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Abstract

Mesenchymal stem cells (MSCs) can show trisomy 7; however, the safety of these cells
has not been fully investigated. The purposes of this study were to determine the ratio
of patients whose synovial MSCs were transplanted clinically, to intensively investigate
MSCs with trisomy 7 from a safety perspective, and to follow up the patients for
5 years after transplantation. Synovial MSCs at passage O were transplanted into a
knee for degenerative meniscus tears in 10 patients, and the patients were checked at
5 years. The synovial MSCs were evaluated at passages O to 15 by G-bands and digital
karyotyping, and trisomy 7 was found in 3 of 10 patients. In those three patients, 5%
to 10% of the synovial MSCs showed trisomy 7. The mRNA expressions of representa-
tive oncogenes and genes on chromosome 7 did not differ between MSCs with and
without trisomy 7. Whole-genome sequencing and DNA methylation analysis showed
similar results for MSCs with and without trisomy 7. Transplantation of human synovial
MSCs with trisomy 7 into eight mouse knees did not result in tumor formation under
the skin or in the knees after 8 weeks in any mouse, whereas transplanted HT1080
cells formed tumors. In vitro chondrogenic potentials were similar between MSCs with
and without trisomy 7. Five-year follow-ups revealed no serious adverse events in all
10 human patients, including 3 who had received MSCs with trisomy 7. Overall, our
findings indicated that synovial MSCs with trisomy 7 were comparable with MSCs
without trisomy 7 from a safety perspective.

KEYWORDS

adult stem cells, cell culture, clinical trials, clinical translation, mesenchymal stem cells (MSCs),
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Significance statement
Trisomy 7 was found in 3 of 10 patients who underwent MSC transplantation for meniscus tears. In
the three patients with trisomy 7, 5% to 10% of their synovial MSCs had trisomy 7. No abnormali-

ties were detected in any of the safety tests conducted. No serious adverse events, including tumor
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formation, were observed after 5 years of follow-up in any of the 10 patients who underwent trans-
plantation with MSCs with or without trisomy 7. The results of this study showed that MSCs with

trisomy 7 were comparable to MSCs without trisomy 7 from a safety perspective.

1 | INTRODUCTION

Mesenchymal stem cells (MSCs) are widely used in clinical practice as
a cell source for regenerative medicine.2® MSCs are usually expanded
in vitro to obtain sufficient numbers of cells for transplantation, but
chromosomal mutations may occur during the expansion process.*°
Chromosomal abnormalities are often found in cell dysfunctions rep-
resented by Down's syndrome®’ and in epithelial tumors such as
colorectal cancer®; therefore, cell safety is a great concern when
transplanting cells with chromosomal anomalies.

Various tests, such as soft agar colony formation assays’ and
whole-genome sequencing tests,*® have been conducted to predict
the safety of transplanting embryonic stem (ES) cells and induced plu-
ripotent stem (iPS) cells that have been expanded using conventional
methods. The inclusion of additional tests may increase the safety of
cell therapy, but more tests also increase the time and cost of the
transplantation procedure. Nevertheless, appropriate safety tests
should be established for various cell types.

We have developed a cell therapy for treating difficult-to-heal
meniscus injury using MSCs derived from the synovium of the knee.!
However, trisomy 7 is often found in synovial cells obtained from
patients with osteoarthritis, a disease that occurs with aging.t'"1®
Genes such as EGFR and HGF are coded on chromosome 7, and the
detection of trisomy 7 in epithelial cells has been associated with
tumor formation.’” At present, no detailed analysis has been made of
the relationship between trisomy 7 and tumor formation for synovial
MSCs. The effects of transplantation of synovial MSCs with trisomy
7 are also unknown, and no related safety tests have been
established.

The purpose of this study was to determine the proportion of
synovial MSCs with trisomy 7 in patients who underwent clinical
transplantation, the safety of transplantation of MSCs with trisomy
7, and the occurrence of tumors in patients 5 years after transplanta-
tion of these MSCs.

2 | MATERIALS AND METHODS

21 | Isolation of MSCs

This study was approved by the Medical Research Ethics Committee
of Tokyo Medical and Dental University, and all human study subjects
provided informed consent. For cell transplantation, human synovium
was harvested from the knees of 10 donors (45 + 8 years) during
suturing of degenerative meniscus tears. Synovial MSC cultures with
a high proportion of trisomy 7 were prepared by harvesting synovium
during total knee arthroplasty of the knees of two donors

(65-76 years of age) with osteoarthritis. Synovium for clinical use was

digested in 1 mg/mL Liberase MNP-S GMP Grade (Roche Custom
Biotech, Indianapolis, Indiana) for 3 hours, and synovia for obtaining a
high proportion of MSCs with trisomy 7 was digested in 3 mg/mL col-
lagenase (Sigma-Aldrich by Merck KGaA, Darmstadt, Germany). After
filtration through a 70-pm cell strainer (Greiner Bio-One GmbH,
Frickenhausen, Germany), the cells were cultured at 500 to 2000 cel-
Is/cm? in a cell culture incubator at 37° C and 5% CO, in a-minimum
essential medium («-MEM; Thermo Fisher Scientific, Waltham, Massa-
chusetts) supplemented with 1% antibiotic-antimycotic (Thermo
Fisher Scientific). For serum, we used 10% autologous serum for clini-
cal passage zero (PO) MSCs and 10% fetal bovine serum (Thermo
Fisher Scientific). The cells were counted on an automated cell coun-
ter (Luna-FL, Logos Biosystems, Annandale, Virginia) in a disposable
cell counting plate to determine the numbers of nucleated cells.

