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A B S T R A C T

Background: Adult skin fibroblasts represent the most common starting cell type used to generate human
induced pluripotent stem cells (F-hiPSC) for clinical studies. Yet, a foetal source would offer unique advan-
tages, primarily the absence of accumulated somatic mutations. Herein, we generated hiPSC from cord blood
multipotent mesenchymal stromal cells (MSC-hiPSC) and compared them with F-hiPSC. Assessment of the
full activation of the pluripotency gene regulatory network (PGRN) focused on circular RNA (circRNA),
recently proposed to participate in the control of pluripotency.
Methods: Reprogramming was achieved by a footprint-free strategy. Self-renewal and pluripotency of cord blood
MSC-hiPSC were investigated in vitro and in vivo, compared to parental MSC, to embryonic stem cells and to
F-hiPSC. High-throughput array-based approaches and bioinformatics analyses were applied to address the PGRN.
Findings: Cord blood MSC-hiPSC successfully acquired a complete pluripotent identity. Functional comparison
with F-hiPSC showed no differences in terms of i) generation of mesenchymal-like derivatives, ii) their subse-
quent adipogenic, osteogenic and chondrogenic commitment, and iii) their hematopoietic support ability. At the
transcriptional level, specific subsets of mRNA, miRNA and circRNA (n = 4,429) were evidenced, casting a further
layer of complexity on the PGRN regulatory crosstalk.
Interpretation: A circRNA map of transcripts associated to naïve and primed pluripotency is provided for
hiPSC of clinical-grade foetal origin, offering insights on still unreported regulatory circuits of the PGRN to
consider for the optimization and development of efficient differentiation protocols for clinical translation.
Funding: This research was funded by Ricerca Corrente 2012�2018 by the Italian Ministry of Health.
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1. Introduction

As of 2017, the first in-human clinical application of allogeneic
human induced pluripotent stem cell (hiPSC) for tissue replacement
approaches has become a reality, following pioneering autologous
studies [1,2]. This landmark transplantation success renewed the inter-
est in hiPSC-based pre-clinical and clinical studies. Yet, the majority of
them still rely on the use of fibroblast-derived hiPSC (F-hiPSC), starting
from tissue biopsies [3]. Indeed, the issue of the best cell source to gen-
erate hiPSC is still ongoing, as well as the debate on how heavily and to
what extent hiPSC retain memory of the parental cell type and tissue
of origin [4�9]. Inefficient and incomplete generation of differentiated
hiPSC progeny is another bottleneck that needs to be solved before
hiPSC can be successfully moved from bench to bedside. To this regard,
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Research in context

Evidence before study

The interest in human induced pluripotent stem cell (hiPSC)
for tissue replacement approaches is at its maximum. Yet, a
debate on the best cell source for hiPSC is ongoing, mainly
dealing with risks associated with the use of adult fibroblasts
as hiPSC cell source, such as accumulation of somatic muta-
tions, transmission of infections and influence on differentia-
tion properties due to memory of the tissue of origin. To this
regard, the regulatory circuit controlling hiPSC pluripotency
and cell fate decisions is the pluripotency gene regulatory
network (PGRN), which implies a crosstalk between specific
subsets of transcripts. Circular RNA (circRNA) were recently
proposed as novel players of the PGRN. Our previous studies
have focused on the use of cord blood as source of clinical-grade
stem cells, while underpinning the crucial role of circRNA in
sustaining stem cell identity.

Added value of this study

We applied a footprint-free approach to generate hiPSC from
cord blood. This cell source offers unique advantaged over biop-
sies of adult tissue, such as no accumulation of somatic muta-
tions, low risk of viral or environmental contamination, low
immunogenicity, availability of clinical-grade, HLA-typed cord
blood units at international networks of public banks. These
hiPSC were functionally undistinguishable from fibroblast-
derived hiPSC. A set of 4429 circRNA with potential roles in
hiPSC biology were defined.

Implications of all available evidence

Cord blood hiPSC showing fully acquisition of the pluripotent
identity represent a better alternative than fibroblast-derived
hiPSC and could be readily implemented in translational clinical
studies. Key insights on the fine tuning of primed and naïve
pluripotent states by circRNA were provided, laying the ground
for future studies on optimized protocols for the obtainment of
hiPSC differentiated derivatives for clinical applications.
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self-renewal and cell fate decisions of pluripotent stem cells (PSC) are
governed by the pluripotency gene regulatory network (PGRN). A suc-
cessful reprogramming process entails the complete activation of the
PGRN to induce and stably sustain the newly acquired pluripotent
identity. Its most studied components are OCT4, SOX2 and NANOG
core PGRN transcription factors [10]. Yet, also micro RNA (miRNA),
such as those belonging to the miRNA 302/367 cluster [11] and, very
recently, circular RNA (circRNA) were shown to possibly intervene in
the maintenance of this regulatory circuit [12�14]. As miRNA, circRNA
are a class of non-coding RNA with regulatory functions, even though
the production of truncated peptides originating from the translation
of a circRNA has been reported [15]. CircRNA originate from back-
splicing events of RNA transcripts, leading to 30�50 covalent bonds and
consequent circularization [16]. They can be produced from both genic
and intergenic DNA regions. In the former case, they can include
exonic, intronic, and 50/30-untranslated regions sequences. The exis-
tence of circRNA was proposed more than 20 years ago, even though
they were considered functionless by-products of mRNA splicing for a
long time [17,18]. Nevertheless, the highly conservation across species,
the large number of endogenous circRNA identified in various tissues,
at different developmental stages, suggest that circRNA have relevant
functions to play in cellular biology and fate determination choices
[19�24]. The main mechanism of action of circRNA appear to be the
“sponging” of miRNA thanks to complementary docking sites along
their RNA primary sequences [12,20,25,26]. Other reported phenomena
involve the interaction with RNA molecules via RNA-binding sites
to regulate transcription [27] or with proteins via protein-binding
sites to regulate pre-mRNA splicing [28] or cell cycle [29]. Up to
date, a comprehensive network elucidating the precise role of
circRNA in the modulation of miRNA post-transcriptional regulatory
activity on stemness-associated messenger RNA (mRNA) is still missing.

Herein, we successfully generated hiPSC from cord blood multipo-
tent mesenchymal stromal cells, a foetal cell type. The use of cord blood
over other tissues presents many advantages. First, cord blood cells pos-
sess juvenile and naïve features, such as low immunogenicity [30�32]
and presence of less committed progenitor cells [33,34]. In addition,
unlike skin cells, cord blood cells are not exposed to UV irradiation,
which leads to accumulation of somatic mutations [35�37]. Further-
more, cord blood is less exposed to risk of environmental and viral con-
tamination, thanks to the placental maternal-foetal barrier [38�40].
Finally, cord blood units are already available for research and clinical
studies at international networks of public banks [41,42]. In this work,
we thoroughly addressed the acquisition of self-renewal and differenti-
ation capabilities by state-of-the-art assays and deeper and more spe-
cific analyses at both the cellular and molecular level. For the former,
we addressed differentiation and functional properties of mesenchy-
mal-like derivatives in comparison with those by F-hiPSC. For the latter,
we focused on the possible role of circRNA as novel players of the PGRN
via regulation of miRNA activity. As a result, we outlined a map of inter-
actions between pluripotency-associated mRNA and miRNA, descend-
ing from hiPSC top expressed circRNA, offering new insights on
pathways possibly regulating pluripotency and cell fate decisions for
the optimization of differentiation protocols to obtain hiPSC derivatives
for clinical application.

