prism software. Results were
considered significant at P < .05.
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Table |. Homeobox Gene Expression Profile in First-Trimester Chorionic Villous Stroma and in Isolated Term CMSCs.

First Trimester Chorionic Villous ~ Gene
Stroma. Average Signal Intensity® Symbol®

Gene Name®

Term-CMSCs. Relative
Quantitation by Real-Time PCR?

3800.35 ZHXI Zinc finger and homeoboxes | 1.85
2248.10 MEIS2*  Meisl, myeloid ectropic viral integration site | homolog 2 1.05
728.60 HLX* H2.0-like Drosophila 0.44
482.20 MSX2* Msh homeobox 2 0.52
415.10 LIMé6 LIM-domain binding 6 0.70
400.53 MOX2 Mesenchyme homeobox 2 0.61
387.83 HHEX*  Hematopoietically expressed homeobox 1.29
363.83 TGIF* TGFB-induced factor 1.24
339.90 HOXA9 Homeobox A9 1.1

258.80 PHOX2A Paired-like (aristaless) homeobox 2a 0.70
254.27 HOXB7* Homeobox B7 0.56
229.40 VSXI Visual system homeobox | homolog, CHX10-like 0.80
223.33 NKX3-1  NK3 transcription factor related, locus | 0.52
157.70 DLX5* Distal-less homeobox 5 0.57
154.80 DLX4*  Distal-less homeobox 4 0.61
128.70 PRRXI Pared related homeobox | 0.39
124.00 SIXé6 Sine oculis homeobox homolog 6 0.41
104.20 PITXI Paried-like homeodomain transcription factor | 0.66

Abbreviations: CMSCs, chorionic mesenchymal stem/stromal cells; PCR, polymerase chain reaction; TGFB, transforming growth factor f; mRNA, messenger

RNA; rRNA, ribosomal RNA.
? Average signal intensity above the arbitrary cutoff of 100.

® Gene symbol with asterisk represents a gene chosen for further mRNA/protein analysis.

€ Gene name.

9 Real-time PCR was used to detect homeobox gene mRNA relative to 185 rRNA in term CMSC.

Results

Laser Capture Microdissection and RNA Analysis of
Homeobox Genes

RNA analysis of laser capture microdissected first trimester
placental chorionic villi was used to detect mRNAs encoding
homeobox genes. DNA microarrays contained about 20 000
transcripts and more than 100 of the 235 probable functional
human homeobox genes®> were represented. Array analysis
was carried out on 3 cDNA preparations from independent
laser capture stroma preparations from 3 different patients.
Where multiple probes for individual homeobox genes were
present on the microarray, the average was used, and the cut-
off for average signal intensity was set at 100. The list of all
genes in the array was cited in Bilban et al.>' Eighteen homeo-
box genes were detected in the laser capture microdissected
first trimester placental chorionic villous stroma, with signal
intensities above the arbitrary cutoff of 100 (Table 1, foot-
notes a-c). The highest average signal intensity was observed for
zinc finger homeobox gene 1 (ZHX1), MEIS2, and HLX homeo-
box gene. The majority of homeobox genes showed signal
intensities of less than 100.

Candidate Protein Expression in First Trimester Placentae

Candidate homeobox genes were selected based on the range of
average signal intensity scores obtained from laser capture
microdissection and RNA analysis. Zinc finger homeobox gene
1, which had the highest score (Table 1) in both categories, was

not included because a well-characterized antibody was not
available. Figure 1 reveals that the antibodies to MEIS2, HLX,
MSX2, HHEX, TGIF, HOXB7, DLX5, and DLX4 were immu-
noreactive to vascular cells within the chorionic villi of first
trimester placental tissue. Immunoreactivity was predominantly
nuclear. All antibodies showed immunoreactivity in scattered
stromal cells.