2.2 | Ethical approval and consent to participate
This study was conducted in accordance with the Declaration of Hel-
sinki, with the “Guidelines on clinical research using human stem cells”
in Japan, and in conformity with the “Ministerial Ordinance on Good
Clinical Practice for Medical Devices” in Japan. The study was
approved by the Certified Special Committees for Regenerative Medi-
cine at Tokyo Medical and Dental University. The protocol was
enrolled in a database at the National University Hospital Council of
Japan (UMIN Clinical Trials Registry) and disclosed (UMIN
No. 000011881 and 000017890). The purpose of these two clinical
studies was to evaluate the 24-week safety, efficacy, and practicality
of transplantation of autologous synovial MSCs to an injured medial
meniscus (UMIN No. 000011881) or to an injured lateral meniscus
(UMIN No. 000017890).

We were unable to recognize whether a patient had trisomy 7 at
the time of transplantation. However, the presence or absence of tri-
somy 7, as defined by the G-band test, was a monitoring item that did
not appear to affect the performance of the transplantation since the
primary MSCs were transplanted 2 weeks after harvesting the syno-
vial MSCs and the G-band test results for trisomy 7 were not available
until several days later. Therefore, we initially obtained informed con-
sent without mentioning trisomy 7. However, upon detecting trisomy

7, we updated the consent form as follows:

1. The cell preparation used for transplantation may contain cells that
are positive for trisomy 7.

2. At the time of transplantation, the presence or absence of cells
with trisomy 7 in the transplanted cell preparation is not known.

3. Based on previous reports, the risk of tumor formation after trans-
plantation is low, even if the transplanted cell preparation contains

some cells that are positive for trisomy 7.
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4. The presence of cells with trisomy 7 in the transplanted cell popu-
lation will be divulged only to subjects who wish to know this

information.

This updated consent form was approved, informed consent was
then obtained from all subjects, and the clinical studies were
completed.

The purpose of the current study was to investigate the safety of
using MSCs with trisomy 7 by examining patients 5 years after the trans-
plantation. This study was positioned as a follow-up study to
UMIN000011881 and UMINO00017890. The study was approved by
the Medical Research Ethics Committee of Tokyo Medical and Dental
University (M2000-2121), and genome analysis was approved by the
institutional ethics committees (G2000-211) in accordance with

the ethical guidelines for human genome/gene analysis research in Japan.

2.3 | Cell transplantation into human knee joints
A suspension of PO synovial MSCs was placed on the repaired menis-
cus 14 days after suturing the degenerative meniscus tear. The cells
were allowed to adhere to the meniscus and surrounding synovium by
maintaining the knee position for 10 minutes. On the next day, the
patient was allowed to bend the knee and walk with a partial load.

24 | G-bands

MSC culture for the G-band test was performed simultaneously with the
MSC culture for transplantation. Before MSCs became confluent, they
were incubated with 1 pg/mL colcemid for 2 hours at 37°C, trypsinized,
and processed by standard procedures (BML Inc., Tokyo, Japan) according
to the International System of Human Cytogenetic Nomenclature (ISCN,
2009). Up to 100 cells were then evaluated by experts in the G-band test.
MSCs with trisomy 7 detected in the G-band test for PO MSCs were con-
sidered positive for trisomy 7, unless noted otherwise.

2.5 | Digital karyotyping

DNA was purified from synovial tissue and synovial MSCs at PO to
P15 using the QlAamp mini kit (Qiagen N.V., Venlo, The Netherlands).
The DNA was sheared to various sizes, generally to an average of
200 bp, using the Covaris Acoustic Shearing method (Covaris,
Woburn, Massachusetts). DNA yield was measured with a Qubit fluo-
rometer (Thermo Fisher Scientific) and the Qubit ds DNA HS assay
(Thermo Fisher Scientific). Sequencing libraries were prepared with
the KAPA Hyper Prep Kit (KAPA Biosystems by Roche Diagnostics
K.K., Basel, Switzerland). Adapter ligation reaction products were puri-
fied with Agencourt AmPure XP reagent (Beckman Coulter, Brea, Cali-
fornia). The DNA samples were then analyzed on a bioanalyzer
(Agilent Technologies, Santa Clara, California). Library amplification

was monitored by real-time polymerase chain reaction (PCR) to avoid

over-amplification. All libraries were sequenced on a HiSeq 2000
instrument (lllumina, Inc., Foster City, California) using single-read
50-bp reads with an index read of 8 bp. Reads were mapped to the
human reference genome hgl9 with Bowtie2 v.2.2.1. PCR duplicate
read pairs were removed using the Picard toolkit.

2.6 | Growth curve

PO MSCs were plated at 50 cells/cm? and cultured for 14 days. Cells
at 70% to 80% confluence were then repeatedly passaged until the
plateau phase. Growth curves were calculated by integrating the theo-
retical number of cells at the time of passage (Figure 1).