2. Materials and methods

2.1. Ethics

All experiments were performed according to the amended
Declaration of Helsinki. Informed consent by cord blood donors
was obtained for research under resolution n° VII/18,653 by Lom-
bardy Region, Italy, and evaluation by the Ethical Committee of
Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico n°
1982, 14th January 2020.

2.2. Multipotent mesenchymal stromal cell culture

Human long-living cord blood multipotent mesenchymal stromal
cells (MSC) derived from a cord blood unit of a normal term delivery
of a male new-born were fully characterized in previous works by
our group [43�46] and were herein used, following standard culture
conditions [44]. To clarify terminology: “long-living” refers to higher
lifespan compared to other cord blood stromal cell types [44,45];
“multipotent mesenchymal” refers to specific immunophenotype
and in vitro tri-lineage multipotent properties [43�46] in accordance
to ISCT guidelines [47,48]; “stromal” refers to growth in adherence
and to depletion of hematopoietic cell types for MSC isolation [44].
Standard MSC medium was aMEM-GlutaMAX (32,561; Gibco, Carlsbad,
CA, USA) 20% FBS (10,099,141; Gibco).

2.3. Reprogramming to pluripotency

CytoTune-iPS 2.0 Sendai Reprogramming kit (A16517; Thermo
Fisher Scientific, Waltham, MA, USA) was used to generate human
induced pluripotent stem cells from cord blood MSC (MSC-hiPSC).
MSC cultured in standard MSC medium were transduced with Cyto-
Tune-iPS 2.0 Sendai Reprogramming vectors as follows: KOS vector,
harbouring human KLF4, OCT4 and SOX2, at multiplicity of infection
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(MOI) = 5; M vector, harbouring human c-MYC, at MOI = 5; K vector,
harbouring human KLF4, at MOI = 3. Transduced cells were incubated
overnight at 37 °C, 5% CO2. The day after, the medium containing viral
particles was removed and fresh standard MSC medium was added.
Medium changes were performed every other day until transduced
cells were detached and transferred onto PSC-qualified Matrigel
(354,277; BD, Franklin Lakes, NJ, USA)-coated culture Petri dishes
(Sarstedt, N€umbrecht, Germany), one week after infection. The day
after, standard MSC medium was switched to StemMACS iPS-Brew
XF PSC medium (130�104�368; Miltenyi Biotec, Gladbach, Ger-
many). Next, the medium was replaced every other day and the cul-
tures were monitored for the emergence of MSC-hiPSC colonies
showing the typical epithelial-like morphology. Single MSC-hiPSC
colonies were clonally subcultured by manual mechanical picking
using a 150mm diameter needle mounted on a stripper micropipette.
The picking was performed under sterile conditions, using a Nikon
Eclipse TS100 microscope (Nikon, Tokyo, Japan) placed inside a lami-
nar flow hood and an external monitor. MSC-hiPSC colony clumps of
20�200 cells were seeded onto PSC-qualified Matrigel-coated culture
Petri dishes in StemMACS medium to establish MSC-hiPSC lines.
Bright field images of MSC-hiPSC cultures were taken with a Nikon
Eclipse Ti microscope (Nikon).

2.4. Pluripotent stem cell culture

hiPSC were expanded onto PSC-qualified Matrigel-coated culture
surfaces in StemMACS iPS-Brew XF chemically defined serum-free
PSC medium, with medium changes performed every day. At 80%
confluence, the colonies were detached by 5 mM ethylenediaminete-
traacetic acid (EDTA; Gibco) non-enzymatic passaging and collected
with Knock Out (KO) medium consisting of KO-DMEM (10,829�018;
Gibco) supplemented with 20% KO-Serum Replacement (KO-SR,
10,828�028; Gibco), 2 mM GlutaMAX (35,050,038; Gibco), 50 mM
2-mercaptoethanol (31,350�010; Gibco), 1 mM sodium pyruvate
(11,360�039; Gibco) and 1 mM non-essential amino acids
(11,140�035; Gibco). hiPSC colonies were reduced to 10�50 cell
clumps by gently pipetting and seeded following 1:3�1:8 split ratio
depending on experimental needs. The day after passaging no fresh
medium was added. Human embryonic stem cell (hESC) H9 (female)
and fibroblast-derived hiPSC (F-hiPSC) lines were provided by Prof.
Elvassore and were cultured under the same conditions as MSC-hiPSC
and used as PSC positive control where specified. F-hiPSC were
obtained either by the Sendai method (F-hiPSC 1) from human adult
female normal skin fibroblasts [49] or by the modified mRNA method
(F-hiPSC 2) from human new-born male normal foreskin fibroblasts
[50,51].

2.5. Alkaline phosphatase activity

Direct alkaline phosphatase activity was assessed using Alkaline
Phosphatase (AP) Live Stain kit (Thermo Fisher Scientific), following
manufacturer’s instructions. AP-positive colonies were imaged on a
Nikon Eclipse Ti microscope (Nikon).

2.6. Growth properties

PSC were reduced to single cell suspension by 5 min incubation
with accutase (L0950; Biowest, Nuaill�e, France), the number of viable
cells determined by an automated cell counter (NC-100 Nucleo-
Counter; Chemometec, Allerod, Denmark) and seeded at 15,000 cells/
cm2 in StemMACS iPS-Brew XF supplemented with 10 mM Y-27,632
Rock inhibitor (72,302; STEMCELL Technologies, Vancouver, Canada).
To calculate population doubling time, single cell suspensions were
seeded in 96-well E-Plates (ACEA Biosciences, San Diego, CA, USA) at
5000 cells/cm2 in StemMACS iPS-Brew XF supplemented with 10 mM
Y-27,632 Rock inhibitor. Proliferation rate was determined based on
the proprietary cell index parameter on xCELLigence Real Time Cell
Analysis single plate system (RTCA-SP; ACEA Biosciences; RRID:
SCR_014821) as already described [52].

