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CD106/VCAM-1 distinguishes a fibroblast subpopulation with high
colony-forming capacity and distinct protein expression from the
uterosacral ligament
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Background: Pelvic organ prolapse (POP) is a common degenerative disease in women which may
diminish quality of life. Investigating the pathological changes of the uterosacral ligament, including the
functional changes of fibroblasts, is critical to understanding the pathophysiology of POP. This study was
designed to isolate CD106-positive (CD106°) fibroblasts from the human uterosacral ligament and assess the
function and expression of this subpopulation.

Methods: We separated CD106" fibroblasts and CD106 negative (CD106") fibroblasts by fluorescence-
activated cell sorting (FACS) and cultured them for subsequent experiments. Flow cytometric analysis was
used to test the sorting efficiency, CD106 expression, and typical mesenchymal stem cell (MSC) phenotype
marker expression. A colony-forming unit (CFU) assay was applied to evaluate the colony-forming ability of
the fibroblasts. Trilineage differentiation capacities were assessed after in vifro induction. The protein levels
of vimentin, fibroblast specific protein-1 (FSP-1), collagen I (COL 1), matrix metallopeptidase-1 (MMP-1),
and a-smooth muscle actin (a-SMA) were detected by western blot analysis. The expression of CD106 was
verified by flow cytometric analysis and immunohistochemistry IHC) in the POP and non-POP groups.
Results: The CD106" fibroblasts were isolated with a purity of (93.50+3.91)%. The CD106" fibroblasts
exhibited higher colony-forming capacity than that of CD106™ fibroblasts, but neither of them showed
adipogenic or osteogenic differentiation similar to that of MSCs. The protein levels of MMP-1 and a-SMA
were lower, and the level of COL 1 was higher in the CD106" fibroblasts than in the CD106- fibroblasts.
In addition, we observed a decreased expression of CD106 in the POP group compared with the non-POP
group.

Conclusions: Our results suggest that CD106" fibroblasts possess a high colony-forming capacity and

distinct protein expression, and this subpopulation is reduced in POP.
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Introduction

Pelvic organ prolapse (POP) is the herniation of pelvic
organs into the vagina caused by the weakening of pelvic
floor supportive tissues. On examination, up to 50% of
parous women have some degree of POP (1). Although
many risk factors, such as age, parity, chronic cough,
obesity, and constipation, are relevant to POP (2), the
exact pathogenesis mechanisms of POP remain poorly
understood, which impedes the development of treatments.
To explore the etiology and pathophysiology of POP, we
must understand the pathological changes of the uterosacral
ligament, which is one of the primary suspensory structures
providing apical support to the uterus and vagina (3).
Fibroblasts are the most abundant cell type in the
uterosacral ligament and regulate the homeostasis of the
extracellular matrix (ECM). Dysregulation of the ECM has
been associated with altered connective tissue turnover in
POP. The expressions of collagen and elastin, and proteins
involved in their metabolism have been reported in POP
(4-6). These proteins determine the mechanical properties
and integrity of connective tissues; therefore, altered ECM
homeostasis contributes to the development of POP.
Fibroblasts isolated from the uterosacral ligaments or
vaginal wall have been intensively investigated to elucidate
the pathophysiology of POP. Pathological changes in
fibroblasts, such as an increase in intracellular reactive
oxygen species and abnormal ECM production, have
been observed under the mechanical stress of POP (7-10).
Fibroblasts are recognized as a heterogeneous population
of cells in several organs and tissues (11). The FSP1-
positive fibroblasts exhibit a proangiogenic function in
wound healing (12), and multiple subtypes of fibroblasts
have been found to play different roles in lung fibrosis
(13,14). However, we lack comprehensive knowledge of the
heterogeneity of this pivotal cell type in POP. Recently, a
high-throughput single-cell transcriptomic study identified
7 fibroblast subtypes in the human vaginal wall (15),
indicating that discovering the heterogeneity of fibroblasts
and studying the function of each subtype are important to
understanding the pathophysiology of POP more precisely.
Also known as vascular cell adhesion molecule-1
(VCAM-1), CD106 is a member of the immunoglobulin
superfamily of proteins and is predominantly expressed in
endothelial cells, where it mediates the rolling and adhesion
of leukocytes (16). It has also been identified as a surface
marker of mesenchymal stem cells (MSCs) and found to be
expressed in 30-79% of human bone marrow-derived MSCs
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(BM-MSCs) (17,18). Previous studies have reported that
CD106" MSCs have enhanced multipotency (19,20) and
immunosuppressive activity (17,21,22), and that CD106"
cardiac fibroblasts have lymphangiogenic capacity (23). In
addition, CD106 has been reported as one of the differently
expressed markers between fibroblasts and MSC, although
most MSC markers are also expressed on fibroblasts (24,25).
We also found that fibroblasts derived from the uterosacral
ligament expressed similar surface markers to BM-MSC,
except for CD106. Considering the importance of CD106
for MSC and the differential expression between MSC and
fibroblasts, we sorted CD106" fibroblasts and explored if
they were a novel MSC-like subpopulation in the human
uterosacral ligament.