2.7 | Soft agar colony assay

MSCs at P3 that showed more than 2% trisomy 7 defined by the G-
banding tests and similar P3 MSCs without trisomy 7 were used for
soft agar colony assays. Hela cells (JCRB9004) obtained from JCRB
Cell Bank (Osaka, Japan) were used as a positive control and were
maintained in Dulbecco's modified Eagle medium (Sigma-Aldrich) sup-
plemented with 10% fetal bovine serum (FBS) and 1% antibiotic-anti-
mycotic. Prewarmed 2x a-MEM containing 20% FBS, 2% antibiotic-
antimycotic, and melted 1.1% agarose (Star by Rikaken HD, Tokyo,
Japan) were mixed and transferred into a well in a 6-cm dish (Nunc by
Thermo Fisher Scientific). The plate was then incubated at room tem-
perature for 30 minutes to allow the bottom agar layer to solidify. A
sample containing 3.0 x 10° cells was dissociated into a single-cell sus-
pension by treatment with 0.25% trypsin-ethylenediaminetetraacetic
acid (EDTA) solution (Thermo Fisher Scientific). The cell suspension
in 2 x a-MEM containing 20% FBS was then mixed with 0.66% agar
and placed onto the bottom agar layer in the plate. The top agar
layers were solidified to avoid gravity-induced anchorage-
dependent cell proliferation at the bottom of the wells. The plates
were incubated for 28 days at 37°C and 5% CO.. Cells in soft agar
were stained with 0.1% p-iodonitro tetrazolium violet (Dojindo
Laboratories, Kumamoto, Japan) after 28 days of culture, and the

colony numbers were counted.

2.8 | RNA sequencing

Total RNA was extracted at P2 to P10 from MSCs showing more than
2% trisomy 7 defined by G-banding tests and from MSCs without tri-
somy 7 using the RNeasy Mini Kit (Qiagen N.V.). The concentration
and quality of the RNA were determined on a Quantus Fluorometer
(Promega Co., Madison, Wisconsin) and an Agilent 2100 Bioanalyzer,
respectively. All samples had RNA integrity number values over
7. Sequencing libraries were prepared using the Agilent SureSelect
Strand-Specific RNA Library Prep for Illumina. Briefly, poly-A RNA
was purified from 300 ng total RNA per sample using oligo dT mag-
netic beads. The libraries were amplified by PCR for 13 cycles and
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FIGURE 1 Schematic diagrams of the
methods in this study. Passage 0 (PO) synovial
mesenchymal stem cells (MSCs) were transplanted
into the knees of 10 patients with degenerative
meniscus injury. Synovial MSCs were additionally
passaged up to P15. The chromosomal aneuploidy
of MSCs at PO to P15 was investigated by G-
banding and digital karyotyping using the DNA
sequence. The safety of MSCs with trisomy 7 was
tested by in vitro assays, in vivo transplantation,
whole-genome sequencing, and DNA methylation
of PO and P10 MSCs with/without trisomy

7. Blood and synovium were used as controls.
MSCs with/without trisomy 7 were also analyzed
for their gene expression profiles and
chondrogenic potentials. Finally, the safety of the
transplantation was evaluated after 5 years in

10 patients transplanted with MSCs with/without
trisomy 7
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then purified with AMPure XP beads. The libraries were sequenced
on an lllumina HiSeq1500 system by single-end 50-bp reads. Repre-
sentative oncogenes were selected and analyzed by RNA sequencing
(RNA-seq). Genes on chromosome 7 were also selected among the
30 134 genes and analyzed by RNA-seq.

2.9 | Clonogenic assay

P5 synovial MSCs with and without trisomy 7 were used for
clonogenic assays. Single propidium iodide-negative cells were directly
sorted by a FACS Aria Ill system (Becton, Dickinson and Company
[BD], Franklin Lakes, New Jersey) into the wells of 96-well plates

containing 200 pL of culture medium. After 21 days, the cells were
stained with 1% crystal violet stain (FUJIFILM Wako Pure Chemical
Industries, Osaka, Japan), and colonies containing more than 10 cells

were considered positive.

2.10 | Senescence-associated p-galactosidase
expression

P5 synovial MSCs with and without trisomy 7 were stained by
SPiDER-BGal (Dojindo Laboratories) and analyzed using a FACS Verse
system (Becton Dickinson). MSCs from four donors were used. Posi-

tive ratios of SA-p Gal cells were quantitatively evaluated.
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211 | MSC transplantation into NOD/SCID mice

In vivo tumorigenicity experiments were performed in compliance
with the Guidelines for Proper Conduct of Animal Experiments
(Science Council of Japan, June 1, 2006). Sixteen male 8-week-old
NOD/ShilJic-scidJcl mouse (CLEA Japan, Inc., Tokyo, Japan) were
used for the experiments, which were approved by the Animal Care
and Use Committee at Tokyo Medical and Dental University
(approval no. A2021-180A). P2 synovial MSCs with more than 20%
trisomy 7, defined by digital karyotyping (Figure S2), were
transplanted into the subcutaneous region and knee joint. HT-1080
cells (@ human sarcoma cell line obtained from JCRB Cell Bank;
JCRB9113) were used as a positive control. Macroscopic and histolog-
ical images were taken 8 weeks after transplantation with MSCs and
when the tumor had grown to a maximum diameter of 10 mm for
HT1080 cells. For histological observation of the knee, the whole
knee joint was fixed in 4% paraformaldehyde, decalcified in 20%
EDTA, and then embedded in paraffin wax. The specimens were sta-
ined with hematoxylin and eosin.