2.7. Flow cytometry

Immunophenotypingwas performed as previously described [46] on
a BD FACSCanto II cytometer (RRID: SCR_018056). The following anti-
bodies were used: HLA-ABC-FITC (555,552; BD; RRID: AB_395,935),
HLA-DR-FITC (556,643; BD; RRID: AB_396,509), CD14-PerCP-C5.5
(562,692; BD; RRID: AB_2,737,726), CD31-PE (340,297; BD; RRID:
AB_400,016), CD34-FITC (555,821; BD; RRID: AB_396,150), CD34-PC5
(555,823; BD; RID: AB_396,152), CD44-PE (555,479; BD; RRID:
AB_395,871), CD45-APC��C7 (561,863; BD; RRID: AB_10,897,014),
CD90-PC7 (561,558; BD; RRID: AB_10,714,644), CD90-PerCP-C5.5
(561,557; BD; RRID: AB_10,712,762), CD56-PC7 (557,747; BD; RRID:
AB_396,853), CD73-APC (560,847; BD; RRID: AB_10,612,019), CD105-PE
(560,839; BD; RRID: AB_2,033,932), CD144-AF647 (561,567; BD; RRID:
AB_10,712,766), CD271-AF647 (560,326; BD; RRID: AB_1,645,403),
CD271-AF647 (560,326; BD; RRID: AB_1,645,403). Passage (P) 4�6MSC,
P5�20MSC-hiPSC, P40�50 hESC were used (n = 3 each).

2.8. Karyotype

Conventional metaphase analysis was performed on cells seeded
onto amniodishes (Euroclone, Pero, Italy) by the Q-banding technique
at 400 banding level. A minimum of 20 cells per sample were ana-
lysed on the IKAROS automated system (MetaSystems, Altlussheim,
Germany) to exclude clonal rearrangements.

2.9. qPCR

RNA extraction, retrotranscription and amplification were per-
formed as previously reported [43,44]. To analyse residual presence
of reprogramming vectors, unreprogrammed MSC, MSC undergoing
reprogramming, P1 reprogrammed colonies, early (P5�6) and late
(P13�17) passage hiPSC were used and raw cycle threshold (Ct) val-
ues were considered. The primer pair was designed to target Sendai
genome sequences and to amplify all reprogramming vectors (SEV),
as per reprogramming kit manufacturer’s instructions. Ct values
above 35 were not considered indicative of successful amplification
of the target. To analyse gene expression, the 2�DDCt method was
applied [53], using GAPDH as house-keeping gene and normalizing to
the experimental control group, as specified. Validation of circRNA
was performed as previously described [12]. The following primers
were used (forward and reverse 50 to 30 sequences): CTCCTGTGAT-
GAGCTGTCCA, CCATTCACCACGTTGTTGTC (circRNA_0034447); GGG
CCATGAAGGATGAGGAG, TTGAGGGCGGCCACATC (circRNA_000
8432); ATGACAACGATGGCATTCCCT, CACTGATCTCCAACCCCATC
(circRNA_0034528); TGAGAGCTGCGAACTTGGTC, CAGGGCGCTG
CTCCAG (circRNA_0001827); CTGGCCATGAGAGTGGAGAG, CTTG
TCCGTGGAGAACATGA (circRNA_0011385); GAAATTCACAAGCG-
CACAGGA, TGCGGAGTCCATCATGTCAC (circRNA_0012634). Other
primer sequences will be given upon request.

2.10. Pyrosequencing

DNA was extracted using the QIAamp DNA Blood Mini Kit
(51,104; Qiagen), following manufacturer’s instructions. Each DNA
sample was treated with the EZ DNA Methylation-Gold Kit (D5005;
Zymo Research, Orange, CA, USA) to obtain bisulfite converted DNA.
To analyse DNA methylation, a 50 mL PCR reaction was performed
with 25 mL of GoTaq Hot Start Green Master mix (M5121; Promega,
Madison, WI, USA), 10 mM of forward primer, 10 mM of biotinylated
reverse primer and 500 ng of bisulfite-treated DNA. Biotin-labelled
primers were used to purify the final PCR product with sepharose
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beads: 10 mL of PCR product were bound to 1 mL of Streptavidin
Sepharose HP affinity chromatography medium (Amersham Bioscien-
ces, Uppsala, Sweden) in presence of 40 mL of binding buffer (Amer-
sham Biosciences) by 10 min incubation in agitation. Sepharose beads
containing the immobilized PCR product were purified with the Pyro-
sequencing Vacuum Prep Tool (Pyrosequencing, Westborough, MA,
USA), according to the manufacturer’s instructions. Pyrosequencing
primer (0.3 mM) was annealed to the purified single-stranded PCR
product in presence of 15mL of annealing buffer, during an incubation
of 2 min at 85 °C. Then, pyrosequencing was performed in duplicate
with the PyroMark MD System (Pyrosequencing). The percentage
of methylated cytosines was calculated as the number of methyl-
ated cytosines divided by the sum of methylated and unmethylated
cytosines, multiplied by 100%.

2.11. Immunofluorescence

For immunofluorescence analysis, the PSC 4-marker Immunocyto-
chemistry Kit (A24881; Thermo Fisher Scientific) and the 3-Germ Layer
Immunocytochemistry Kit (A25538; Thermo Fisher Scientific) coupled
with NCAM antibody (MA1�06,801; Thermo Fisher Scientific; RRID:
AB_558,237) were used, following manufacturer’s instructions. Fluores-
cence mounting medium (DakoCytomation, Glostrup, Denmark) was
used. Samples were imaged on a Nikon Eclipse 80i VideoConfocal
microscope (Nikon).

2.12. Differentiation into endodermal, mesodermal and ectodermal
derivatives

PSC were detached by the EDTA method and 150 mL per well of
cell suspension was transferred to a low-attachment V-bottom 96-
well plate (M9686; Sigma-Aldrich, St. Louis, MO, USA) in KO medium
for 3�4 days to promote aggregation and allow embryoid body (EB)
formation. Then, EB were transferred into low-attachment 24-well
plate (Sarstedt) and maintained in suspension in KO medium for 2�3
supplementary days. Finally, EB were transferred onto 0.1% gelatine-
coated (07,903; STEMCELL Technologies) chamber slides for further
differentiation. The medium was replaced twice a week for 2�3
weeks. Endodermal differentiation medium was composed of DMEM
(11,960,044; Gibco), 20% FBS, 2 mM L-glutamine (25,030,081; Gibco),
0.1 mM 2-mercaptoethanol and 1 mM non-essential amino acids.
Mesodermal differentiation medium was further supplemented with
100 mM ascorbic acid (A4403; Sigma-Aldrich). Differentiation into
ectodermal derivatives was performed following a protocol else-
where described [54]. Differentiating cells were analysed at day 15 of
the protocol, when they had already acquired an early epithelial mor-
phology or at later stages (days 16�30) when they showed a neuro-
nal morphology.

2.13. Animal study

Six- to 8-weeks old female SHrN hairless NOD.SCID mice, obtained
from Envigo Laboratories (Huntingdon, UK), were used. Mice were
maintained under specific pathogen-free conditions, housed in iso-
lated vented cages, and handled using aseptic procedures. The Isti-
tuto di Ricerche Farmacologiche Mario Negri-IRCCS adheres to the
principles set out in the following laws, regulations, and policies gov-
erning the care and use of laboratory animals: Italian Governing Law
(D. lg 26/2014; authorization no.19/2008-A issued 6 March 2008 by
the Ministry of Health); Mario Negri Institutional Regulations and
Policies providing internal authorization for persons conducting ani-
mal experiments (Quality Management System Certificate: UNI EN
ISO 9001:2015, reg. no. 6121); the National Institute of Health (NIH)
Guide for the Care and Use of Laboratory Animals (2011edition) and
EU directive and guidelines (European Economic Community [EEC]
Council Directive 2010/63/UE). Data were reported according to
ARRIVE guidelines.