Immunofluorescence staining with a mouse monoclonal
antibody to CMSC cell surface marker FZD9>° and rabbit poly-
clonal antibodies to DLX5 or HLX was carried out on first tri-
mester placental sections (n = 3). The FZD9 antigen was
detected with a donkey antimouse Alexafluor 488 secondary
antibody in the cytoplasm of cells around vessels in DAPI
counterstained sections (Figure 2A, D, and G). The DLXS5
nuclear antigen was detected with a goat antirabbit Alexa-
fluor568 secondary antibody in nuclei of cells around vessels
and scattered cells in the stroma (Figure 2B, red). The com-
bined image (Figure 2c¢) shows cells with DLX5 and DAPI
nuclear staining (purple) with FZD9 cytoplasmic staining
around vessels (Figure 2C, white arrows). Similarly, HLX
nuclear antigen was detected in nuclei of vascular cells and
scattered cells in the stroma (Figure 2E, red). The combined
image (Figure 2F) shows cells with HLX and DAPI nuclear
staining (purple) with FZD9 cytoplasmic staining of vascular
cells (Figure 2C, white arrows). Figure 2G and H shows FZD9
and another MSC cell surface marker, ITGA1, staining, respec-
tively. These 2 MSC cell surface markers colocalize to vascular
cells (Figure 2I). Nonimmune rabbit serum and X63 negative
controls showed no significant staining.
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Figure I. Immunohistochemical staining of first trimester human placental tissue (n = 3) with antibodies to MEIS2, HLX, MSX2, HHEX, TGIF,
HOXB7, DLXS, and DLX4. Panels are labeled with the antibodies to homeobox gene protein products, which were used to generate the stain-
ing pattern. Panel A is a methyl green nuclear stain showing a ~50 pum vessel and surrounding stromal morphology. L indicates lumen. Panels B
and C show representative controls. Panel B shows an IgG| control for mouse monoclonal antibodies (MEIS2, MSX2, and TGIF), the I1gG2 con-
trol for mouse monoclonal antibodies (DLX5) showed a similar low background level of staining (data not shown). Panel C shows a preimmune
serum control for rabbit polyclonal antibodies (HLX, HHEX, and DLX4). Detection was with AEC. Magnification was x400 and the scale bar is
50 pum. IgG indicates immunoglobulin. MEIS2 indicates Meis|, myeloid ectropic viral integration site | homolog 2; HLX, H2.0-like Drosophila;
MSX2, Msh homeobox 2; HHEX, hematopoietically expressed homeobox; TGIF, transforming growth factor B-induced factor; HOXB?,
homeobox B7; DLXS5, distal-less homeobox 5; DLX4, distal-less homeobox 4. (The color version of this figure is available in the online version
at http://rs.sagepub.com/.)
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Figure 2. Multilabel immunofluorescence staining of first trimester human placental stroma and blood vessels with DLX5 and HLX antibodies
(n = 3). Panel A, FZD?9 staining (donkey antimouse Alexafluor488, green) and DAPI staining (blue). Panel B, DLXS5 staining (goat antirabbit Alex-
afluor568, red). Panel C, Combined FZD9/DAPI/DLXS5 image. Panel D, FZD9 staining and DAPI staining. Panel E, HLX staining (red). Panel F,
combined FZD9/DAPI/HLX image. White arrowheads show representative cells that stain positively with DLXS5, DAPI (purple nuclei), and
FZD9 (Panel C), or with HLX, DAPI (purple nuclei), and FZD9 (Panel F). Panel G, FZD?9 staining and DAPI staining. Panel H, ITGAI staining
(red). Panel |, Combined FZD9/DAPI/ITGAI image. Panel J, Mouse monoclonal X63 (green) and DAPI. Panel K, nonimmune rabbit serum (NIRS;
red). Panel |, Combined X63/DAPI/NIRS image. Nucleated erythrocytes were detected within the vessel lumen (lu) by DAPI staining (Panels A,
D, G, and J). Magnification was at x600 and scale bar is 50 pm. DAPI indicates 4',6-diamidino-2-phenylindole. HLX indicates H2.0-like Droso-
phila; DLXS5, distal-less homeobox 5. (The color version of this figure is available in the online version at http://rs.sagepub.com/.)

