: STEM CELLS

TRANSLATIONAL MEDICINE

Tissue ENGINEERING AND REGENERATIVE MIEDICINE

Department of Biomedicine,
University Hospital Basel,
University of Basel, Basel,
Switzerland

*Contributed equally.

Correspondence: Dr. lvan
Martin, Department of Biomed-
icine, University of Basel and
University Hospital Basel,
Hebelstrasse 20, 4031 Basel,
Switzerland. Telephone:
41-61-265-23-84; e-mail: ivan.
martin@usb.ch

Received July 2, 2018; accepted
for publication September
21, 2018.

http://dx.doi.org/
10.1002/sctm.18-0147

This is an open access article
under the terms of the Creative
Commons Attribution-
NonCommercial-NoDerivs
License, which permits use and
distribution in any medium,
provided the original work is
properly cited, the use is non-
commercial and no modifica-
tions or adaptations are made.

STEM CELLS TRANSLATIONAL MEDICINE 2019;8:194-204 www.StemCellsTM.com

Challenges Toward the Identification of Predictive
Markers for Human Mesenchymal Stromal Cells
Chondrogenic Potential

CHIARA STUDLE,* PAOLA OCCHETTA,™ FLORIAN GEIER, ARNE MIEHRKENS, ANDREA BARBERO,
IVAN MARTIN

Key Words. Human bone marrow derived mesenchymal stromal cells ¢ Chondrogenesis

Selection markers e Tissue engineering ®* RNA sequencing « NCAM1/CD56

ABSTRACT

Human bone marrow derived mesenchymal stromal cells (BMSCs) represent a putative cell
source candidate for tissue engineering-based strategies to repair cartilage and bone. However,
traditional isolation of BMSCs by adhesion to plastic leads to very heterogeneous cell popula-
tions, accounting for high variability of chondrogenic differentiation outcome, both across donors
and across clonally derived strains. Identification of putative surface markers able to select BMSC
subpopulations with higher chondrogenic capacity (CC) and reduced variance in chondrogenic dif-
ferentiation could aid the development of BMSC-based cartilage and bone regeneration
approaches. With the goal to identify predictive markers for chondrogenic BMSC populations,
we assessed the gene expression profile of single cell-derived clones with high and low
CC. While a clustering between high and low CC clones was observed for one donor, donor-to-
donor variability hampered the possibility to achieve conclusive results when different donors
were considered. Nevertheless, increased NCAM1/CD56 expression correlated in clones derived
from one donor with higher CC, the same trend was observed for three additional donors (even
if no significance was achieved). Enriching multiclonal BMSCs for CD56" expression led to an
increase in CC, though still highly affected by donor-to-donor variability. Our study finally sug-
gests that definition of predictive marker(s) for BMSCs chondrogenesis is challenged by the large
donor heterogeneity of these cells, and by the high complexity and plasticity of the BMSCs sys-
tem. Multiple pathways and external parameters may be indeed involved in determining the
chondrogenic potential of BMSCs, making the identification of putative markers still an open
issue. STEM CELLS TRANSLATIONAL MEDICINE 2019;8:194-204

SIGNIFICANCE STATEMENT

Based on transcriptomic data on single-cell derived clones, this study identified CD56 as a
potential predictive marker able to select human bone marrow mesenchymal stromal cells
(BMSC) subpopulations with higher and more predictable chondrogenic capacity, although still
highly affected by donor-to-donor variability. Even if selection of this single marker (i.e., CD56)
for distinguishing BMSC chondrogenic subpopulations may drastically increase the clinical rele-
vance of this approach, the intrinsic complexity and plasticity of the BMSC system challenges
this conclusion. This awareness should alert the field about the difficulty of identifying univocal
pre-selection criteria following the current approaches, while possibly opening the path to inno-
vative computational methods eventually able to process multiple variables of the BMSC
system.

INTRODUCTION
the clinical practice has been so far hampered

Human bone marrow derived mesenchymal
stromal cells (BMSCs) have been proposed as a
promising cell source candidate for cartilage
regeneration and bone repair through endo-
chondral ossification [1-3], mainly due to their
ease of isolation and abundance in human
bone marrow [4, 5]. However, their usage in