2.14. Teratoma assay

Teratoma assay was performed as elsewhere described [55] at the
Istituto di Ricerche Farmacologiche Mario Negri-IRCCS, under autho-
rization n° 510/2016-PR by the Italian Ministry of Health, 24th May
2016, for subcutaneous injection of tumorigenic cells. Briefly, 1 mil-
lion MSC or MSC-hiPSC were subcutaneously injected bilaterally in
flanks of NOD.SCID mice (n = 2 each). Mice were monitored once a
week for six months for teratoma appearance. Teratoma growth was
measured with a Vernier calliper, and teratoma weight (mg = mm3)
was calculated as follows: [length (mm) £width2 (mm2)]/2 and body
weight was registered as index of the animal’s health status. When
teratoma weights reached the ethical limits (10% of mice body
weight), mice were sacrificed. At sacrifice, teratomas were collected,
washed in PBS and immediately fixed in neutral buffered formalin
10% to be paraffin embedded. Standard haematoxylin and eosin
staining was performed on 5mm-thick paraffin sections.

2.15. Stem cell panel PCR-array

Total RNA was isolated using TRIzol reagent (Ambion, Waltham,
MA, USA), as elsewhere reported [52]. SuperScript IV VILO Master
Mix for cDNA synthesis (11,756,050; Thermo Fisher Scientific), Taq-
Man OpenArray Real-Time PCR Master Mix (4,462,159; Thermo
Fisher Scientific) and TaqMan OpenArray Human Stem Cell Panel
array (4,475,390; Thermo Fisher Scientific) were used to determine
mRNA expression on a QuantStudio 12 K Flex Real Time PCR System
(Thermo Fisher Scientific), following manufacturer’s instructions.

2.16. Directed differentiation of hiPSC toward MSC-like cells and
mesenchymal derivatives

hiPSC were detached by the accutase method and seeded in PSC
medium:KO medium 1:1 supplemented with 10 mM Y-27,632 Rock
inhibitor at the density of 160,000 cells/well in EZSPHERE ultra-low
attachment 96-well plates (Asahi Glass Corporation, Tokyo, Japan) to
generate a homogeneous population of EB. After 2 days, the medium
was switched to mesengenic medium, composed by KO medium sup-
plemented with 6 mM CHIR99021 (72,052; STEMCELL Technologies)
and 10 ng/mL TGFb3 (100�36E; Peprotech, Rocky Hill, NJ, USA). After
2 days the EB were transferred onto 0.1% gelatine-coated 24-well
plates in mesengenic medium:MSC medium (aMEM-GlutaMAX 10%
FBS 10 ng/mL TGFb3) 1:1. Differentiation into mesenchymal deriva-
tives was induced as previously reported [43,44]. Primary MSC
(n = 3) were used as control. Differentiation was assessed by qPCR,
following the protocol described above.

2.17. Cobblestone area-forming cell assay

MSC-like cells generated from hiPSC were seeded at 30,000 cells/
cm2 in 96-well plate (n = 5) onto 0.1% gelatine-coated wells in MSC
medium. At 100% confluence, the cells were irradiated at 10 Gy for
10 min. The same day, CD34+ hematopoietic progenitor cells were iso-
lated from cord blood by magnetic labelling using the Indirect CD34
MicroBead Kit (130�046�701; Miltenyi) on MS MACS separation col-
umns (Miltenyi) following manufacturer’s instructions, and seeded at
5000 cells/cm2 on top of MSC-like cells in myelocult H5100 (05,150;
STEMCELL Technologies) supplemented with 10�6 hydrocortisone
(H0888; Sigma-Aldrich). Co-cultures were maintained for 5 weeks
with medium changes every other day and then evaluated by optical
microscopy analysis on a Nikon Eclipse Ti microscope (Nikon) for the
formation of typical cobblestone areas and by flow cytometry using
CD45-APC��C7 (561,863; BD; RRID: AB_10,897,014) and CD34-FITC
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antibodies (555,821; BD; RRID: AB_396,150) to assess support of
hematopoietic cells, following the protocols already described above.

2.18. miRNome PCR-array

The miRNeasy Mini Kit (217,004; Qiagen) and the RNeasy MinE-
lute Cleanup Kit (74,204; Qiagen) were used to extract miRNA. First,
cells lysed with 700 mL of QIAzol Lysis Reagent (79,306; Qiagen)
were incubated with 140 mL of chloroform for 3 min at RT. Then, the
samples were centrifuged for 15 min at 12,000 £ g at 8 °C. The result-
ing upper aqueous phase was transferred to a new collection tube,
and 350 mL of 70% ethanol was added. Next, the samples were trans-
ferred in RNeasy spin columns and centrifuged for 15 s at maximum
speed at 20 °C. The collected flow-through was transferred to RNeasy
MinElute spin columns and centrifuged for 15 s at maximum speed
at 20 °C, after the addition of 450 mL of 100% ethanol. Then, 500 mL
of RPE Buffer was added to the RNeasy MinElute spin columns and
centrifuged for 15 s at maximum speed. A further 2 min washing step
at maximum speed was performed with 500 mL of 80% ethanol, fol-
lowed by an additional centrifugation at maximum speed for 5 min
with open lids. To elute miRNA, the filters were incubated with 20mL
of RNase free-water at RT for 5 min and then centrifuged for 1 min at
maximum speed. RNA quality and quantification were assessed on a
2100 Bioanalyzer instrument (Agilent, Santa Clara, CA, USA; RRID:
SCR_018043). Cell miRNome was determined using TaqMan Advanced
miRNA cDNA Synthesis Kit (Thermo Fisher Scientific), TaqMan Open-
Array Real-Time PCR Master Mix (Thermo Fisher Scientific) and Real
Time PCR TaqMan OpenArray Human MicroRNA Panel array (Thermo
Fisher Scientific) on a QuantStudio 12 K Flex Real Time PCR System
(Thermo Fisher Scientific), following manufacturer’s instructions.

2.19. circRNA microarray

Sample preparation and microarray hybridization were performed
as previously reported [12] according to the manufacturer’s protocol
(Arraystar). Briefly, total RNA was isolated from MSC-hiPSC using TRI-
zol reagent was treated with RNase R to remove linear RNA and enrich
for circRNA. Next, circRNA was amplified and transcribed into fluores-
cent cRNA using the random priming method with a Super RNA Label-
ling Kit (Arraystar). The labelled cRNA was hybridized onto an
Arraystar Human Circular RNA Microarray (Arraystar V1.0). The array
was scanned with the Agilent Scanner G2505C, and raw data were
extracted by Agilent Feature Extraction software (version 11.0.1.1).
Comparison with MSC was performed on previously published dataset
available at NCBI GEO database through series accession number
GSE122178 (sample C2) [12]. Comparison with F-hiPSC [13] and hESC
[19] was performed on datasets available at the indicated publications.
Identification and analysis of circRNA were restricted to circBASE
database available nomenclature and data.