Preparation and Characterization of Early CMSCs
and Term CMSCs

Chorionic villus sampling cell preparations obtained post-
diagnosis were used to prepare early CMSCs, while term
CMSCs were prepared from term placentae following deliv-
ery. We previously published flow cytometry analysis for
term CMSCs and decidua parietalis MSCs.”® Our prepara-
tions of term CMSCs for the present study were of similar qual-
ity. Figure 3 shows a representative triple antibody staining

flow cytometry profile for both early CMSCs and term CMSCs,
which stained positively with MSC markers CD105 and CD73
(>98%) and negatively for the leukocyte common antigen
CD45 (<2%). Both early CMSCs and term CMSCs were char-
acterized using methods described in detail elsewhere’ and
included colony-forming unit-fibroblast assays and differen-
tiation potential (data not shown).

In addition, all term CMSC preparations were assessed by
immunocytochemistry using the MSC marker ITGA1 (CD49a)*’
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Figure 3. Representative flow cytometry analyses for CMSCs. Early CMSCs (panels A and B) and term CMSCs (panels C and D) were CD 1057,
CD73" (>98%), and CD45~ (<2%). Antibodies used are described on each axis. CMSCs indicate chorionic mesenchymal stem/stromal cells.

to which >90% of the population were positive (>200 cells per
slide assessed, data not shown).

Real-Time PCR Analysis of Homeobox Gene Expression
in Early and Term CMSCs

Table 1 (see footnote d) shows that all homeobox genes iden-
tified in laser capture microdissected first trimester chorionic
villous stroma, from which early CMSCs are derived, were
also detected by real-time PCR in term CMSCs. Zinc finger
homeobox gene 1 showed the highest relative expression of
the 18 homeobox genes in term CMSCs as was the case in the
first trimester tissue (Table 1, see footnote a).

Real-time PCR analyses of cultured term CMSC prepara-
tions from passages P2 to P4 detected mRNA for selected
homeobox genes (MEIS2, HLX, HHEX, TGIF, and DLX5).
There were no significant differences in mRNA levels in
passages between P2 and P3 (n = 3 samples in each passage,
P> .05).

Relative to P2, there was no significant difference in rela-
tive mRNA levels for any of the homeobox genes in both
freshly isolated, unpassaged term CMSCs and in cultured
term CMSCs at passages P2 to P4 (n = 5 for each P > .05).

Figure 4 shows that cDNA products of homeobox genes
MEIS2, HLX, HHEX, TGIF, and DLX5 were detected relative
to 18S rRNA for both early CMSCs (n = 5) and term CMSCs
(n = 5). There was no significant difference in expression
of MEIS2 (P = .30), HLX (P = .12), HHEX (P = .19), TGIF
(P =.42), and DLX5 (P = .17) between early and term CMSCs.

Expression of Homeobox Genes in Early- and
Term CMSCs

Figure 5 shows immunocytochemical analyses for early and
term CMSCs. MEIS2, HLX, HHEX, TGIF, and DLXS5 protein
expressions were detected in both early and term CMSCs.
Expression was predominantly nuclear for all antibodies
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Figure 4. Real-time PCR analysis in early and term CMSCs. Homeo-
box gene mRNA levels relative to 18S rRNA in passages P2 to P4 in
early and term CMSCs. CMSC indicates chorionic mesenchymal
stem/stromal cells; mMRNA, messenger RNA; rRNA, ribosomal RNA.

tested but there was some variation in the intensity of staining
and in the degree of the cytoplasmic staining.

Discussion

Laser Capture Microdissection and RNA Analysis of
Homeobox Genes

Microarray screening of cDNA prepared from laser capture
microdissected first trimester chorionic villous stromal mRNA
detected 18 candidate homeobox genes. Laser capture micro-
dissection and mRNA analysis allow us to conclude that these
homeobox genes were expressed in vivo. Zinc finger homeo-
box gene 1, MEIS2, and HLX homeobox genes had the highest
average signal intensity scores (Table 1). The ZHX proteins
are major transcriptional regulators of podocyte gene expres-
sion during the development of nephrotic syndrome.*® In
addition, real-time PCR analysis showed ZHX/ had the high-
est mRNA expression relative to 18S rRNA in term CMSCs
(Table 1). The ZHX1 expression has not been previously
described in MSCs or the human placenta. However, since
there is no well-characterized antibody for human ZHXI,
we did not pursue further analysis of this gene in this study but
it clearly warrants further investigation.