by the large donor-to-donor variability, result-
ing in an unpredictable differentiation outcome
[6]. Moreover, isolation of BMSCs in vitro
based on their adherence to plastic results in
very heterogeneous cell populations, with unpre-
dictable ability to differentiate into cartilage, bone
and adipose lineages (trilineage differentiation
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potential). In order to define a more homogenous starting
population, several studies have recently investigated different
surface markers potentially able to select within the unfractio-
nated bone marrow BMSCs subpopulations with enhanced
CFU-F capacity, trilineage differentiation potential or self-
renewal properties. With this goal, several single surface
markers for example, CD271 [7], CD49a [8], and CD146 [9] and
surface marker combinations including CD271*CD146* [10],
CD271"MSCA-1*CD56* [11], CD271*CD90*CD106" [12], and
CD271*CD140a~ [13, 14] were proposed to demarcate these
cells. Yet, no consensus has been achieved within the scientific
community on such putative marker(s). CD271" cells isolated
from fresh bone marrow were shown to have a better chondro-
genic differentiation potential in vitro and at an orthotopic site
compared with the cells isolated by plastic adherence, however
this was demonstrated only with one donor [15]. In contrast,
against some previous findings suggesting a higher chondrogenic
capacity (CC) of CD105" cells compared with bulk or CD105~
cells, Cleary et al. [16] demonstrated that there is no correlation
between the CC and the CD105 expression level at different pas-
sages of multiclonal BMSCs. It is thus not clear yet whether any
marker can delineate cell subsets with higher CC within the bulk
population. Moreover, single BMSC derived clones showed a
broad range of chondrogenic and osteogenic in vitro differentia-
tion capacity, confirming the heterogeneity of the bulk popula-
tion [2, 17]. In a recent report, single cell RNA transcript levels
of chondrogenic genes in bovine BMSCs did not correlate with
their functional properties thus challenging a preselection of naive
BMSCs based on specific markers in order to improve chondro-
genic outcome [18].

The goal of this study was thus to identify markers for sub-
populations of BMSCs exhibiting a high and reproducible chon-
drogenic differentiation potential across different donors. To
this end, we hypothesized the existence of a correlation
between the transcriptomic profile of single cell-derived clones
and their chondrogenic differentiation capacity. Based on dif-
ferentially expressed genes identified by transcriptomic profil-
ing, we then found CD56 to be upregulated in clones with
high CC. Subsequently, we sorted multiclonal BMSCs based on
their CD56 protein expression in order to verify, whether the
CD56" cell subset has improved differentiation potential com-
pared with the negative fraction and the bulk population. Even
if enriching expanded BMSCs for CD56" expression led to an
increase in CC, we showed that donor-to-donor variability
drastically challenged the possibility to achieve standardized
solutions to enhance BMSC CC.

MATERIALS AND IMIETHODS

If not otherwise stated, all reagents were purchased from
Sigma—Aldrich (St. Louis, MO). Cell culture media and supple-
ments were purchased from Gibco (Grand Island, NY).

Cell Isolation and Expansion

Bone marrow aspirates and cartilage tissue biopsies were
obtained from patients after informed consent during surgical
procedures in accordance with the local ethical committee
(University Hospital Basel; Prof. Dr. Kummer; approval date
26/03/2007 Ref Number 78/07). Human mesenchymal stromal
cells were isolated from bone marrow aspirates (n = 11; mean
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age: 39 + 13 years, 9:2 male : female) by plating 0.10-
0.13 x 10° of nucleated cells/cm? in alpha-mimimum essential
medium (MEM) with 10% fetal bovine serum (FBS), 100 mM
HEPES buffer, 1 mM sodium pyruvate, 100 IU/ml penicillin,
100 pg/ml streptomycin and 0.29 mg/ml glutamate (complete
medium, CM), supplemented with 5 ng/ml FGF2 (BioTechne,
Minneapolis, MN, USA) and expanded in the same medium for
one additional passages before using them for chondrogenic
assays or sorting experiments.

Generation of Single-Cell Derived Clones

The experimental set-up for single cell-derived clones genera-
tion is depicted in Figure 1A. In details, 10,000 nucleated cells
from 4 fresh bone marrow aspirates (donor 1: male, 23 years;
donor 2: male, 38 years; donor 3: female, 49 years; donor 4:
female, 30 years) were seeded in 96 well plates, being the
expected frequency of clonogenic cells of approximately 1/10%
After 1 week, wells were checked for colony growth: wells
without cells and wells with two or more colonies were dis-
carded. Upon confluence, colonies were passaged first into
three 12-well plate wells and subsequently, according to
the cell number, into culture flasks with a cell density of
500-2,000 cells/cm?. When a minimum of 0.8 x 10° cells was
reached, cells were subjected to RNA isolation for transcrip-
tomic analysis and chondrogenic assays. Senescent and non-
growing clones were discarded.

For the clonal study of CD56" and CD56~ expressing clones,
P1-expanded cells from one donor (age: 33 years, male) were
single-cell sorted into 6 X 96 well plates based on CD56
expression. Wells with growing colonies derived from one cell
were expanded subsequently as described above. From the
(in total 82) generated CD56°clones, clones that did not reach
confluence in 12 well plate after 20 days of expansion were
discarded. After expansion, clones were tested for their capac-
ity to differentiate toward the chondrogenic, osteogenic and
adipogenic lineages, and for their expression of CD56 at mRNA
level.