2.20. Computational and statistical analysis

Biological pathway enrichment studies were performed interrogat-
ing GO and KEGG online databases. Pathways related to pathology
were excluded. Graphical representation was done in R (R Core Team
(2018). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. Available online
at https://www.R-project.org/). For stem cell panel analysis, all 2-fold
significantly upregulated mRNAwere considered. For miRNome analy-
sis, mRNA targeted by the top 10 miRNA were considered. For circR-
Nome analysis, mRNA targeted by miRNA sponged by the top 10
circRNA were considered. CircRNA-sponged miRNA were predicted by
Arraystar proprietary algorithm and were included in the analysis only
if detected in the cells of interest by the PCR-array. For the generation
of the circRNA-miRNA-mRNA network by Cytoscape software (RRID:
SCR_003032) [56] only mRNA detected by the PCR-array were
included. All other statistical analyses were performed using Prism
6 (GraphPad Software, La Jolla, CA, USA). Details of statistical analysis
are specified in the figure legends. A p-value < 0.05 was considered
statistically significant.

2.21. Availability of data and material

Data of messenger (GSE144634), micro (GSE144631) and circular
(GSE144629 and GSE122178) RNA are accessible through the speci-
fied series accession numbers at the GEO online public database by
NCBI, which supports MIAME-compliant data submissions [57,58]
(https://www.ncbi.nlm.nih.gov/geo). All other data and material are
available upon request.

3. Results

3.1. Reprogramming cord blood cells to pluripotency

The protocol implemented to induce pluripotency in human cord
blood multipotent mesenchymal stromal cells (MSC) is summarized
in Fig. 1a. Colonies of highly-packed cells with epithelial-like mor-
phology (n = 48) appeared as early as one week after infection with
the reprogramming vectors (Supplementary fig. 1a, left panel). This
typical embryonic morphology was more evident in bona fide inde-
pendent MSC-hiPSC lines (n = 3) generated by feeder-free subculture
of single clones (Supplementary fig. 1a, right panel).

Alkaline phosphatase (AP) activity was addressed as a rough and
rapid screening for pluripotency. The AP fluorescence-based assay
was performed on MSC-hiPSC colony candidates, before and after
picking for MSC-hiPSC line establishment. In contrast to human fibro-
blasts that are usually used to generate MSC-hiPSC and show unde-
tectable or no AP activity [59], both non reprogrammed MSC and
MSC-hiPSC colony candidates stained positive, indicating AP activity
(Supplementary fig. 1b). The staining was clearer in MSC-hiPSC colo-
nies after picking, similar to that of human embryonic stem cell
(hESC) colonies used as pluripotent stem cell control (Supplementary
fig. 1c). The MSC-hiPSC lines were cultured for many passages in vitro
(>40), resulting in a growth curve (Supplementary fig. 1d) and dou-
bling time (Supplementary fig. 1e) during growth logarithmic phase
(Supplementary fig. 1f) identical to that of hESC, maintaining a nor-
mal karyotype (Supplementary fig. 1g). Looking for alternatives to AP
activity as initial pluripotency test, immunophenotyping of the MSC-
hiPSC lines was performed. The flow cytometry panel targeted classic
MSC positive and negative surface markers [46], which were
observed to be either dramatically reduced (HLA-ABC, CD73, CD105)
or increased (CD44, CD90, CD271) immediately following reprogram-
ming, coherently with hESC immunophenotype (Fig. 1b and supple-
mentary fig. 1h). Hematopoietic surface markers were also addressed
and found negative before and after reprogramming (Supplementary
fig. 1h).

3.2. Stemness identity of MSC-hiPSC

The expression of key pluripotency network-related genes was
investigated by qPCR (Fig. 2a). Transcriptional levels of OCT4 (isoform
A) and SOX2 in MSC-hiPSC were similar to those found in hESC, while
they were undetectable in MSC parental cells. In contrast, KLF4 was
more expressed in MSC (5-fold) than MSC-hiPSC and hESC, whereas
cMYC was expressed at similar levels in all three cell types. More
importantly, also NANOG and LIN28Awere upregulated in MSC-hiPSC,
matching hESC levels. These two proteins were not present in the
cocktail of exogenously encoded factors shuttled by the Sendai
reprogramming system. Thus, correct engagement of the endogenous
pluripotency network was achieved. Additional qPCR analyses were
performed to check for residual presence of the reprogramming fac-
tors at different passages (P1, P5�6 and P13�17 compared with MSC

https://www.R-project.org/
https://www.ncbi.nlm.nih.gov/geo


Fig. 1. Reprogramming of MSC to pluripotency. a) Schematic of the reprogramming protocol. b) Representative flow cytometry histograms showing immunophenotype results of
MSC-hiPSC compared to hESC and MSC for a selected panel of surface markers. The horizontal axis reports fluorescence intensity in logarithmic scale (arbitrary units, a.u.), the verti-
cal axis reports event count percentage (Count%). The vertical bar gates exclude sample autofluorescence based on unstained controls.
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before and during reprogramming). Presence of reprogramming vec-
tors was robustly detected only during reprogramming. Early passage
MSC-hiPSC showed no or little amplification of Sendai vector
sequence. Late passage MSC-hiPSC showed lack of amplification of
the viral genome similarly to MSC before reprogramming, indicating
loss of the reprogramming vectors (Supplementary fig. 2a).

To address the contribution of epigenetic remodelling to the tran-
scriptional shift observed in MSC-hiPSC, the methylation state of reg-
ulatory regions of OCT4 and NANOG was addressed on MSC-hiPSC
bisulfite-treated DNA by pyrosequencing. The results showed dra-
matic methylation remodelling for CpG islands in different positions
at OCT4 promoter and at OCT4 proximal enhancer sequences
(Fig. 2b). Consistent demethylation at hESC levels was detected in
MSC-hiPSC compared to MSC, more pronounced for OCT4 promoter.
The same trend was found for NANOG promoter, further supporting a
role for epigenetic modifications in the reprogramming of MSC and
in the activation of the pluripotency molecular network.

Protein expression of pluripotency-associated markers was also
addressed on undifferentiated MSC-hiPSC colonies by immunofluo-
rescence (Fig. 2c). Nuclear localization of SOX2 transcription factor
was observed in co-expression with TRA1�60 plasma membrane
surface marker. In addition, nuclear localization of OCT4 transcription
factor was observed in co-expression with SSEA4 plasma membrane
surface marker. The expression level and subcellular localization of
stemness markers were the same as hESC (Supplementary fig. 2b). To
note, hESC, and not MSC-hiPSC, showed heterogeneous OCT4 and
SOX2 signals in different cells of the same colonies, a phenomenon
already reported in the literature and ascribed to physiological fluctu-
ations in expression levels that do not impair the pluripotent identity
of the cells [60�62].