2.12 | Whole-genome sequence
Libraries for whole-genome sequencing were prepared from 200 ng
genomic DNA extracted from synovial tissue, PO and P10 synovial MSCs,
and whole blood samples as starting materials, following the kit manufac-
turer's instructions. After shearing genomic DNAs using Covaris, we made
libraries with the KAPA Hyper Prep Kit (Kapa Biosystems) without PCR.
Cluster generation was done with the HiSeq PE Cluster Kit v4 cBot
(Ilumina). Whole-genome sequencing was performed with the HiSeq SBS
Kit v4 using HiSeq2500 in the 2 x 126 PE mode. The primary base call
files were converted into the FASTQ format using bcl2fastq 1.8.4
(lumina). Adaptor sequences were removed using TrimGalore 0.4.1.
Low-quality reads were trimmed using qcleaner 3.1 (Amelieff), which has
functions equivalent to those of the FASTX-Toolkit FASTQ/A Trimmer.
The sequenced reads were mapped to the reference human genome
(hg19) using BWA-MEM 0.7.10_r876. The optional parameters of BWA-
MEM were the default for Genomon and —TO for Genomon2. The final
BAM files were filtered for PCR-duplicated reads using Novosort 1.03.01
(Novocraft Technologies, Selangor, Malaysia). We have used Genomon
and Genomon2 (v2.0.5) to detect single-nucleotide variants (SNVs) and
insertions/deletions (SNVs/indels) in samples vs controls (whole blood
and synovium) (Figure 1). The results of the SNV/indel results from Gen-
omon were filtered to yield a Fisher's P value <.001, strand ratio 0 or
1, and variant allele frequency (VAF) of control <0.1. The results of SNVs/
indels from Genomon2 were filtered to yield a P value (Fisher) 21.0,
P value (fisher_realignment) 21.0, P value (EBCall) 23.0, strand ratio #0,1,
and variantPairNum_tumor >4.

We also filtered SNVs/indels according to the following criteria:
(a) the SNVs/indels in coding sequence (CDS) and splicing regions
were selected; (b) synonymous SNVs were excluded; (c) the SNVs/
indels for samples with a VAF more than fivefold greater than the
VAF of controls and a VAF 20.05 were selected.

We performed copy number variant (CNV) analysis using VarScan2
(ver. 2.4.2) and Delly (ver. 0.5.6) with the final BAM files used in per-
forming Genomon. The candidate CNVs were manually curated using

GenomelJack, a genome viewer developed by Mitsubishi Space Software.

213 | DNA methylation analyses

A 500 ng sample of genomic DNA from synovial tissue, PO and P10
synovial MSCs, and whole blood samples was subjected to bisulfite
conversion using the EZ DNA Methylation kit (Zymo Research, Irvine,
California). DNA methylation profiling of the bisulfite-converted DNA
was performed using the HumanMethylation450 DNA Analysis kit
(lllumina), according to the manufacturer's instructions. All DNA meth-
ylation analyses were done using RnBeads version 1.2.1%® in R3.2.3%Y
and the default parameters, unless otherwise stated. The idat files
were loaded into RnBeads and quality controls were performed. The
background was then subtracted using the noob method in
the methylumi package,® and the beta values were normalized using
the beta mixture quantile dilation (BMIQ) normalization method.?!
The processed beta values of the 1000 most variable loci were visual-
ized as a heatmap, and hierarchical clustering was performed using a
correlation-based dissimilarity metric and average linkage. Principal
component analyses were performed to illustrate the global methyla-
tion patterns of the samples. The locations of promoters were defined
as the regions spanning 1.5 kb upstream and 0.5 kb downstream of
the transcription start site (TSS) of genes (Ensembl Genes 75). CpG
islands were annotated using the CpG island track of the UCSC

Genome browser. We used the region sets provided with RnBeads.

214 | Chondrogenic differentiation

MSCs from six donors with and without trisomy 7 were harvested at
P2 in a cell-dissociation buffer. A total of 2.5 x 10° cells were trans-
ferred to a 15-mL tube (BD Falcon, New Jersey) and cultured in
chondrogenic induction medium containing 10 ng/mL transforming
growth factor-p3 (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) and 1 pg/mL bone morphogenetic protein 2 (Medtronic,
Memphis, Tennessee); the medium was changed every 3 to 4 days.
After 21 days, chondrogenic differentiated cells were analyzed by
staining with safranin O (Fujifilm Wako), and DNA was extracted.??
Chondrogenic ability was evaluated by wet weight, as described

previously.2324

2.15 | Surface markers

PO MSCs with trisomy 7 from three donors and without trisomy
7 from three donors were analyzed by FACS Verse (BD). The cells
were suspended in Hank's balanced salt solution at a density of
5 x 10° cells/mL and stained for 30 minutes on ice with antibodies,
CD44, CD73, CD90, CD105, CD11b, CD14, CD31, CD45, CD146,
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CD271, and SSEA3 (all from BD). The data were analyzed using
FACSuite software (BD).