The objective of this study was to isolate CD106"
fibroblasts from the human uterosacral ligament and assess
the function and expression of this subpopulation. We
successfully isolated CD106" fibroblasts and found that this
subpopulation exhibited a high colony-forming capacity and
increased collagen I (COL 1) expression, suggesting that
CD106" fibroblasts are a subtype of uterosacral ligament
fibroblasts. In addition, we found decreased expression of
CD106 in both tissues and cultured fibroblasts from patients
with POP, implying that changes in CD106" fibroblasts play
a role in the pathophysiology of POP. This study elucidates
the heterogeneity and functions of uterosacral ligament
fibroblasts in POP. We present the following article in
accordance with the MDAR reporting checklist (available at
https://atm.amegroups.com/article/view/10.21037/atm-21-
5136/rc).

Methods
Patients and sample collection

All procedures performed in this study involving human
participants were in accordance with the Declaration of
Helsinki (as revised in 2013). The study was approved by
the Ethics Committee of the Obstetrics and Gynecology
Hospital of Fudan University (No. 2017-12), and informed
consent was taken from all the patients.

This study included 20 women who underwent
hysterectomy for POP or other benign diseases in the
Obstetrics and Gynecology Hospital of Fudan University.
We assigned 10 patients who were diagnosed with stage III
POP or greater (according to the pelvic organ prolapse
quantification, POP-Q) to the POP group. The remaining
10, who underwent hysterectomy for other conditions,
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Table 1 Patient characteristics

POP (n=10) non-POP (n=10) P value
T

Characteristic

Age (mean + SD) 54.6+6.6 55.7+7.8 NS
BMI (mean + SD) 24.92+2.08 24.49+3.42 NS'
Parity (median, range) 1.2 (1-3) 1(1-2) NS'
Menopause (n, %) 7 (70.0) 6 (60.0) NS’
POP stage (median, 3 (3-4) 0 <0.05'

range)

T, t-test; i, Mann-Whitney test; §, Fisher’s exact test. POP, pelvic
organ prolapse; SD, standard deviation; NS, not significant;
BMI, body mass index.

including hysteromyoma, adenomyosis, and high-grade
squamous intraepithelial lesion, were assigned to the
non-POP group. Clinical characteristics, including age,
body mass index (BMI), parity, and menopausal status,
were matched between the 2 groups (Table 1). None of
the participants had a history of pelvic operations, pelvic
inflammation, malignant diseases, serious systemic diseases,
or hormone replacement therapy (HRT).

A 1 cm’ piece of the uterosacral ligament was collected
with a complete cross-section after hysterectomy. The
sample tissues were cut into 2 pieces under aseptic conditions
and prepared for cell culture or immunohistochemistry

(IHC).

Culture of cells

We purchased human BM-MSCs from Cyagen Bioscience
Inc. (Guangzhou, China). Human BM-MSC basal medium
(Cyagen) supplemented with 1% penicillin-streptomycin
(Cyagen), 1% glutamine, and 10% qualified fetal bovine
serum (FBS; Cyagen) was used for BM-MSC culture. Cells
were cultured at 37 °C in a 5% CO, atmosphere. The BM-
MSCs were fed fresh medium every 2 days and detached
by 0.25% trypsin, 0.04% ethylenediamine tetraacetic acid
(EDTA) at 80-90% confluence. Cells from passages 3 to 5
were used in the following studies.

Human fibroblasts derived from the uterosacral
ligaments were isolated and cultured as follows. The excised
and fresh uterosacral ligament tissues were washed 3 times
with sterile phosphate-buffered saline (PBS) containing
1% penicillin, streptomycin, and amphotericin B (Genom,
Jiaxing, China) for 5 minutes and then cut into 1 mm’
fragments. Then, the tissues were digested at 37 °C for
1 hour in PBS containing 0.2% collagenase type I (Sigma-
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Aldrich, St. Louis, MO, USA). After separation, the cells
were cultured in Dulbecco’s modified Eagle medium
(DMEM), with 10% FBS (Gibco, Grand Island, NY,
USA) and 1% penicillin-streptomycin-amphotericin B.
The culture medium was replaced every 2 days. Cells were
passaged at 80-90% confluence, and cells from passages 3
to 6 were used for the following experiments.