Chondrogenic Differentiation

For chondrogenic pellet cultures, 0.25 x 10° cells were centri-
fuged for 5 minutes at 1,000 rpm in serum-free medium con-
sisting of Dulbecco’s modified Eagle’s medium (DMEM), 4.5 g/l
p-glucose with 100 mM HEPES buffer, 1 mM sodium pyruvate,
100 1U/ml penicillin, 100 pg/ml streptomycin and 0.29 mg/ml
glutamate, 1.25 pg/ml human serum albumin, insulin-treans-
ferrin-selenium, 4.7 pg/ml linoleic acid, supplemented with
0.1 mM ascorbic acid 2-phosphate, 1077 M dexamethasone
and 10 ng/ml TGFP3 (Novartis; ChM). Pellets were cultured for
2-3 weeks as stated in the figure legends and the medium
was changed twice a week.

Adipogenic Differentiation

Cells were seeded into 12 well plates (0.04 X 10° cells/well,
1-3 replicates depending on the gained cell number) and cul-
tured for 2 weeks in adipogenic differentiation medium con-
sisting in CM based on DMEM, 4.5 g/| po-glucose supplemented
with 10 pg/ml methyl-iso buthyl xanthine, 10 pg/ml insulin
Actrapid HM, 0.1 mM indomethacin and 107® M dexametha-
sone and for one additional week in CM containing insulin.
After the culture, cells were fixed for 10 minutes in formalin
and stained with oil red. For semiquantitative analysis, three
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Figure 1. Chondrogenic capacity of single cell derived bone marrow derived mesenchymal stromal cell (BMSC) clones. (A): Fresh bone

marrow aspirates were used to generate single-cell derived clones of BMSCs. For each clone after expansion one part of the cells was
subjected to chondrogenic in vitro culture and the other part to RNA sequencing. (B-D): Donor 1 was used for batch | of RNA sequencing.
(B): Proliferation rate of single cell derived clones. (C): Clones were cultured as pellets (1-2 replicates) in chondrogenic medium (ChM) for
3 weeks and assessed by Safranin-O/fast green (SafO/FG) staining. Underlined clone numbers correspond to the proliferation outliers.
Scale bar: 200 pm. (D): Bern score was used to evaluate the SafO/FG stained sections. The red line indicates the threshold value to distin-
guish clones with high and low chondrogenic capacity (CC; c12: 3, c19: 6.25, ¢35: 8.5, c49: 9, c50: 3.25, ¢9: 8, cl16: 1, c17: 0, c22: 1, c28:0,
c44: 0, c26: 0.5, c34: 0, c48: 1.5). (E, F): Donors 2—4 were used for batch Il of RNA sequencing. (E): Proliferation rate. (F): Bern score. The
red line indicates the threshold value to distinguish clones with high and low chondrogenic capacity. The data presented excludes the

remaining clones, which were not subjected to RNA sequencing.

pictures per well were taken at xX20 objective and cells clearly
showing oil droplet accumulation were counted.

Osteogenic Differentiation

Cells were seeded into 12 well plates (0.04 x 10° cells/well),
1-3 replicates depending on the gained cell number) and cul-
tured for 3 weeks in osteogenic differentiation medium consist-
ing in CM based on alpha-MEM supplemented with 0.1 mM
ascorbic acids 2-phosphate, 10 mM beta-glycero-phosphate and
10~ M dexamethasone. Afterward, the cells were fixed for
10 minutes in formalin and stained with alizarin red. For quanti-
tation purposes, after image acquisition the alizarin red was sol-
ubilized by incubation in 10% acetic acid, subsequently at 85°C
and with 10% ammonium hydroxide neutralized supernatants
were optically measured at a wavelength of 405 nm.

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
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Cytofluorometry and Fluorescently Activated
Cell Sorting

BMSCs at different passages were analyzed using the
fluorophore-conjugated antibodies against the following sur-
face markers: CD49a (Becton, Dickinson and Company, Franklin
Lakes, NJ), CD56, CD106, CD105, CD166 (BiolLegendes), ROR2
(Biotechne, Minneapolis, MN, USA). Cells after trypsinization
were stained for 20 minutes at 4°C in fluorescently activated cell
sorting (FACS) buffer (phosphate-buffered saline, 2% FBS,
2.5 mM EDTA) and measured with a Fortessa, BD. Data was pro-
cessed in FlowJow. For sorting, the cells isolated from 11 donors
were trypsinized and stained in FACS buffer for 20 minutes at
4°C with an anti-CD56-APC (BioLegends, clone HCD56, San Diego,
CA, USA) and sorted using Aria (Becton Dickinson). Unsorted,
negatively and positively sorted cells were plated at a density of
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3,300 cells/cm? and expanded until fully confluent or not more
than 12 days before testing in chondrogenic assays.

Histology

Pellets after in vitro culture were fixed in 4% paraformalde-
hyde, dehydrated, and embedded in paraffin. Safranin-O/fast
green (SafO/FG) staining with hematoxylin (J.T. Baker) nuclear
counterstaining was performed to analyze cartilage tissue for-
mation. For semiquantitative assessment of the chondrogen-
esis the Bern score according to Grogan et al. [19] was
determined.