3.3. Three-lineage differentiation properties of MSC-hiPSC

To challenge the differentiation potential of MSC-hiPSC, both in
vitro and in vivo protocols were applied. The in vitro protocols are
summarized in Fig. 2d and were different for the generation of
mesodermal, endodermal and ectodermal derivatives. Differentia-
tion of MSC-hiPSC into mesodermal and endodermal derivatives
relied on embryoid body formation, which ultimately led to the
generation of a-smooth muscle actin-expressing cell sheets and
a-fetoprotein-expressing 3D cell clusters, respectively, assessed
by immunofluorescence (Fig. 2e). Differentiation of MSC-hiPSC
into ectodermal derivatives was achieved in 2D cultures in gradu-
ally increasing percentages of neural cell medium, as showed by



Fig. 2. Stemness and pluripotency of MSC-hiPSC. a) Histograms showing MSC-hiPSC gene expression of pluripotency network-related genes normalized to hESC, compared to MSC.
Mean with standard deviation are represented (n = 3); ne, not expressed. b) Histograms showing DNA methylation percentage of key OCT4 and NANOG gene regulatory regions for
MSC, hESC and MSC-hiPSC. Mean with standard deviation are represented (n = 3); POS, position, PE, proximal enhancer, Pr, promoter. c) Representative fluorescence images show-
ing protein expression and cellular localization of typical pluripotency markers (OCT4A, SSEA4, SOX2, TRA1�60) for MSC-hiPSC; white rectangles in images with merged fluores-
cence signals outline the areas selected to show single fluorescence signals at higher magnification. d) Schematics of the in vitro differentiation protocols. bFGF, basic fibroblast
growth factor, EB, embryoid body, AscA, ascorbic acid. e) Representative fluorescence images showing protein expression and cellular localization of mesodermal (aSMA), endoder-
mal (AFP) and ectodermal (NCAM-1) derivative markers for in vitro differentiated MSC-hiPSC. DAPI was used to stain nuclei in all fluorescence images. f) Representative haematoxy-
lin-eosin histology images of cell derivatives from all the three germ layers for in vivo differentiated MSC-hiPSC. Striatal muscle cells for mesoderm, mucinous epithelium for
endoderm and neuroepithelium for ectoderm are shown.
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the presence of NCAM-1-positive cells with epithelial morphology
(Fig. 2e). Protein expression and subcellular localization of markers
for derivatives of the three germ layers were again the same as
hESC (Supplementary fig. 2c). Notably, parental MSC expressed
basal levels of aSMA, consistent with their mesodermal lineage
(Supplementary fig. 2d). Furthermore, the neuronal differentiation
potential of MSC-hiPSC was assessed by the emergence of neuron-
specific bIII-tubulin+ (TUJ1) cells showing typical neuronal mor-
phology at later stages of the ectodermal differentiation protocol
(Supplementary fig. 2e).

In addition, MSC-hiPSC in vivo differentiation properties were
addressed by the teratoma assay. Cell suspensions from subconfluent
cultures of MSC-hiPSC, hESC and MSC were detached and injected
subcutaneously over both flanks of SCID mice. Formation of teratoma
was clearly detectable as early as 8 weeks post-injection of MSC-
hiPSC, hESC, but not of MSC samples, which did not show the appear-
ance of any palpable subcutaneous cell mass (data not shown). At
12 weeks post-injection, MSC-hiPSC and hESC had generated solid
teratomas (weight of 1.5 § 1.1 g and a diameter of 14§3.4 mm). Sam-
ples from MSC-hiPSC underwent histologic analysis by haematoxy-
lin-eosin to detect cell derivatives of all three germ layers. Striated
muscle tissue, mucinous epithelium and neuroepithelium were
detected, representative of mesoderm, endoderm and ectoderm,
respectively (Fig. 2f). The generation of other cell types and tissues,
such as chondroid matrix, smooth muscle, cartilage, squamous, pig-
ment and ciliary epithelium was also observed (Supplementary fig.
3a-f). These latter results further confirmed fully acquisition by MSC
of pluripotent properties following reprogramming to MSC-hiPSC.

3.4. Stem cell transcriptome of MSC-hiPSC

To further characterize the molecular rearrangements following
reprogramming, the stem cell transcriptome of MSC-hiPSC was
addressed. The reprogrammed cells showed complete change of the
transcriptional profile compared to MSC, while it was similar to hESC
(Fig. 3a). This was also evidenced by hierarchical clustering analysis,
which grouped MSC-hiPSC and hESC under the same node (Fig. 3b).
The higher gene expression similarity between MSC-hiPSC and hESC
was supported by the calculation of the Pearson’s correlation coefficient
(Supplementary fig. 4a). Focusing on MSC and MSC-hiPSC, two groups
of differentially expressed genes were selected (Fig. 3c), for later bioin-
formatics analysis. These results were validated on stem cell transcrip-
tome data coming from different samples of MSC and MSC-hiPSC
(Supplementary fig. 4b and c, respectively). The bioinformatics analysis
of MSC upregulated genes revealed involvement of TGFb-SMAD signal-
ling pathway and of cellular pathways related to angiogenesis and stro-
mal identity (Fig. 3d) or the hematopoietic niche (Supplementary fig.
4d). Conversely, MSC-hiPSC upregulated genes were found to mostly
regulate response to damage, survival and epigenetic modifications
(Fig. 3e), but also the pluripotency networks (Supplementary fig. 4e).
Notably, pathways related to regulation of angiogenesis and to the
hematopoietic niche were also preserved.

3.5. Mesenchymal potential of MSC-hiPSC

To unveil any specificity of cord blood MSC-hiPSC compared to
conventional fibroblast (F)-derived hiPSC, the stem cell transcriptome
of F-hiPSC was also addressed (Supplementary fig. 5a). MSC-hiPSC
lines showed the higher similarity and grouped together by hierar-
chical clustering analysis (Fig. 4a). In contrast, F-hiPSC lines did not
group under an exclusive node. For further assessment of the degree
of similarity between MSC-hiPSC and F-hiPSC lines, a Principal Com-
ponent Analysis (PCA) was performed including hESC as gold stan-
dard of pluripotency. PCA showed high similarity between MSC-
hiPSC and hESC, whereas F-hiPSC were more distant between each
other and the other PSC lines in terms of all components (PC1, PC2,
PC3) (Fig. 4b). This result was supported by clustering analysis (Sup-
plementary fig. 5b). A direct comparison of F-hiPSC with MSC-hiPSC
revealed two groups of differentially expressed genes in a statistically
significant fashion (Fig. 4c). Bioinformatics analysis of F-hiPSC upre-
gulated genes showed a predominant involvement of TGFb-SMAD
signalling pathway (Fig. 4d and supplementary fig. 5c), whereas
MSC-hiPSC upregulated genes were mostly involved in immune sys-
tem functions and regulation of angiogenesis (Fig. 4e). Moreover, the
hematopoietic niche was found amongst the most enriched pathways
(Supplementary fig. 5d).