Colony-forming unit (CFU) assays

Human fibroblasts were harvested and passaged in 6-well
plates at a density of 10 cells/em’. The fibroblasts were
cultured in DMEM supplemented with 20% FBS for
10 days. The culture medium was renewed every 3 days.
Next, the culture medium was removed, and the fibroblasts
were washed twice with PBS. Then, 4% paraformaldehyde
was used for cell fixation. After 20 minutes of fixation, the
cells were washed and stained with crystal violet (Beyotime,
Shanghai, China) for 30 minutes at room temperature.
Cell colonies containing more than 50 cells were counted,
and the total number of cell colonies was recorded in each

group using a light microscope (Nikon, Tokyo, Japan).

Flow cytometry analysis

Fibroblasts were detached and washed with PBS
supplemented with 2% FBS. A total of 2.5x10’ cells in each
sample were stained with antibodies for 20-30 minutes in
the dark at room temperature. After being washed twice
with PBS supplemented with 2% FBS, the cells were
resuspended in 500 pL. PBS and passed through a 100 mm
nylon sieve. Flow cytometry [Becton Dickinson and Co.
(BD), Franklin Lakes, NJ, USA] was used to analyze the
cell samples. The antibodies used are listed in Table 2.
Data were analyzed by FlowJo version X.0.7 (TreeStar,
Ashland, OR, USA) (https://www.tflowjo.com/solutions/
flowjo/downloads). The number of positive cells relative
to unstained cells, which were set as negative controls, was
determined.

Fluorescence-activated cell sorting (FACS)

Passage 3 fibroblasts were harvested and stained using anti-
human CD106 antibody (7able 2) as mentioned above. Cells
were washed and resuspended in PBS supplemented with
2% FBS. With the aid of a BD FACSAria II cell sorter (BD),
fibroblasts were separated into CD106" and CD106™ cell
populations. The sorted cells were washed with PBS and
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Table 2 Antibodies used in this study
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Antibody Host/isotype Application Company Dilution
FITC anti-human CD90 Mouse IgG1 FACS Biolegend 1:20
FITC anti-human CD73 Mouse IgG1 FACS Biolegend 1:20
FITC anti-human CD45 Mouse IgG1 FACS Biolegend 1:20
FITC anti-human HLA-DR Mouse IgG2a FACS Biolegend 1:20
PE anti-human CD105 Mouse IgG1 FACS Biolegend 1:20
FITC anti-human CD34 Mouse IgG1 FACS Biolegend 1:20
APC anti-human CD146 Mouse IgG1 FACS Biolegend 1:20
APC anti-human CD106 Mouse IgG1 FACS Biolegend 1:20
PE/Cyanine? anti-human CD106 Mouse IgG1 FACS Biolegend 1:20
Anti-human vimentin Rabbit IgG WB Cell Signaling Technology 1:1,000
Anti-human collagen type | Rabbit IgG WB Abcam 1:1,000
Anti-human o-SMA Rabbit IgG WB Cell Signaling Technology 1:1,000
Anti-human S100A4/FSP-1 Rabbit IgG WB Abcam 1:1,000
Anti-human CD106/VCAM-1 Rabbit IgG IHC Abcam 1:200
Anti-human MMP-1 Rabbit IgG WB Abcam 1:1,000
Anti-human GAPDH Rabbit IgG wB Abcam 1:3,000
HRP goat anti-rabbit IgG Goat IgG WB Abcam 1:3,000

FITC, fluorescein isothiocyanate; FACS, fluorescence-activated cell sorting; HLA-DR, human leukocyte antigen-DR; PE, phycoerythrin;
APC, allophycocyanin; WB, western blotting; a-SMA, a-smooth muscle actin; FSP-1, fibroblast specific protein-1; VCAM-1, vascular
cell adhesion molecule-1; IHC, immunohistochemistry; MMP-1, matrix metallopeptidase-1; GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.

seeded onto 6-well plates at a density of 10 cells/cm’ (for
colony-forming assays) or 500 cells/cm’ (for differentiation
assays and subsequent long-term culture). Culture
conditions were as described above.