216 | Follow-up

All 10 patients underwent an magnetic resonance imaging (MRI) at
2 years and again at 3 years if they requested it. They were checked
by orthopedic surgeons after

every year until 5vyears

transplantation.

217 | Statistical analysis

Data were statistically evaluated by analysis of variance using Gra-
phPad Prism 8 (GraphPad Software, La Jolla, California). All statistical
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analysis methods are described in the figure legends. Two-tailed

P values of <.05 were considered statistically significant.

3 | RESULTS

3.1 | Overview of the methods

Autologous PO synovial MSCs were transplanted into the knees of
10 patients with degenerative meniscus injury. Synovial MSCs were
additionally passaged up to P15 and examined for chromosomal aneu-
ploidy, especially trisomy 7. MSCs with trisomy 7 were analyzed from
the viewpoints of safety, DNA methylation, gene expression profiles,
and chondrogenic potential. Finally, the safety of the 10 patients
transplanted with MSCs with/without trisomy 7 was evaluated after

5 years (Figure 1).
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FIGURE 2 Proportion of number of MSCs with trisomy 7 to total number of MSCs. A, The proportion of MSCs with trisomy 7 in 100 cells at
PO to P15 by the G-band method in 10 patients. B, The proportion of chromosome 7 copy number to disomic chromosome 7 copy number by
digital karyotyping in PO to P15 MSCs in 10 patients. C, Representative results of the proportion of chromosomal copy number to disomic
chromosomal copy number obtained by digital karyotyping of PO MSCs with/without trisomy 7. D, The proportion of chromosome 7 copy
number to disomic chromosome 7 copy number obtained by digital karyotyping and the G-band method in PO MSCs with trisomy 7 in three
patients. Average + SD is shown (n = 3). E, The age distribution of patients who had and did not have trisomy 7 in PO MSCs defined by the G-
band method. Average + SD is shown (Ts7+; n = 3, Ts7—; n = 7). The P value was determined by the Mann-Whitney U test. MSCs, mesenchymal
stem cells; NA, not assigned; Ts7: trisomy 7; Ts7+, patients having MSCs with trisomy 7; Ts7—, patients having MSCs without trisomy 7
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3.2 | Proportion of number of MSCs with trisomy
7 to total number of MSCs

The influence of MSC passaging on the proportion of trisomy 7 ana-
lyzed by G-band and digital karyotyping showed two patterns: “invari-
ant” and “increase and decrease” (Figure 2A,B). The proportion of
MSCs with trisomy 7 determined by digital karyotyping was signifi-
cantly correlated with the proportion determined by the G-band
method (Figure S1). Detailed chromosomal aneuploidies analyzed by
G-band and digital karyotyping are shown in Tables S1 and S2. Digital
karyotyping defines the copy number of a normal disomic chromo-
some as 1.00. Using 5% or more as a definition of positive trisomy, tri-
somy 7 was found in 3 of the 10 patients (Figure 2C). The proportion
of PO MSCs with trisomy 7 was 8%, on average, based on digital
karyotyping and 2%, on average, based on the G-band method
(Figure 2D). The age distributions did not differ between patients who
had and did not have trisomy 7 in PO MSCs, as determined by digital
karyotyping (Figure 2E). To determine whether trisomy 7 was origi-
nally present in the original tissue or had been induced by culture
manipulation, we performed digital karyotyping using DNA extracted
from synovial tissue and found that trisomy 7 was also present in the

original tissue (Figure S2).

3.3 | Conventional safety tests for MSCs with
trisomy 7

The growth curves from PO to P15 for MSCs with and without trisomy
7 did not show any abnormalities (Figure 3A). Soft-agar colony forma-
tion assay showed colony formation in Hela cells as a positive control
but not in MSCs with trisomy 7 (Figure 3B). The mRNA expressions of
the oncogenes CDKN1A, CDKN2A, MYC, and KIT did not differ between
MSCs with and without trisomy 7 (Figure 3C). Clonogenic assays
showed no differences in colony formation rates between MSCs with
and without trisomy 7 (Figure 3D). No differences were observed in
senescence-associated beta-galactosidase (SA-B-gal)-positive  cells
between MSCs with and without trisomy 7 (Figure 3E). The mice
transplanted with HT1080 cells under the skin and in the knees formed
tumors, while those transplanted with MSCs with trisomy 7 did not

form tumors in any of the eight mice after 8 weeks (Figure 3F).

3.4 | Whole-genome sequence of MSCs with and
without trisomy 7

No de novo SNVs or indels were observed for the CDS and splicing
regions in the PO MSCs without trisomy 7 or in the P10 MSCs with
trisomy 7 when compared with whole blood and synovium controls
(Table 1). Large chromosome abnormalities due to trisomy 7 were
detected by digital karyotyping, and smaller CNVs were investigated
with whole-genome sequencing data using VarScan2 and Delly. No de
novo CNVs, except for trisomy 7, were found in PO MSCs without tri-
somy 7 or in P10 MSCs with trisomy 7 (Table 1).