Candidate Gene Expression in First Trimester Placentae

Selected candidate homeobox genes were assessed for expres-
sion in first trimester placental tissue. Antibodies to MEIS2,
HLX, MSX2, HHEX, TGIF, HOXB7, DLX5, and DLX4 were
immunoreactive predominantly in the nuclei of cells as would
be expected of nuclear transcription factors. Immunoreactivity
for all antibodies to homeobox gene protein products in the
villous stroma was predominantly vascular but there were also
some positive scattered cells in the villous stroma.

In multilabel immunofluorescence analysis, MSC cell sur-
face markers FZD9 and ITGA1 were used. FZD9 has been used

in several studies to identify CMSCs in the human placenta.
FZD9 and ITGA1 (CD49a) are used to enrich and identify
MSCs with high clonogenic potential***”-** Immunoreactivity
of FZD9 and ITGA1 was detected in vascular cells. Vascular
cells with immunoreactivity for both FZD9 and DLXS5 or FZD9
and HLX were detected. Not all vascular cells were immuno-
reactive for both FZD9 and DLX5 or FZD9 and HLX suggest-
ing that CMSCs represent a subset of the vascular cells.

The vascular expression patterns of MEIS2, HLX, MSX2,
HHEX, TGIF, HOXB7, DLX5, and DLX4 were consistent with
a vascular niche for CMSCs, which was previously shown using
stem cell surface marker antibodies in chorionic villi in both first
trimester and term placentae.” Vascular and perivascular niches
have been identified for MSCs in many tissues and organs.*’

We previously showed HLX protein expression in vascular
cell types in first trimester and term placental tissues*' and
more recently we found a similar protein expression pattern
for TGIF.*> HLX, MSX2, HHEX, TGIF, HOXB7, and DLX4
mRNAs are expressed in isolated and enriched vascular
(endothelial) cells from term placental vessels.***** This study
is the first to demonstrate MSX2, HOXB7, DLX5, and DLX4
protein expression in vascular cells in first trimester placental
tissue.

The vascular niche comprises a number of cell types includ-
ing MSCs, mural cells (pericytes or smooth muscle cells), and
endothelial cells which also express homeobox genes (see ear-
lier). Therefore, it was important to demonstrate homeobox
gene expression in isolated, enriched, and well-characterized
early and term CMSCs.

Preparation and Characterization of Early and
Term CMSCs

Early and term CMSCs showed a typical MSC cell surface
marker phenotype (CD105", CD73", and CD457). Thus, our
preparations of early and term CMSCs showed characteristics
reported in the literature for early CMSCs>* and term CMSCs.>”

Real-Time PCR Analysis in Early and Term CMSCs

A subset of the candidate homeobox genes (MEIS2, HLX,
HHEX, TGIF, and DLXS5) was assessed in more detail for
mRNA expression in early and term CMSCs. To determine
whether homeobox gene expression varies significantly dur-
ing passaging, we determined homeobox gene mRNA levels
relative to 18S rRNA from early passages (P2-P4) in term
CMSCs and found no significant changes with passaging up
to P4 (ie, about 20-25 population doublings).