Quantification of Glycosaminoglycans and DNA

Pellets were digested with 1 mg/ml protease K in 50 mM Tris
with 1 mM EDTA, 1 mM iodoacetamide and 10 mg/ml
pepstatin-A for 16 hours at 56°C. For glycosaminoglycan
quantification, the method of Barbosa et al. [20] was used.
Briefly, diluted or undiluted digested constructs (depending
on SafO intensity) were incubated with 1 ml of dimethyl-
methylene blue assay (DMMB) solution (16 mg/l dimethyl-
methylene blue, 6 mM sodium formate, 200 mM GuHCL,
pH 3.0) on a shaker at room temperature for 30 minutes.
Precipitated DMMB-glycosaminoglycans (GAGs) complexes
were centrifuged and supernatants were discarded. Com-
plexes were dissolved in decomplexion solution (4 M GuHCL,
50 mM Na-Acetate, 10% Propan-1-ol, pH 6.8) at 60°C,
absorption was measured at 656 nm and GAG concentra-
tions were calculated using a standard curve prepared with
purified bovine chondroitin sulfate. DNA content was mea-
sured by using the CyQuant Cell Proliferation Assay Kit
(Molecular Probes Inc., Eugene, OR) according to the instruc-
tions of the manufacturer.

RNA Sequencing

Based on SafO/FG staining, the clones were evaluated and
divided into two groups: clones with a Bern score >3 were
classified to have a high CC and clones with a Bern score <3 as
clones of low CC. Batch | analysis included 14 clones of donor
1 (6 of high CC), while batch Il comprised 6 clones of donor
2 (3 of high CC), 8 of donor 3 (4 of high CC) and 6 clones of
donor 4 (3 of high CC). For mRNA isolation, the protocol
of the column-based quick-RNA min-prep (ZymoResearche,
Orange, CA, USA) was followed. mRNA was quantified by using
nanodrop and its quality was determined with the help of the
2,100 bioanalyzer (Agilent Technologies, Palo Alto, CA). Three
hundred nanograms of DNase-digested mRNA was used for
library preparation with TruSeq Stranded Total RNA Kit with
Ribo-Zero Gold (lllumina, San Diego, CA, USA). Libraries were
run on the fragment analyzer (Advanced Analytical, Heidel-
berg, Germania) for quality control and were adjusted to equal
concentrations. Sequencing was performed with a HighSeq
2,500, with single end reads of 50 base lengths. Reads were
aligned to the human genome (UCSC hgl9) using the spliced
read aligner STAR [21]. Sequencing and mapping quality was
assessed by the gQCReport function of the R package QuasR
[22]. Gene expression was quantified by the gqCount function
of QuasR using an exon-union model of hgl9 RefSeq genes
(downloaded from UCSC 2015-02-09). The R package edgeR
[23] was used for differential gene expression analysis. For
batch |, two different approaches were tested: first only a
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subset of clones was compared based on similar proliferation
rates, then all clones were analyzed in an unbiased way with-
out accounting for the proliferation rate. In both cases, an
additive generalized linear model including the factor “CC”
(high and low) was fitted to the raw counts (function glmFit)
and differential expression between samples with high and
low CC was evaluated by likelihood ratio tests (function glmLRT).
p-Values were adjusted by controlling the false-discovery rate.
All genes with an adjusted p-value <.05 were considered to be
significantly differentially expressed. In case of batch IlI, the
additive model included the additional factor “donor” (BM2,
BM3, and BM4). All calculations were performed at sciCORE
(http://scicore.unibas.ch/) scientific computing core facility at
University of Basel. Significantly differentially expressed genes
of the subset analysis of batch | were additionally compared
with the panel of surface markers (QIAGEN, Hilden, Germany)
to identify differentially expressed surface markers and subjected
to ingenuity pathway analysis (QUIAGEN, Hilden, Germany) to
identify differently activated signaling networks.

Quantitative Real-Time Polymerase chain
reaction (qPCR)

The mRNA was isolated as described in the RNAsequencing
paragraph except that the DNA digestion was not performed.
cDNA was generated with random primer (Promega, Madison,
WI) and the kit of SuperScript reverse transcriptase Ill (Thermo
Scientific, Waltham, MA, USA). For Quantitative Real-Time PCR
(gPCR) the TagMan assay on demand system based on FAM and
Tamra (Thermo Scientific, Waltham, MA, USA) was used. Samples
were analyzed for expression of CD56 (NCAM1; Hs00941830)
and as reference gene GAPDH (Hs02758991) was used.