Western blotting analysis

Radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime)
was used to extract the total protein. After the protein was
prepared, protein concentrations were measured using a
bicinchoninic acid (BCA) kit (Beyotime). The proteins
were denatured and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Next, the
proteins located in the gels were transferred to polyvinylidene
fluoride (PVDF) membranes, which were blocked by
incubation with 5% bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO, USA) or 5% nonfat-dried milk/
tris-buffered saline with Tween (TBST) for 1 hour at room
temperature. The primary antibodies were diluted according
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to the manufacturer’s instructions. Then, the membranes
were incubated with the primary antibodies overnight at 4 °C.
Next, the membranes were washed with TBST 3 times and
incubated with the secondary antibody for 1 hour at room
temperature. After being washed 3 times, the membranes
were incubated with enhanced chemiluminescence reagent
(Millipore, Billerica, MA, USA). The relative intensities of the
protein bands to the internal reference bands were analyzed
using analysis software [ImageJ 1.40g, National Institutes of
Health (NIH), Bethesda, MD, USA].

In vitro differentiation

In vitro differentiation assays were performed in MSCs,
CD106%, and CD106™ fibroblasts to evaluate the multi-
differentiation potential. For osteogenic and adipogenic
differentiation, the cells were cultured at a density of
500 cells/cm’ in 6-well culture plates. After achieving
100% or 60% confluence, the medium was replaced with
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adipogenic or osteogenic induction medium according to
the instructions of the differentiation kit (Cyagen). After a
3-week culture, the potential of the cells to differentiate into
an osteogenic or adipogenic lineage was assessed by staining
the cells using Alizarin Red and Oil Red O solutions.

For chondrocyte differentiation, cells were detached
and counted. The medium was replaced with an induction
medium according to the instructions of the chondrogenic
differentiation kit (Cyagen). Aliquots of 3x10" cells were
placed in 15 mL centrifuge tubes and centrifuged to obtain
pelleted cells. Then, 3 mL chondrogenic induction medium
was gently added to the tubes to avoid resuspending the
pelleted cells. After 24 hours of incubation, the cells formed
a cell aggregate that did not adhere to the wall of the tube.
The culture medium was carefully replaced every 2 days,
and the cell aggregates were collected after 3 weeks of
incubation. Then, the cell aggregates were made into
paraffin sections and stained using Alcian Blue.

IHC

Hematoxylin-eosin (H&E) staining was performed to
observe the morphology of the tissue, and IHC was used to
compare CD106 expression between the POP and control
groups. Tissue samples were fixed with 4% paraformaldehyde
and were made into 4-pm thick paraffin sections. After
deparaffinization, rehydration, antigen retrieval, and
serum blocking, the paraffin sections were incubated with
diluted primary antibodies and then with the secondary
antibody. Subsequently, a 3,3’-diaminobenzidine (DAB)
color developing solution was used to stain the sections, and
a hematoxylin stain solution was used to counterstain the
nuclei. Images were observed under a light microscope, and
the area percentage of CD106-positive cells was calculated
using the Image] software (Image]J 1.40g, NIH).

Statistical analysis

Data were presented as the mean = standard deviation (SD).
A t-test was utilized to determine significant differences
between the 2 groups when the data were normally
distributed with equal SDs. A Mann-Whitney test was used
when the data were not normally distributed. One-way
analysis of variance (ANOVA) with Tukey’s post hoc analysis
was used for multiple comparisons. Differences between the
2 compared groups were considered statistically significant
when P<0.05. All tests in the present study were performed

© Annals of Translational Medicine. All rights reserved.

Page 5 of 14

using the software GraphPad Prism 8.0.2 (GraphPad Inc.,
San Diego, CA, USA).

Results

Human uterosacral lignment fibroblasts were sorted into
CD106" and CD106 subpopulations

Primary human fibroblasts isolated from the uterosacral
ligament were expanded and sorted into CD106"
(4.14%+0.47%) and CD106” (87.60%=3.04%)
subpopulations (Figure 1A). There was no morphological
difference between the positive and negative cells, and they
both exhibited a flat, spindle-shaped morphology typical
of fibroblasts (Figure 1B). The efficiency of the cell sorting
was verified by flow cytometry analysis (Figure 1C). The
CD106" cells made up 93.50%=+3.91%, 1.23%=0.53%,
and 5.37%+2.32% of the CD106", CD1067, and unsorted
fibroblasts, respectively. To examine the expression of
CD106 during the culture and expansion of the cells, we
analyzed the positive cell numbers at passage 3 (cell sorting),
passage 4, and passage 5. We found that the CD106" cell
number decreased from 93.50%%3.91% to 47.37%+4.71%
after 1 cell propagation (Figure 1D), so we chose passage
3 cells for further experiments. The data shown are the
means + SD of 3 independent experiments.