3.5 | DNA methylation in MSCs with trisomy 7
Methylation analysis was conducted on whole blood, synovium, PO
MSCs, and P10 MSCs from patients 02 and 03. In patient 02, trisomy
7 was detected in 1 of 50 in PO MSCs by the G-band method, but no
trisomy 7 was detected at P10. In patient 03, cells with trisomy 7 were
not detected at PO, but their proportion increased to 32% at P10.
Each of the promoters and CpG islands was subjected to hierarchical
clustering analyses using the beta values of the 1000 most variable
loci (Figure 4A). Principal component analyses revealed that each cell
type exhibited similar methylation patterns across patients, regardless
of the presence or absence of chromosomal aneuploidy (Figure 4B).

3.6 | Expression profiles of MSCs with trisomy 7
MSCs with more than 2% trisomy 7 in the G-banding test were
defined as positive. The expression profiles of 372 genes on chromo-
some 7 (Table S3) were similar between trisomy 7 positive and nega-
tive MSCs (Figure 5A). A more detailed analysis of genes on
chromosome 7 also showed no differences in the expression of EGFR,
HGF, IL6, PPIA, and CAV2 between the two groups (Figure 5B).

3.7 | Chondrogenic potential of MSCs with
trisomy 7

MSCs with and without trisomy 7 were differentiated into cartilage
pellets and confirmed histologically (Figure 5C). Quantitative analysis
showed that the wet weights of the cartilage pellets were comparable
(Figure 5C). The copy number of trisomy 7 did not differ in MSCs with

trisomy 7 after chondrogenic differentiation (Figure 5D).

3.8 | Surface markers of MSCs with trisomy 7

The positive rates of surface markers in MSCs with trisomy 7 were
more than 90% for CD44, CD73, CD90, and CD105, 10% to 30% for
CD271 and SSEA3, and less than 5% for CD11b, CD14, CD31, CD45,
and CD146 (Figure 5E). These rates were comparable with those
observed in MSCs without trisomy 7.

3.9 | Follow-up of 10 patients for 5 years after
MSC transplantation

Autologous PO synovial MSCs, which were intensively investigated in this
study, had been transplanted into the knees of 10 patients with degener-
ative meniscus injury. Representative MRI images showed that the menis-
cus tear was obscured 3 years after transplantation (Figure 6A). The
5-year follow-up revealed no serious adverse events, including tumor for-
mation, in all 10 patients, including the 3 patients who had undergone

transplantation with MSCs with trisomy 7 (Figure 6B).
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FIGURE 3 Safety tests for MSCs with trisomy 7. A, Growth curve of MSCs with/without trisomy 7. B, Soft agar colony formation assays for
MSCs with/without trisomy 7 and for HeLa cells. C, mRNA expression of oncogenes. Average + SD is shown (n = 6). P values were determined
by the Mann-Whitney U test. D, Clonogenic assay of MSCs with/without trisomy 7. One cell of patients 02 and 03 at P5 was plated in a well of a
96-well plate. The colonies containing more than 10 cells were considered positive. Representative images of 96-well plates at 21 days of culture
and the rate of wells with colonies are shown. Average + SD is shown (n = 3). P values were determined by the Mann-Whitney U test. E,
Senescence-associated f$-gal assay of MSCs with/without trisomy 7 at P5. Representative histograms from flow cytometric analysis for SA-p-gal
positive cells are shown in red and for isotype control in gray. The positive ratio of SA-p Gal cells is also shown as average + SD (n = 4). P values
were determined by the Mann-Whitney U test. F, Transplantation of MSCs with trisomy 7 into subcutaneous tissues and knee joints of mice. HT-
1080 cells were used as a positive control. Images were taken 8 weeks after transplantation for MSCs and when the tumor had grown to a
maximum diameter of 10 mm for HT1080 cells. Injection sites are indicated by arrows. CDKN1A, cyclin-dependent kinase inhibitor 1A; CDKN2A,
cyclin-dependent kinase inhibitor 2A; FPKM, fragments per kilobase of transcript per million fragments sequenced; MSCs, mesenchymal stem
cells; MYC, MYC proto-oncogene, bHLH transcription factor; SA-B-gal, senescence-associated beta-galactosidase; TP53, tumor protein p53; KIT,
KIT proto-oncogene, receptor tyrosine kinase
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TABLE 1 Summary of the genome analysis
Patient 03
# of detected
SNVs/indels # of detected
on CDS and CNVs except
Control Test sample splicing region for Ts 7+
Blood Synovium 0 0
PO MSCs (Ts 7-) 0 0
P10 MSCs (Ts 7+) 0 0
Synovium Blood 0 0
PO MSCs (Ts 7-) 0 0
P10 MSCs (Ts 7+) 0 0

Abbreviations: CDS, coding sequence; CNV, copy number variant; indels:
insertion/deletion; MSC, mesenchymal stem cell; PO, passage O; P10,
passage 10; SNV, single-nucleotide variants; Ts7, trisomy 7.
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4 | DISCUSSION

The original purpose of the two clinical studies had been to evaluate
the safety, efficacy, and practicality of autologous synovial MSCs
24 weeks after transplantation to an injured meniscus. We had been
unable to recognize whether the patient had trisomy 7 at the time of
transplantation. After detecting trisomy 7, we updated the consent
form and continued with the clinical studies. We rationalized the
safety of transplantation of synovial MSCs with trisomy 7 in four
ways. First, trisomy 7 is often found in synovial cells and chondrocytes

8,13,15,25

in patients with osteoarthritis, a condition often associated

with meniscus injuries.2¢?” Second, previous reports suggested that
trisomy 7 did not occur during cell culture but was originally present
in the patient's own cells.*2° Third, the risk of tumor formation was
minimal because the transplanted cells were primary synovial MSCs.