Statistical Analysis

Statistical analysis was performed with Graph Pad Prism 6 soft-
ware. For comparing one variable from different donors or sin-
gle cell derived clones, unpaired t tests were applied. Pearson
d’Agostino test was done to check for normality of the data
sets. For multiple comparison tests of non-normally distributed
data sets, one-way analysis of variance (ANOVA) was per-
formed using Kruskal-Wallis test with Dunn’s multiple compar-
ison test as post hoc. Statistical significance was considered
with a p-value <.05. All the data are shown as average =+ stan-
dard deviation. n indicates number of donors tested and
analyzed.

RESULTS

Isolation of Single Cell Derived Clones and Assessment
of their CC

In order to find a molecular signature of BMSCs with higher
CC, we isolated and expanded single cell derived clones (n = 4
donors) and assessed their gene expression and their chondro-
genic in vitro differentiation potential (Fig. 1A). Overall, in
23.2% + 11.5% of the seeded wells a single cell derived colony
could be identified. Clones were expanded for 28 + 2 days,
with a mean proliferation rate of 0.7 £ 0.1 doublings/day for
the different donors (Fig. 1B, 1E). As expected, chondrogenic
differentiation occurred to a different extent among the clones
(Fig. 1C, 1D, 1F) and the percentage of clones with high CC,
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Figure 2. Transcriptomic analysis of single cell derived clones. (A): Heatmap of significantly differentially expressed genes (adjusted p-
value <.05) derived from differential gene expression analysis (DGA) of batch | comparing clones with high and low chondrogenic capacity
(CC) when all sequenced clones were included. (B): Heatmap of significantly differentially expressed genes (adjusted p-value <.05) derived
from differential gene expression analysis comparing clones with high and low chondrogenic capacity when only the subset of clones with
similar proliferation rate was included. (C): Surface markers, cartilage ECM proteins and genes associated with chondrogenic differentia-
tion identified by ingenuity pathway analysis (IPA) that were among the significant genes of the subset analysis of batch I. (D): Gene
expression of NCAM1 in clones analyzed by qPCR and normalized to GAPDH. Unpaired t test; **, p-value <.0001. (E): Differentially
expressed canonical signaling pathways between high and low chondrogenic clones determined by IPA. Bar height indicates —log(p-value)
as calculated by Fisher’s exact test right-tailed. The ratio (orange dots connected by a line) indicates the ratio of genes from the dataset
that map to the pathway divided by the total number of genes that map to the same pathway.

defined based on a Bern score 3.0, ranged from 15% to 50% from donor 1 (batch 1) and 20 clones from the three other
depending on the donor (i.e., donor 1: 14.7%, donor 2: 26.7%, donors (donor 2, 3, and 4; batch IlI) were used for RNA
donor 3: 50%, and donor 4: 21.1%). Fourteen clones generated sequencing.
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Figure 3. Transcriptomic analysis of more single cell derived clones from different donors. (A): Principal component analysis (PCA) com-
paring clones of different donors both from batch | and II. (B): Significantly differentially expressed gene of batch Il (adjusted p-value
<.05). (C): NCAM1 expression by counted reads from the RNA sequencing. (D): Relative expression of NCAM1 versus GAPDH by gPCR in
the clones from donors 2—4. Clones with high versus low chondrogenic capacity did not show significantly different CD56 expression as

determined by unpaired t test (p-value >.05).

Correlation Between Gene Expression Profile of Single
Cell Derived Clones and their CC

Differential gene expression analysis on all the 14 clones
selected for donor 1 (batch |I) demonstrated that clones with
high and low CC separated in two clusters, with 58 genes
significantly differentially expressed (adjusted p-value <.05;
Fig. 2A). In order to reduce the confounding effect of the dif-
ferent proliferation rates, in a second analysis only clones with
a similar proliferation rate (0.67-0.70) were taken into account
(9 out of 14), while outliers in terms of proliferation rate were
discarded. Interestingly, the clustering became more promi-
nent and the number of significantly differentially expressed
genes rose to 1,771 (Fig. 2B). This demonstrated that clones
with a closer proliferation rate shared more common gene
expression patterns and that the different doubling times
introduced more heterogeneity, eventually masking the puta-
tive similarities among clones with equal CC. Among the signif-
icantly upregulated genes (log2-fold-change >0.5 in clones
with high CC), there were extracellular matrix proteins which
are important components of the cartilage ECM, such as hya-
luronan and proteoglycan link protein (HALPN1), aggrecan
(ACAN) and cartilage oligomeric matrix protein (COMP; Fig. 2C).
Moreover, the gene expression of several surface markers
(NCAM1/CD56, VACAM1/CD106, ALCAM/CD166, ITGA1/CD49a)
was significantly higher in the clones with high CC, while the
gene expression of two surface markers (ENG/CD105 and
CSF1R/CD115) was significantly lower expressed in the clones
with high CC (Fig. 2C). Notably, NCAM1 was the mostly upre-
gulated surface marker by the clones with high CC (3.25
log2-fold-change). The significant upregulation of NCAM1 in
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clones with high CC was also confirmed by qPCR (Fig. 2D).
Ingenuity pathway analysis (IPA) showed that downstream tar-
gets of PDGFBB signaling were downregulated and that genes
implicated in chondrogenesis were rather increased in clones
with high CC (Fig. 2C). According to IPA canonical pathway
prediction, clones with high CC exhibited a potential inhibitory
status of EIF2 pathway, while the estrogen, mTOR, elF4, and
IL8 signaling pathways were potentially activated (Fig. 2E).