CD106" fibroblasts exhibited a higher colomy-formation
capacity

A series of typical surface markers of MSCs were examined
by in vitro cultivation, including CD34, CD45, CD73,
CD90, CD105, HLA-DR, and CD106. The fibroblasts
exhibited the same expression pattern as MSCs in CD34,
CD45, CD73, CD90, CD105, and HLA-DR (Figure 2A4).
However, the positive rate of CD106 was 35.6%+3.59% in
MSCs compared to 4.2%=+0.18% in uterosacral ligament
fibroblasts (Figure 2B). We hypothesized that CD106"
fibroblasts might be a novel MSC-like subpopulation in the
human uterosacral ligament. To test this hypothesis, the
CD106" cells and CD106™ cells were cultured and subjected
to a CFU assay, a test used to identify MSCs and reflect
their self-renewal capacity. Significantly, compared with
CD106 fibroblasts, CD106" fibroblasts possessed a 4-fold
increased potential for colony formation, and unsorted
fibroblasts exhibited a colony-formation ability similar to

that of CD106" cells (Figure 3).
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Figure 1 Isolation of CD106" and CD106™ human uterosacral ligament fibroblasts. (A) CD106" fibroblasts and CD106 fibroblasts were
sorted by FACS. Viable cells were selected by their FSC versus their SSC profile and single cells were selected by their height versus SSC-A.
(B) Morphology of CD106" fibroblasts and CD106 fibroblasts, scale bar, 100 pm. Cultured cells were observed by an inverted microscope
at low magnification (x4) and medium magnification (x10). (C) Flow cytometry analysis of CD106" fibroblasts, CD106" fibroblasts, and
the unsorted fibroblasts. The blue areas represent unstained cells serving as controls; the red areas represent stained cells; the percentages
of positively labeled cells are listed. (D) The percentage of CD106 positive cells in CD106" fibroblasts during passaging (P3, P4, P5), P:
passage. The data shown are the means + SD of 3 independent experiments. ***, P<0.001 compared with CD106" fibroblasts at P3. FACS,
fluorescence-activated cell sorting; FSC, forward scatter; SSC, side scatter; SSC-A, side scatter-area; SSC-H, side scatter-height; FSC-H,
forward side scatter-height; SD, standard deviation.

CD106" fibroblasts did not exhibit multipotential
differentiation capacity

the cells exhibited positive staining by Alcian Blue, which
stains the acidic mucopolysaccharide of the cartilage tissue

] ] (Figure 4C).
To address our hypothesis that CD106" fibroblasts

are MSC-like cells, we compared the multilineage

differentiation potential between MSCs, CD106" fibroblasts,
and CD106 fibroblasts. For adipogenic differentiation,
both types of fibroblasts exhibited few lipid droplets without
a significant difference in Oil Red O staining. In contrast,
the MSCs exhibited many positively stained lipid droplets
(Figure 44). For osteogenic differentiation, mineralization
was qualitatively demonstrated by Alizarin Red staining,
and neither of the fibroblast populations exhibited positive
staining (Figure 4B). For chondrogenic differentiation,
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Differential expression of fibroblast typical proteins was
observed in CD106" fibroblasts

To explore the cell function of CD106" fibroblasts, we
detected the specific fibroblast proteins by western blot
analysis (Figure 5). The fibroblast biomarkers vimentin
and fibroblast specific protein-1 (FSP-1) were expressed
on all cells, and there was no significant difference in their
expressions between CD106" and CD106" fibroblasts. The
expression levels of COL 1 and matrix metallopeptidase-1
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Figure 2 Phenotyping of MSCs and human uterosacral ligament fibroblasts for typical MSC phenotypic markers. (A) Human uterosacral
ligament fibroblasts and MSCs were positive for the expression of markers CD90, CD73, and CD105 but negative for CD34, CD45, and
HLA-DR in a similar pattern. (B) The positive rate of CD106 in MSCs and in uterosacral ligament fibroblasts. The blue areas represent

unstained cells serving as controls; the red areas represent stained cells; the percentages of positively labeled cells are shown. The data shown

are the means = SD of 3 independent experiments. ***, P<0.001. MSC, mesenchymal stem cell; HLA-DR, human leukocyte antigen-DR;

SD, standard deviation.

(MMP-1) were significantly different between MSCs and
fibroblasts. The expression of COL 1 was higher, and the
expression of MMP-1 was lower in CD106" fibroblasts than
in CD106" fibroblasts. Furthermore, to rule out the possibility
that CD106" fibroblasts are myofibroblasts, the expression of
a-smooth muscle actin (a-SMA) was detected, and a-SMA
was expressed at lower levels in CD106" fibroblasts.