To address whether these molecular traits had also a biological
relevance, F-hiPSC and MSC-hiPSC were induced to differentiate into
mesodermal derivatives. An in vitro differentiation protocol was
implemented for the generation of MSC-like cell derivatives (Fig. 4f),
to explore the MSC-hiPSC phenotype implications, if any, of TGFb-
SMAD pathway enrichment. Differentiation toward MSC-like deriva-
tives was equally successful in both MSC-hiPSC and F-hiPSC, leading
to the appearance of fibroblast-shaped cells expressing CD90
(93.8 § 0.1 and 93.15§0.8, respectively), CD271 (31.4 § 4.7 and
31.4 § 0.6, respectively), CD56 (72.9 § 23.0 and 76.3 § 13.8, respec-
tively) mesenchymal and stromal progenitor surface markers (Sup-
plementary fig. 5e). These cells were negative for hematopoietic
(CD34 and CD45) and endothelial (CD144 and CD31) antigens (data
not shown). To address the differentiation capacity of the MSC-like
derivatives, they were induced to give rise to further differentiated
cells along the adipogenic, osteogenic and chondrogenic lineages.
MSC-like cells from both MSC-hiPSC and F-hiPSC successfully gener-
ated fat droplets-containing cells upon adipogenic stimuli, calcium-
depositing cells upon osteogenic stimuli, and glycosaminoglycans-
producing cells upon chondrogenic stimuli (Fig. 4g). These results
were confirmed at the transcriptional level, where upregulated
expression of genes involved in the differentiation pathways was
detected. Respectively, C/EBPb for adipogenesis, RUNX2 for osteo-
genesis and SOX9 for chondrogenesis (Supplementary fig. 5f). To fur-
ther challenge the functionality of MSC-like cells, their capacity to act
as haematopoiesis-supporting stroma was addressed by the cobble-
stone area-forming cell (CAFC) assay. The formation of typical cobble-
stone areas was observed for MSC-like cells from both MSC-hiPSC
and F-hiPSC within the completion of the five weeks co-culture of
MSC-like cells with CD34+ cord blood hematopoietic progenitors
(Supplementary fig. 5 g). The hematopoietic cell component of the
CAFC assay was quantified by flow cytometry (Fig. 4h). Cells positive
for CD45 were 18.3 § 12.8% and 13.3 § 5.7% for MSC- and F-hiPSC
MSC-like derivatives, respectively. The majority of CD45+ cells were
also CD34+ (81.6 § 7.7% and 85.6 § 10.7%, respectively). No statistical
differences were found (p-value=0.8286 for CD45+, p-value=0.3429
for CD45+/CD34+ [Mann-Whitney test]).

3.6. miRNome of MSC-hiPSC

The complete miRNome of MSC-hiPSC was addressed and com-
pared to that of MSC to further investigate molecular changes occur-
ring upon reprogramming. The analysis revealed dramatic change of
miRNA expression profile following reprogramming (Fig. 5a), where
many of these miRNA were differentially expressed in a statistically
significant fashion (Fig. 5b). These results were validated addressing
the miRNome of different samples of MSC and MSC-hiPSC (Supple-
mentary fig. 6a and 6b, respectively). The most evident results were
the overrepresentation of the let-7 miRNA family in MSC and the
overrepresentation of the miRNA 302/367 cluster in MSC-hiPSC
(Fig. 5c). The function of miRNA belonging to the former is control of
proliferation and development. On the contrary, miRNA belonging to
the latter are involved in the control of pluripotency and exit from
the naïve pluripotent state. Bioinformatics analysis of transcripts tar-
geted by MSC upregulated miRNA showed regulation of osteochon-
dral differentiation, mesenchymal identity, glucose metabolism



Fig. 3. Stem cell transcriptome of MSC-hiPSC. a) Heatmap showing differentially expressed genes amongst MSC, hESC and MSC-hiPSC. Gene expression values are represented by
the colour key. b) Dendrogram showing hierarchical clustering of MSC, hESC and MSC-hiPSC. c) Volcano plot showing p-value and fold change (FC) of gene expression data compar-
ing MSC to MSC-hiPSC. Vertical dashed lines delimitate FC below and above 2, the horizontal dashed line shows p-value=0.05 [two-tailed t-test]. Colour code: FC greater than 2
reaching (green) or not (yellow) statistical significance; FC smaller than 2 reaching (red) or not (black) statistical significance. Enrichment in gene ontology terms of the biological
processes category (GOTERM_BP_DIRECT) for upregulated genes of MSC (d) and MSC-hiPSC (e) is reported in the indicated tables [Fisher's exact test].
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(Fig. 5d) and GTPases-associated signalling pathways (Supplemen-
tary fig. 6c), whereas transcripts targeted by MSC-hiPSC upregulated
miRNA were mainly involved in tissue specification, embryonic
development, three-germ layer differentiation pathways (Fig. 5e)
and response to mitogenic/organ growth stimuli (Supplementary fig.
6d).

3.7. circRNome of MSC-hiPSC

The circRNome of MSC-hiPSC was determined bymeans of a micro-
array technology and again compared to that of MSC to unveil still
unreported connections between circRNA, miRNA andmRNA. Two dis-
tinct profiles of circRNA expression were obtained (Fig. 6a) and vali-
dated (Supplementary fig. 6e). MSC expressed 3290 circRNA, whereas
MSC-hiPSC expressed 4429 circRNA. Differentially expressed circRNA
were analysed considering 2970 shared circRNA (Supplementary fig.
6f). amongst them, 745 were found to be upregulated in MSC, whereas
525 were found to be upregulated in MSC-hiPSC, based on a 2-fold
change cut-off. The majority of them were of exonic origin, whereas a
minor portion was transcribed from non-coding gene regions, or more
rarely from intergenic DNA (Fig. 6b). amongst non-coding gene
regions, circRNA were mostly found at intronic regions and at 50-UTR
regions (Supplementary fig. 6g). CircRNA from MSC and MSC-hiPSC
had similar length distribution, with the 50% of them ranging between
200 and 400 nucleotides (Fig. 6c). Likewise, chromosome localization
of circRNA-generating genes showed a similar pattern (Fig. 6d). Chro-
mosome 13 and 21 were the least rich in circRNA (�1%) compared to
an average percentage of 5% for the other chromosomes. The majority
of genes harboured one circRNA, whereas some expressed from 2 up
to 4 circRNA (Fig. 6e).