Fourth, the most of the synovial MSCs attached to the synovium and

FIGURE 4 Comparison of DNA
methylation between mesenchymal stem
cells (MSCs) with trisomy 7 and without
trisomy 7. A, Hierarchical clustering
analyses using the beta values of the
1000 most variable loci for methylation of
promoters and methylation of CpG
islands. B, Principal component analyses
using the beta values of promoters for
methylation of promoters and
methylation of CpG islands
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FIGURE 5 Gene expression profiles (A) Heat map of mMRNA expression on chromosome 7 (372 genes)

and chondrogenic potentials of MSCs
with and without trisomy 7. A, Heatmap
of mRNA expression on chromosome

7 (372 genes). B, The mRNA expression
of representative genes on chromosome
7. Average + SD is shown (n = 6). P
values were determined by the Mann-
Whitney U test. C, Chondrogenesis
potential of MSCs with trisomy
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did not migrate to distant organs.?® An updated consent form was
approved, informed consent was obtained from all subjects, and the
clinical studies were completed.

Chromosomal aneuploidy was mainly observed as trisomy 7 in the
primary MSCs and the passaged MSCs. Karyotype abnormalities, and
especially trisomy 7, have been detected by G-banding, fluorescence
in situ hybridization (FISH), or array-based comparative genomic
hybridization in synovial cells and chondrocytes in patients with oste-
oarthritis.1*"1% The proportion of trisomy 7 has also been reported to
increase in response to the pathological conditions from joint trauma

in osteoarthritis.2> Noncongenital trisomy 7 has been found in

macrophages derived from broncho-alveolar lavage fluid in chronic
obstructive pulmonary disease, and this may reflect an inflammatory
response.?> Degenerative meniscus tears are closely associated with
the onset of osteoarthritis of the knee,?? and this could explain why
our patients had a high proportion of trisomy 7. Trisomy 7 is also prev-
alent in other tissues, such as the colon, kidney, and skin, and the pro-
portions of trisomy 7 can increase with age.? In our study, we found
no significant difference in age between MSCs with and without tri-
somy 7, which might reflect the small age distribution in our patients.
We evaluated trisomy 7 on sequentially passaged MSCs using

both digital karyotyping and the G-band method. These evaluations,
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FIGURE 6 Follow-up of 10 patients for 5 years after

mesenchymal stem cell (MSC) transplantation. A, Representative
magnetic resonance imaging (MRI) of the meniscus before and 3 years
after cell transplantation. Yellow arrow shows a meniscus
degenerative tear. (B) Follow-up results on tumorigenesis

plus FISH, are the major karyotyping methods, and each has its advan-
tages and disadvantages. The G-band assay is a conventional method
that can determine chromosome structural abnormalities, such as
ploidy, aneuploidy, and translocations, but it can only visualize meta-
phase chromosomes and analyze, at most, 100 cells per sample. FISH
can provide more direct information on the chromosomal location of
genes, but the number of cells that can be observed is still limited.
Digital karyotyping can reveal the proportion of chromosomal aneu-
ploidy, regardless of mitotic phase, and can analyze data from a large
number of cells. In this study, we used approximately 200 ng of DNA
for digital karyotyping. Assuming that each human cell contains 6.6 pg
of DNA,% this meant that we analyzed at least 1 x 10* cells. How-
ever, digital karyotyping analysis has two disadvantages: it cannot
detect translocations and it cannot detect trisomy 7 with a positive
rate of less than 5%. Therefore, we used G-banding as the main
method and digital karyotype analysis as a supportive measure.

The proportion of MSCs with trisomy 7 increased or decreased
with passages in many cases. MSCs are heterogeneous cell
populations and form a large number of colonies with various prolifer-
ative properties.>**2 In general, highly proliferative cells become the
dominant populations after multiple passages.’® The proportion of
MSCs with trisomy 7 did not continue to increase, suggesting that
these cells do not have a specifically high proliferative capacity.

We performed at least six different experiments to evaluate the

tumorigenicity of synovial MSCs with trisomy 7. Synovial MSCs with

trisomy 7 did not acquire abnormal proliferative potential according
to the growth curve analysis. In addition, synovial MSCs with trisomy
7 did not induce scaffold-independence or clonal proliferative poten-
tial, nor did they express oncogenes or show an increase in specific
senescent cells. Furthermore, similar to the safety test for iPS cells,>®
synovial MSCs with trisomy 7 did not form tumors after transplanta-
tion into the subcutaneous region and knees of NOD/SCID mice. Our
intensive analysis of synovial MSCs with trisomy 7 for tumorigenesis
did not reveal any specific features.