CD106 expression decreased in the POP group compared
to the non-POP group

We next examined CD106 expression in uterosacral
ligament tissue samples. The IHC analysis revealed that
CD106" cells were located around the vessels, and the level
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of CD106 in the uterosacral ligament of the POP group
was considerably lower than that in the non-POP group, as
shown by the decreased positive area of the cell membrane
(Figure 64,6B). Consistently, flow cytometric analysis
confirmed that fibroblasts from patients with POP exhibited
a lower percentage of CD106" cells than those from the
non-POP group (Figure 6C,6D). These results suggested
that the number of CD106" fibroblasts was reduced in POP
uterosacral ligaments compared with the normal uterosacral
ligaments.

Discussion

In the present study, we successfully separated CD106"

Ann Transl Med 2022;10(9):511 | https://dx.doi.org/10.21037/atm-21-5136



Page 8 of 14 Sima et al. CD106 distinguishes a fibroblast subpopulation

Colony-forming number

i

CD106" CD106~ Unselected cD106* CD106™ Unselected
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significantly higher than that of CD106™ fibroblasts. There was no difference between CD106” fibroblasts and unselected cells. Cells were
stained with crystal violet after being fixed by 4% paraformaldehyde. The data shown are the means + SD of 3 independent experiments. **,
P<0.01; ***, P<0.001. ns, not significant; SD, standard deviation.
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Figure 4 Exploring the trilineage differentiation capacity of MSCs and CD106" and CD106" fibroblasts. (A) Adipogenesis was detected by
Oil Red O staining. The lipid droplets were quantified by calculating the positive area in each group relative to the control. (B) Osteogenesis
was detected by Alizarin Red staining. The mineralized nodules were quantified by calculating the positive area in each group relative to the
control. (C) Chondrogenesis was detected by Alcian Blue staining. Fibroblasts incubated in expansion medium served as the controls. Scale
bar, 100 pm. The data shown are the means = SD of 3 independent experiments. *, P<0.05 versus the MSC group. MSC, mesenchymal stem
cell; NS, not significant; SD, standard deviation.
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Figure 5 Comparison of the typical fibroblast proteins between CD106" and CD106™ fibroblasts. (A) A series of typical fibroblast

protein levels were determined by western blot analysis in MSCs, CD106" and CD106™ fibroblasts, and unsorted fibroblasts. (B) Protein

densitometric quantification of COL 1, vimentin, MMP-1, FSP-1, and a-SMA. The data shown are the means + SD of 3 independent
experiments. **, P<0.01; ***, P<0.001 versus the CD106" groups. COL 1, collagen I; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MMP-1, matrix metallopeptidase-1; FSP-1, fibroblast specific protein-1; a-SMA, a-smooth muscle actin; MSC, mesenchymal stem cell; SD,

standard deviation.

and CD106™ fibroblasts and discovered a previously
uncharacterized heterogeneity of fibroblasts derived from
human uterosacral ligaments (Figure 7). The CD106"
fibroblasts possessed a high colony-forming capacity but
did not exhibit trilineage differentiation, demonstrating
that they were not MSCs. In addition, CD106" fibroblasts
expressed more COL 1 and less MMP-1 and a-SMA than
CD106 fibroblasts. We also investigated the expression
levels of CD106 in the POP and non-POP groups and
found a significant difference between the 2 groups. These
results imply that CD106" fibroblasts might be a subtype
with a high colony-forming ability and different protein
expression levels. In addition, a decrease in CD106"
fibroblasts in the uterosacral ligament was shown to be
associated with the pathophysiology of POP.

The uterosacral ligament is an essential apical supportive
tissue of the uterus, which originates at the S2 to the S4
vertebra and terminates around the dorsal margin of the
uterine cervix or the upper third of the posterior vaginal
wall (26). Histologically, the uterosacral ligament is a
visceral ligament similar to the mesentery structure, which

© Annals of Translational Medicine. All rights reserved.

mainly contains connective tissues, vessels, and adipose
tissues, and is completely different from skeletal ligaments.
As the uterosacral ligament is a primary apical supportive
structure of the uterus and vagina, its histological
composition has long been studied to better understand
the development of POP. Previous studies have found
higher levels of MMPs (27) and lower levels of COL 1 (28)
in uterosacral ligaments in women with POP than those
without POP. Fibroblasts from the uterosacral ligament
have been thoroughly investigated to understand the
pathophysiological mechanism of POP (29,30).