RNA sequencing was then performed for clones combined
from the three additional different donors (donors 2, 3, and
4; batch 1l), in order to determine if the genes identified in
the first batch (donor 1) are robustly related to the BMSCs
CC. Principle component analysis showed that clones prefer-
entially grouped according to their donor origin, rather than
to their CC. Moreover, clones from batch Il clustered furthest
apart from the clones of batch | (Fig. 3A). Since the number
of samples per donor was relatively low (a lower number of
clones were obtained for donor 2, 3, and 4 as compared
with donor 1), the differential gene expression analysis was
done for all the clones irrespective of their proliferation rate.
Figure 3B shows the genes that were significantly differen-
tially expressed between samples of high and low CC in batch
Il analysis. None of these six genes overlapped with the
genes found in batch | (independent of whether all clones or
the subset with similar proliferation rate were taken into
account). Notably, a trend of increased expression of CD56
was apparent in the clones with high CC both by mRNA
sequencing (Fig. 3C) and gqPCR (Fig. 3D). However, the range
of CD56 expression levels was too broad to lead to statistical
significance.
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Figure 4. Surface marker expression identified by the transcriptomic study of batch | on P1-P3 expanded multiclonal bone marrow

derived mesenchymal stromal cells (BMSCs) by FACS. (A): Representative histogram showing the frequency of CD49a, CD106, CD166, and
CD105 positive and negative BMSCs by flow cytometry. (B): Expression of CD56 on Pl-expanded multiclonal BMSCs, histograms from
three representative donors are shown. (C): Expression of CD56 by flow cytometry of the bulk population before sorting (P1) and after
expansion (P2 and P3) and the sorted CD56 positive and negative cell subset directly after sorting (P1) and after expansion (P2 and P3).
One-way ANOVA based on Kruskal-Wallis test and Dunn’s multiple comparison test, n.s.: not significant, n = 3.

Expression of Surface Markers Identified by the
Transcriptomic Analysis in Expanded Multiclonal
BMSCs

Aiming at finding surface marker(s) that select for BMSCs with
higher CC within the bulk population, expanded multiclonal
BMSCs (P1) were analyzed for the surface markers found to
be upregulated in clones with high CC in the subset analysis
of batch I. On average 87% + 3% of the cells were positive
for CD49a (n = 3 donors), 93.9% + 7.1% for CD106 (n = 7
donors), while CD105 and CD166 were expressed on all of the
cells (Fig. 4A). The expression of ROR2, previously correlated
with chondrogenic potential of BMSC [24], was also checked.
Notably, in our study BMSCs did not express ROR2 (percent-
age of ROR2" cells lower than 0.1%, data not shown). The fre-
quency of CD56" cells instead ranged between 1% and 35%,
with an average of 13% 4 11% CD56" cells (n = 12 donors;
Fig. 4B). The frequency of CD56" cells in bulk multiclonal
BMSCs slightly decreased from 19% + 13% at Pl to
14 + 18 at P3, while the frequency of CD56" in the positively
sorted cell subset decreased from 94% 4+ 2% directly after
sorting to 33% £ 9% after two passages. The negatively
sorted cell subset showed an increase of CD56" cells from
0.8 +£ 0.4 at P1 to 4.5 4+ 2.6 at P3 (Fig. 4C). Previously, the
frequency of BMSCs positive for CD56 in P2—-P3 cells was
determined between 24% and 89% [25]. Markers exhibiting
high and stable expression profiles are unlikely to be unique
markers of BMSCs with high chondrogenic potential. Instead,
markers with low expression, reflecting the low presence of
chondrogenic clones in the total BMSCs population, are more
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likely to be selective markers of chondrogenic BMSCs [26].
Therefore, we pursued CD56 for comparative studies of CC on
bulk BMSC populations.