Relative to P2, there was no significant difference in mRNA
levels for any of the homeobox genes in either freshly isolated
(n = 5), unpassaged term CMSCs (n = 5), or in cultured term
CMSC:s at passages P2 to P4 (n = 3 each passage). There were
no significant differences between freshly isolated and cultured
term CMSCs P2 to P4, or unpassaged term CMSCs and cul-
tured term CMSCs P2 to P4 cells. Thus, passaging of CMSCs
up to P4 in vitro did not significantly change the levels of
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Figure 5. Immunocytochemical staining of (A) first trimester and (B) term-human placental CMSCs with antibodies to MEIS2, HLX, HHEX,
TGIF, and DLXS5. A representative control with IgG2 or rabbit nonimmune serum is shown. Detection was with AEC and differential interfer-
ence contrast microscopy. Magnification was x400 and the scale bar is 50 um. IgG indicates immunoglobulin. MEIS2 indicates Meis |, myeloid
ectropic viral integration site | homolog 2; HLX, H2.0-like Drosophila; HHEX, Hematopoietically expressed homeobox; TGIF, transforming

growth factor B-induced factor; DLXS5, distal-less homeobox 5.

MEIS2, HLX, HHEX, TGIF, and DLX5 mRNA from the levels
detected in unpassaged CMSCs isolated directly from tissue.
Expression of MEIS2, HLX, HHEX, TGIF, and DLX5
homeobox gene relative to 18S rRNA was not significantly dif-
ferent between early and term CMSCs. These data are consis-
tent with this combination of homeobox genes being expressed
in CMSCs from early placental development through to term.
Others have analyzed MSCs from mouse bone marrow, thy-
mus, and lung and showed they express specific combinations
of Hox cluster homeobox genes depending on the anatomical
location of the MSCs.*® Previous studies that have compared
early to term CMSCs concluded that with respect to cell surface
phenotype, differentiation potential, and expression of certain

“stemness’’ markers, there is no significant difference between
them,*>*® whereas other functions such as growth kinetics,
ability to form embryoid bodies, and tissue repair potential are
significantly different.**> Our data indicate that a particular
combination of homeobox genes is expressed in CMSCs
throughout placental development.

Immunocytochemistry

As expected for nuclear transcription factors, immunocyto-
chemistry on CMSCs revealed that MEIS2, HLX, HHEX,
TGIF, and DLX5 antibodies were immunoreactive with cell
nuclei in both early and term CMSCs. These data further
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support the notion that a particular combination of homeobox
gene nuclear transcription factors is expressed in CMSCs
through placental development.

What is the Function of Homeobox Genes in CMSCs?

The function of these homeobox genes in CMSCs is not
known but there is evidence that they may play a role in the
control of stem cell proliferation and differentiation. In this
study, we showed that MEIS2, HLX, HHEX, TGIF, and DLX}5
are expressed in the vascular niche and stroma but HLX and
TGIF are also expressed in villous cytotrophoblast (CTB) cells,
which are the stem cell population for the trophoblast cell line-
age. In previous studies, we showed that HLX is expressed in
CTB*' and is a regulator of cell proliferation.*'*’** We have
shown that TGIF is a regulator of CTB differentiation.** There-
fore, based on the function of homeobox genes in the CTB
stem cells, there is a potential role for HLX and TGIF in the
regulation of CMSC proliferation and differentiation.

Some evidence for the potential function of other homeo-
box genes we detected in CMSCs comes from published stud-
ies of their roles in nonplacental stem cells. For example,
MEIS? is critical for the differentiation in human embryonic
stem cells into the cardiac cell lineage.*’ Expression of Meis2
in chick and mouse embryos plays an evolutionary conserved
role in maintaining proliferating retinal progenitor cells.>
Hex, the murine homolog of human HHEX, is important for
murine liver development, specifically for hemangioblast
differentiation to definitive hematopoietic progenitors.”’

TGIF was first identified as a competitor of the retinoic acid
receptor for binding to retinoic acid response elements and
shows restricted expression to only a few tissues where it reg-
ulates proliferating and differentiating cell lineages.”*> DIx5,
the murine homolog of human DLX35, plays a critical role in the
lineage commitment of bone marrow MSCs into adipocytes
and osteoblasts.>*

Thus, there is supporting evidence from various animal
models for the potential role of MEIS2, HLX, HHEX, TGIF,
and DLXS5 in the regulation of CMSC proliferation and differ-
entiation. Future work will elucidate the functional role of these
homeobox genes in CMSCs.
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