Fibroblasts represent the most abundant cell type in
the uterosacral ligament and other pelvic connective
tissues, which help provide mechanical support to pelvic
organs. Primary fibroblasts have been isolated from pelvic
connective tissues to investigate the pathogenesis of POP
(29,30), as their functional changes under mechanical
stress or other pathological conditions contribute
to the development of POP (8,31). Fibroblasts have
been found to exhibit impaired cell contractility (32),
reduced cell attachment (33), delayed mechanical
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Page 10 of 14

Sima et al. CD106 distinguishes a fibroblast subpopulation

A POP non-POP B
Kkkk
5 -
n
4 -
X
§3-
I L |
g
= 2 )
3 n "
* 3 e
17 —
rll—.
0 T T
POP non-POP
C POP non-POP D
A 15M = B 15 7 I - I
CD106
10M = 3.84 |
N n
P 10 A
oM < J =2
) 8
? 5
° 7 ] 5 5-
o E []
-5.0M = b
S ——— S— rrey—rrrey
-10° 0 10* 10° 10° 0 10° 10°
> 0 T T
CD106 POP non-POP

Figure 6 Comparison of CD106 expression between the POP and non-POP groups. (A) IHC analysis of CD106 expression, scale bar,

100 pm. (B) Scatterplot showing the positive area of CD106 in the POP and non-POP groups (n=10). Error bars represent mean = SD.

% P<0.0001. (C) Flow cytometry analysis of the CD106" cells. The blue areas represent unstained cells serving as controls; the red areas

represent stained cells; the percentages of positively labeled cells are shown. (D) Scatterplot showing the percentages of CD106" cells in

fibroblasts from the POP and non-POP groups (n=5). Error bars represent mean + SD. *, P<0.05. POP, pelvic organ prolapse; SSC, side

scatter; IHC, immunohistochemistry; SD, standard deviation.

responses (34), increased apoptosis (35), and altered
ECM protein production (33) in POP compared to
fibroblasts in non-POP. A comprehensive understanding
of their phenotypic characteristics, heterogeneity, and
specific functions is absent, despite the common use
of primary uterosacral ligament fibroblasts. Recently,
Li et al. (15) reported heterogeneity of vaginal wall
fibroblasts by single-cell transcriptome profiling, and
7 distinct subtypes were acquired by sub-clustering. They
found that the subtype proportions and gene expression
patterns of specific subtypes differed between POP and
control groups, demonstrating the importance of further
exploring the heterogeneity of fibroblasts to elucidate the

© Annals of Translational Medicine. All rights reserved.

pathophysiology of POP. However, the 7 subpopulations
were not experimentally validated by quantifying the
specific markers of each subtype in POP and non-POP
samples, although the single-cell RNA sequencing they
used was an efficient approach to reveal cell subpopulations.
In addition, the expression profiles and representative
markers of each subtype were not presented; thus, we could
not speculate which subtype in their report is similar to
the CD106" fibroblasts. In our study, though we did not
comprehensively analyze the cellular heterogeneity of the
uterosacral ligament, we focused on and characterized the
CD106" fibroblasts, providing more concrete evidence for
the heterogeneity of fibroblasts in POP.
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colony-forming capacity and different protein expressions compared with CD106™ fibroblasts. FACS, fluorescence-activated cell sorting;
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Currently, CD106 is considered a surface marker of
MSCs (17,25,36). Previous studies reported that CD106
was one of the differentially expressed markers between
fibroblasts and MSCs (24,25). However, most MSC markers
are also expressed on fibroblasts, demonstrating that the
2 cell types are phenotypically indistinguishable (37).
This study also found that fibroblasts derived from the
uterosacral ligament expressed similar surface markers to
BM-MSCs except for CD106. The result was consistent
with previous studies reporting that fibroblasts from other
organs expressed a similar pattern of surface markers to
MSCs. The different expression of CD106 between the
uterosacral ligament fibroblasts and MSCs in our study
led us to hypothesize that CD106" fibroblasts may be an
MSC-like subpopulation of uterosacral ligament fibroblasts.
The cell surface proteins CD90, CD73, and CD105 play
roles in multiple cellular events and are specific markers of
human MSCs. In addition, CD34, CD45, and HLA-DR
are markers to exclude cells from the hematopoietic system.
The expression pattern of these surface molecules has been
a recognized criterion for defining MSCs (38). Previous
studies have suggested that CD106" MSCs have enhanced
multipotency (19,20) and immunosuppressive activity
(17,21,22). A study reported that human CD106" cardiac
fibroblasts had enhanced the lymphangiogenesis capacity

© Annals of Translational Medicine. All rights reserved.

and improved heart function in post-infarct heart-failure
rat models (23). Considering the importance of CD106 for
MSCs and the differential expression between MSCs and
fibroblasts, we classified CD106" fibroblasts and explored
whether they were a novel MSC-like subpopulation in the
human uterosacral ligament.