Chondrogenic Potential of Sorted Multiclonal
CD56"~ BMSCs

To verify the potential of CD56 to select for BMSCs with high
CC, P1 expanded BMSCs were sorted and CD56 positive and
negative subpopulations were tested in chondrogenic cultures,
using unsorted BMSCs as a control (Fig. 5A). The gene expres-
sion levels of CD56 directly after sorting and after expansion
were more than one order of magnitude higher in the CD56"
cells as compared with the negative ones and corresponded to
the level found in the clones of batch I, while the unsorted cells
showed an intermediate expression level (Fig. 5B). This demon-
strates that the two sorted populations clearly differed in terms
of CD56 expression. Importantly, trends in the expression levels
among cell populations were maintained after expansion
(Fig. 5B). Three out of the 11 BMSC donors were assessed in
terms of chondrogenic potential by means of pellet culture (the
other BMSC donors had to be discarded due to insufficient cell
yield). For all BMSC donors, chondrogenically cultured CD56"
cells formed pellets with higher GAG contents as shown by
SafO/FG staining (Fig. 5C). Coherently, the Bern score assessed
by histological analysis was higher for the CD56" cells as com-
pared with either the negative or the bulk populations (Fig. 5D).
On average, GAG/DNA content was significantly higher in CD56"
BMSC pellets as compared with CD56~ and bulk ones (Fig. 5E).
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derived mesenchymal stromal cells (BMSCs) were sorted based on CD56 and after expansion subjected to 2 weeks culture in chondro-
genic medium (ChM). (B): Gene expression of CD56 normalized to GAPDH of sorted cells directly after sorting (n = 3) and after 1 week
expansion (n = 5). Unpaired t test; *, p-value = .017. (C): Safranin-O/fast green (SafO/FG) staining of paraffin sections of sorted cells after
culture in ChM for 2 weeks as 3D pellets. Scale bar: 200 pm. (D): The SafO/FG stained sections were evaluated by Bern score. (E, F): The
content of glycosamino glycan (GAG) of the pellets was quantified by DMMB assay and normalized to the DNA content. In (E), the sepa-
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comparison test;*,
than used for the RNA sequencing.

However, the GAG/DNA content of single donors (Fig. 5F)
showed that the averaged results originated mainly from cells
of donor 1. Thus, high donor-to-donor heterogeneity affected
the robustness of the results.

Trilineage Differentiation Potential of Single Cell
Derived Clones from Sorted CD56"~ BMSCs

In order to better characterize the heterogeneity within the
CD56 sorted cell populations, P1-expanded BMSCs were sorted
based on CD56 protein expression and single cells were col-
lected for clonal expansions (Fig. 6A). 10.4% of the CD56" and
5.9% of the CD56~ derived clones survived and proliferated.
Clones were expanded for 24 4+ 3 and 23 + 4 days and had a
mean proliferation rate of 0.81 £+ 0.11 and 0.86 + 0.14 dou-
blings/day, respectively (Fig. 6B). The gene expression of
CD56 at the end of the clonal expansion phase did not corre-
late with the clone origin—namely derivation from a CD56" or
a CD56° single cell—or with their chondrogenic potential
(Fig. 6C). After expansion, clones were subjected to in vitro

www.StemCellsTM.com

p-value = .024, n.s. not significant. n = 3, 1-2 replicates per cell population. Of note, donors 1-3 are different donors

trilineage differentiation assays. Regarding chondrogenic
potential, 1 clone out of 11 (i.e., 9.1%) and 4 clones out of
22 (i.e., 18.2%) showed high CC within the CD56~ and CD56"
derived clones, respectively, not resulting in a significant differ-
ence between the two subpopulation derived clones (Fig. 6D).
The CD56" clones were marginally osteogenic and adipogenic,
with the exception of one clone. All CD56~ clones were instead
osteogenic (Fig. 6E) and the majority underwent adipogenesis
(Fig. 6F), as measured by alizarin red staining for calcification
and oil red staining for the accumulation of fat droplets, respec-
tively. The different potential of CD56" and CD56~ single cell-
derived clones in differentiating toward osteogenic and adipo-
genic linages suggests a functional distinction between these
two BMSCs subpopulations.

DIScussION

In this study, we explored the existence of predictive
markers identifying BMSCs subsets with high CC, starting
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from analyzing the molecular signature of clones derived
from single BMSCs. Transcriptomic data from one BMSC
donor gave a clear-cut difference between clones with high
and low CC and hinted NCAM/CD56 as a marker to prospec-
tively isolate a subpopulation of BMSCs with superior chon-
drogenic potential. However, results also underlined a high
BMSCs donor-to-donor variability that challenges the possi-
bility to identify genes regulated in a similar fashion by dif-
ferent donors and to simply apply a marker identified for
one donor (i.e., CD56) to others.