The SNV/indel and CNV analysis of whole-genome sequence
data suggested that chromosome 7 maintained a normal genetic
sequence, in contrast to the dynamic alteration of the chromosomes.
Analysis of DNA methylation, which was used for cell quality
control,®* showed passage-dependent changes in cell characteristics,
but no differences associated with the presence or absence of trisomy
7. However, many studies have reported an increase in chromosomes
that leads to changes in cellular phenotypes.3>3¢

Chromosome 7 contains numerous important genes, including
EGFR and HGF, and several reports indicate that abnormalities in chro-
mosomes are involved in disease. For example, cells isolated from
Down syndrome patients with trisomy 21 showed significantly slower
growth and altered mRNA expression profiles.®” Similarly, ES cells
with spontaneous trisomy also showed altered gene expression pro-
files.®” Aneuploid cells induced with additional chromosomes could
also present a different transcriptome expression profile compared
with normal cells.®8%? Trisomy 7 is frequently observed in colorectal
cancer as an initiation event with abnormal expression of EGFR
encoded by chromosome 7.17 The association between chromosome
7 and osteoarthritis has been reported by a genome-wide association
study of 1341 Dutch Caucasian cases, in which 7g22 was detected as
a novel common mutation affecting the prevalence and progression
of osteoarthritis.*® However, whether trisomy 7 is a cause or a
consequence of osteoarthritis is not clear.

The expression of representative genes on chromosome 7 was sim-
ilar between MSCs with and without trisomy 7 in this study. This is
probably because MSCs with trisomy 7 accounted, at most, for 10% of
the cell population. In addition, chromosome 7 spans about 159 million
DNA base pairs and represents only 5 of the total DNA in cells,?
the influence of the cells with trisomy 7 may have been masked when
the mRNA expression of the entire cell population was determined. If
we had been able to obtain a larger proportion of MSCs with trisomy
7, we might have been able to identify the function of trisomy 7.

The chondrogenesis potential of MSCs was evaluated based on the
pellet weight. During in vitro chondrogenesis of MSCs, the pellet increased
in weight, the DNA vyield per pellet decreased, and the amount of DNA

per cell was maintained.*?

These observations mean that the increase in
pellet weight can be caused by the production of extracellular matrix,
rather than by cell proliferation. The pellet weight was also correlated with
the expression of chondrogenic-specific genes and the amounts of glycos-
aminoglycans.32#34 The pellet weight is therefore a convincing indicator
of in vitro chondrogenesis in a population of MSCs.4>%”

Trisomy 7 was still detected in the cartilage pellets differentiated

from synovial MSCs with trisomy 7. The differentiation potential of cells
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with chromosomal aneuploidy has been reported for ES cells or tissue
stem cells. Cells with trisomy artificially generated from mouse ES cells
had a normal proliferative and colony-forming potential, but no differ-
entiation potential*® Conversely, cells with trisomy 7 observed in a
human neural progenitor cell population showed increased proliferative
capacity, improved survival, and increased expression of EGFR on chro-
mosome 7 after transplantation into rats.*° In other words, although a
loss of differentiation ability has been verified using undifferentiated
cells, such as ES cells, the differentiation ability may be maintained in
tissue-specific stem cells. Our results showing that trisomy 7 did not
affect the in vitro chondrogenic differentiation suggest that trisomy
7 also has no effect on chondrogenic differentiation in vivo.

The present results suggest that transplantation of autologous syno-
vial MSCs into the knee joint does not cause serious problems, since
in vivo chromosomal aneuploidy is preserved if the number of passages is
small. However, the type of problems that may arise in the case of alloge-
neic transplantation is not known. Even when MSCs are derived from the
same cell source, different types of risks may exist depending on the route
of transplantation. Therefore, each therapeutic target requires its own risk
management strategy. Synovial MSCs transplanted into a joint, as in this

case, remain in the jointz&50

and have little effect on the whole body.
However, MSCs administered intravenously can adhere to various tissues,
such as the lungs, where they are maintained for a long time,>! so they
may present as yet unknown risks in the future. The results of this study
do not indicate that a uniform management approach can be applied with-
out consideration of the type or method of administration of MSCs.

This study had some limitations. The most important limitation was
that the maximum proportion of trisomy 7 in synovial MSCs was only
10%. This proportion might have been too small to detect phenotypes of
synovial MSCs with trisomy 7, or the phenotypes might have been silenced
on the chromosome. Further clarification will require simultaneous analysis

of single-cell genome sequencing and single-cell MRNA analysis.>?

5 | CONCLUSION

Trisomy 7 was found in 3 of 10 patients who underwent MSC trans-
plantation for meniscus tears. In the 3 patients with trisomy 7, 5% to
10% of their synovial MSCs had trisomy 7. No abnormalities were
detected in any of the safety tests conducted. No serious adverse
events, including tumor formation, were observed after 5 years of
follow-up in any of the 10 patients who underwent transplantation
with MSCs with or without trisomy 7. Synovial MSCs with trisomy
7 were comparable with MSCs without trisomy 7 from a safety

perspective, as far as we could investigate in this study.
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