We found that CD106" fibroblasts possessed a high
colony-formation capacity but did not exhibit trilineage
differentiation, demonstrating that they are not MSCs. A
previous study reported that silencing CD106 inhibited the
proliferation of human oral squamous carcinoma HN12
cells (39), but the underlying mechanisms of CD106 and its
role in cell proliferation are unknown. Another study found
that cellular depletion of CD106 inhibited lung fibroblast
cell proliferation by reducing the proportion of cells in
the G2/M and S phases (40). Our results showed that the
protein level of COL 1 increased, while the level of MMP-1
decreased in CD106" fibroblasts, compared with levels in
CD106 fibroblasts. The protein levels of vimentin and
FSP-1 were not different between CD106" and CD106
fibroblasts, demonstrating that these 2 markers commonly
used to identify fibroblasts were expressed conservatively
in CD106" fibroblasts. The protein levels of COL 1 and
MMP-1 were significantly different between MSCs and
fibroblasts, suggesting that the 2 cell types with a similar
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surface marker expression could be distinguished by the
expression of COL 1 and MMP-1, the former of which
is the most abundant protein in pelvic connective tissue,
providing the majority of tissue resistance to tension. A
decreased content and altered structure of COL 1 are
significant pathological alterations in POP (28,41,42).
The presence of MMP-1 is essential for the degradation
of COL 1, and its expression is increased in POP tissues
(4,6,27). Increased collagen degradation in the uterosacral
ligament could cause weakening of the tissue and eventually
lead to prolapse. In the present study, the protein level of
COL 1 increased while the level of MMP-1 decreased in
CD106" fibroblasts compared with CD106™ fibroblasts,
suggesting that CD106" fibroblasts are a protective
subpopulation against POP. Furthermore, the differential
protein expression results imply that upregulation of the
cell number or promoting the cell viability of CD106"
fibroblasts may be a therapeutic strategy for POP.

Myofibroblasts, a differentiated fibroblast population
with high proliferation ability, increase secretion of ECM,
and at high contraction capacity, are characterized by a-SMA
expression (43). Considering the high colony formation
capacity and high protein level of COL 1, we detected the
protein levels of a-SMA to rule out the possibility that
CD106" fibroblasts are myofibroblasts. The results showed
that the expression level of 0-SMA in CD106" fibroblasts
was lower than that in CD106" fibroblasts, which suggested
that CD106" fibroblasts are not myofibroblasts and the cell
contraction ability of CD106" fibroblasts may be weaker
than that of CD106" fibroblasts.

Importantly, we found that the expression of CD106
in the uterosacral ligament tissues of the POP group was
considerably downregulated compared with that of the non-
POP group. Fibroblasts from patients with POP exhibited
lower expression of CD106 than fibroblasts from the non-
POP group. Although the sample size was small, this was
the first study to confirm a decrease in CD106 protein
expression in POP, consistent with the data from 2 previous
studies. Both the polymerase chain reaction (PCR) array
analysis from Kufaishi ez /. (33) and the single-cell RNA
sequencing results from Li et #/. (15) indicated that the
expression of CD106 decreased in POP compared to in
non-POP. However, they did not further verify the results
in tissues or cells, and the reasons for the decrease of
CD106 in POP are still unknown.

The results of the present study potentially identify
a specific subtype of uterosacral ligament fibroblasts,
providing a theoretical basis for future investigations on
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therapies targeting this subpopulation. However, there
were some limitations to this study. Future studies should
perform RNA sequencing to comprehensively analyze
the CD106" subpopulation, and the culture conditions
of the CD106" fibroblasts need to be improved to inhibit
the decline in expression of CD106 after cell propagation.
In addition, to understand the roles of the CD106"
subpopulation in the development of POP, the sample size
should be larger, and animal studies should be designed
to investigate the influence of local injection of CD106"
fibroblasts into the uterosacral ligament.

In conclusion, to our knowledge, this was the first study
to report that CD106 identifies a unique subpopulation of
uterosacral ligament fibroblasts with high colony-forming
capacity and collagen production. The expression of CD106
is reduced in POP, suggesting that a decrease in CD106"
fibroblasts may contribute to the pathogenesis of POP.
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