Aiming to overcome the heterogeneity of bulk BMSCs iso-
lated by plastic adherence, we assessed whether gene expres-
sion correlated with the CC of individual single BMSC-derived
clones. Differential gene expression analysis resulted in the
segregation of clones with high and low CC, indicating a corre-
lation between the gene expression profile and the CC of the
underlying clone. Notably, the segregation of the two groups
was even more prominent when clones with a different prolif-
eration rate than the average (proliferation outliers) were
excluded from the analysis. RNA sequencing was performed
on three additional BMSC donors to assess whether the results
found by the transcriptomic analysis of one donor could be
extended to different donors. Overall, our analysis suggested
that intrinsic variability among samples (either clone-to-clone
for example, proliferation rate or donor-to-donor) exceeded a
potential gene expression difference based on CC, masking the
putative similarities among clones with similar chondrogenic
potential. It could not be excluded that variable culture condi-
tions such as the duration of expansion or different cellular
confluence states at the time of harvest introduced additional
variance. The difficulty in extrapolating predictive markers
from differential gene expression analysis among single BMSC-
derived clones was reported previously with a bovine bone
marrow donor [18]. Our results highlight the requirement for
a more comprehensive analysis, considering a significantly
higher number of donors and clones per donor. This stands in
contrast to the study of Dickinson et al. [24], in which RNA
sequencing of clones derived from a single donor was per-
formed and suggested ROR2 as a putative marker identifying
an highly chondrogenic BMSCs subpopulation. Notably, chon-
drogenic clones derived from the donors considered in our
study did not over-express ROR2.

Interestingly, when excluding the proliferation rate as a
confounding effect in the analysis of batch I, several surface
markers were found to be significantly upregulated in clones
with high CC and were thus considered for further analyses.
Among them, CD56 was the surface marker with the highest
log2-fold-change difference between clones with high and
low CC. Moreover, CD56 was expressed at different moder-
ate levels in different donors of BMSCs heterogeneous popu-
lations. Together with N-cadherin, CD56 has previously been
demonstrated to be an important mediator for cell—cell
adhesion during prechondrogenic condensations of chondro-
progenitors in limb bud development [27-29]. Since the ini-
tial condensation phase is also critical for triggering in vitro
chondrogenesis of adult BMSCs [27], even if no evidence
support, yet the role of CD56 in this process, we hypothe-
sized that an enrichment in CD56 could be beneficial. CD56"
sorted cells from expanded multiclonal BMSCs indeed exhib-
ited a higher chondrogenic differentiation potential com-
pared with the bulk or the CD56 cells. However, differences
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among donors affected the robustness of these results and
this could be mainly attributed to the low number of tested
donors. Eight out of 11 donors had to be excluded from this
analysis due to low proliferation rates of corresponding cells
after sorting. For this reason, future efforts should also be
given in defining optimal expansion conditions for sorted
BMSCs.

To further investigate the heterogeneity within the CD56
sorted cell populations, single CD56"~ cell-derived clones
were compared in trilineage differentiation assays. A clear
distinction between the two subpopulations was evident in
terms of osteogenic and adipogenic differentiation capacity
(high in CD56™ clones and limited/absent in CD56" ones).
Differences in chondrogenic potential were less conclusive,
with a slightly higher fraction of Safranin-O positive clones in
the CD56" compared with the CD56~ one. Previously, Battula
et al. sorted CD56" BMSCs from fresh CD45-depleted human
bone marrow in combination with MSCA-1 and CD271. Inter-
estingly, the authors observed higher CFU-Fs and better
in vitro chondrogenic differentiation of CD271*MSCA-1"CD56"
compared with the CD56™ cells, along with superior adipogenic
differentiation of CD56™ cells at multiclonal and clonal levels
[11]. Our results are in line with this previous study, although
different sorting times were applied. In the present work,
BMSCs were expanded for one passage prior to sort CD56" and
CD56™ populations, thus leading to a higher cell yield. This indi-
cates that CD56 expression identifies a certain cell subpopula-
tion not only in naive BMSCs [11], but also in expanded one,
extending the clinical relevance of CD56 as a prospective sur-
face marker. Indeed, from a translational point of view, a key
criterion for the applicability of a selection strategy is the possi-
bility to couple it with the achievement of a clinically relevant
cell yield.

Even if attempts of simplification through the selection of
a single marker for distinguishing BMSC subpopulations may
drastically increase the clinical relevance of this approach, the
intrinsic complexity and plasticity of the BMSC system chal-
lenges this conclusion. First, variables related to donor-to-
donor heterogeneity should be taken into consideration.
Results obtained from one donor were not immediately trans-
ferable to other donors, highlighting the importance of consid-
ering larger donor cohorts to achieve robust and generally
applicable hints.

CONCLUSION

Moreover, lessons from different stem cell fields (e.g., cancer
stem cells, hematopoietic stem cells) suggest that a high level
of complexity characterizes stem cells systems. For example,
it starts to be evident that tumor progenitor cells [30], as
well as hematopoietic stem cells [31], are hardly classifiable
through a simple combination of markers, but are most likely
characterized by spatio-temporal plasticity. In a similar fash-
ion, we here propose that the BMSC system may also be
challenged by the same level of complexity: multiple intrinsi-
cally activated pathways and various external parameters
(e.g., donor origin, cell derivation, isolation method, expan-
sion protocol, and so forth) may be involved in determining
the fate of BMSC subpopulations. This awareness should alert
the field approximately the difficulty of identifying univocal
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A

preselection criteria following the current approaches, while
innovative computational
methods eventually able to process multiple variables of the

possibly opening the path to

BMSC system.
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