CircRNA-sponged miRNA were predicted by bioinformatics analy-
sis of differentially expressed circRNA. From the resulting circRNA-
sponged miRNA, enriched molecular pathways of targeted transcripts
were determined. Importantly, the selected miRNA were detected in
the respective cell type as evidenced by the miRNome analysis. Upre-
gulated circRNA in MSC elicited involvement of pathways regulating
signal transduction and transcription (Fig. 6f and supplementary fig.
6h). Upregulated circRNA in MSC-hiPSC were also involved in devel-
opment and morphogenetic signalling pathways (Fig. 6g and supple-
mentary fig. 6i). To further investigate the influence of cell source on



Fig. 4. Mesenchymal potential of MSC-hiPSC. a) Heatmap showing differentially expressed genes amongst different F-hiPSC and MSC-hiPSC. Gene expression values are represented
by the colour key. b) Principal Component Analysis (PCA) showing 3D visualization of Principal Component (PC) 1, PC2 and PC3 of differentially expressed genes for different F-
hiPSC, MSC-hiPSC and hESC. c) Volcano plot showing p-value and fold change (FC) of gene expression data comparing F-hiPSC to MSC-hiPSC. Vertical dashed lines delimitate FC
below and above 2, the horizontal dashed line shows p-value=0.05 [two-tailed t-test]. Colour code: FC greater than 2 reaching (green) or not (yellow) statistical significance; FC
smaller than 2 reaching (red) or not (black) statistical significance. Enrichment in gene ontology terms of the biological processes category (GOTERM_BP_DIRECT) for upregulated
genes of MSC-hiPSC (d) and F-hiPSC (e) is reported in the indicated tables [Fisher's exact test]. f) Schematic of the differentiation protocol toward MSC-like cells. g) Representative
images of adipogenic (A, scale bar is 50 mm), osteogenic (O, scale bar is 50 mm) and chondrogenic (C, scale bar is 400 mm) mesenchymal derivatives. h) Left panel: representative
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PSC circRNome, MSC-hiPSC circRNA profile was compared with that
of F-hiPSC [13] and hESC [19] (Supplementary fig. 6j), taking into
account circRNA annotated in circBASE database. Intriguingly, MSC-
hiPSC and hESC shared 1962 circRNA, which represented the 44% and
42% of their total circRNA content, respectively. This percentage was
markedly reduced considering circRNA shared between F-hiPSC and
hESC (32% and 8%, respectively). MSC-hiPSC and F-hiPSC expressed
367 common circRNA, which represented the 8% and 30% of their
total circRNA content, respectively. The subset of circRNA shared by
all PSC datasets represented the 3% of total detected circRNA.

Based on data coming from the comprehensive stem cell mRNA
panel and the miRNome analysis, a circRNA-guided molecular net-
work was generated (Fig. 7). In detail, 9 out of 10 top MSC-hiPSC
circRNA were predicted to interact with 27 miRNA, which were
detected by the miRNA PCR-array. These miRNA targeted 310 stem-
ness-associated mRNA expressed in MSC-hiPSC as measured by the
mRNA PCR-array. Genes targeted by more than 5 miRNA by bioinfor-
matics prediction and showing high expression by the stem cell
mRNA panel were evidenced in the network. Of note, many of these
genes showed preferential expression during embryogenesis or in
foetal tissues, such as the placenta. Furthermore, they were mainly
involved in stemness and development (i.e.: GRB7, ACTA2, TEAD1,
CDX2, HSPG2, NOTCH2), in metabolic processes (i.e.: DHDDS, GPI,
MVK, BGLAP) and, more intriguingly, in the regulation of naïve versus
primed pluripotent sub-states (i.e.: CRKL, CRABP2, MAPK3, ZMYM2).

4. Discussion

In the wake of the compelling interest in human induced pluripo-
tent stem cell (hiPSC) clinical applications, we successfully explored
for the first time the use of cord blood multipotent mesenchymal
stromal cells (MSC) as the starting cell type to obtain hiPSC. Notewor-
thy, other stromal cell types isolated from perinatal tissues have been
reprogrammed by groups sharing the same view on the advantages
of this kind of cell sources. For instance, cord blood unrestricted
somatic stem cells were induced to acquire a pluripotent state by the
use of an integrative retroviral approach [63]. Similarly, successful
reprogramming to pluripotency was reported for cord blood endo-
thelial cells [64], Wharton’s jelly MSC [65,66] and amniotic fluid cells
[67,68]. Also, non-stromal cord blood cell types were used to gener-
ate hiPSC by others [69,70]. Intriguingly, MSC showed high expres-
sion of KLF4 and cMYC compared with MSC-hiPSC. These results were
also reported by others [63,71] and could be ascribed to the develop-
mental origin of MSC and to their highly proliferative state, respec-
tively. Being two components of the canonical reprogramming
cocktail of transcription factors, KLF4 and cMYC higher transcriptional
level could be addressed as a feature influencing reprogramming effi-
ciency in ad hoc studies.

In the present work, we focused on high-throughput techniques
to define coding and non-coding RNA species involved in pluripotent
identity definition. At the messenger RNA (mRNA) level, we observed
a molecular skew for endothelial and mesenchymal identity-associ-
ated molecular pathways in MSC-hiPSC and fibroblast (F)-hiPSC,
respectively, in a context of higher similarity to human embryonic
stem cells (hESC) for the former. These molecular profiles could be
ascribed to preservation of parental cell traits due to epigenetic mem-
ory. The issue of source cells can be tracked down to the pioneering
studies on reprogramming, which used mouse embryonic and human
adult fibroblasts [72,73]. In later studies, successful reprogramming
of other cell types was reported, such as keratinocytes [74], hemato-
poietic cells [70], pancreatic islet beta cells [75], hepatocytes [76],
neural progenitors [77] and adult multipotent mesenchymal stromal
density plot showing CD45+ hematopoietic cells (P3) gated from total cells of the cobbleston
representative histograms showing CD34+ hematopoietic progenitor subpopulation (purple)
percentage count (Count%).
cells [78]. Notwithstanding, the majority of studies still relies on the
reprogramming of mesodermal derivatives, and most of them on
skin fibroblasts [3]. These pivotal studies lead to the definition of
reprogramming as a general biological mechanism, but also intro-
duced the issue of epigenetic memory of the parental cell in the
obtained hiPSC. Indeed, tissue of origin can heavily influence hiPSC
differentiation properties. For instance, beta cell-derived hiPSC main-
tained open chromatin structure at key beta-cell genes and demon-
strated higher differentiation ability into insulin-producing cells than
isogenic non-beta cell-derived hiPSC [75]. The same phenomenon
was observed for cardiac progenitor cell-derived hiPSC compared to
F-hiPSC [5]. In other works, persistent and incomplete erasure of tis-
sue-specific methylation and aberrant de novo methylation were
observed in hiPSC depending on the source cell type [6,7,9]. This
donor memory was found also at the transcriptional level for mRNA
and micro RNA (miRNA) [79-81]. Yet, other reports underlined that
this is a transitory phenomenon. Kim et al. showed that epigenetic
memory could be erased by differentiation or serial reprogramming
[4]. In another study, epigenetic memory was observed only at early
passages after pluripotency induction and was attenuated by contin-
uous passaging [82]. Likewise, Gao et al. evidenced minor transcrip-
tional memory between parental cells and hiPSC, with no influence
on their differentiation capacity [83]. Another study investigated ery-
throid differentiation properties of hiPSC derived from neural stem
cells or hematopoietic stem cells. Despite persistency of epigenetic
memory, no relevant differences were observed [84]. Previous works
comparing MSC-hiPSC with F-hiPSC focused on cardiac differentia-
tion [85] and transcriptional profile [86], detecting overall similarity
between the two hiPSC classes. In the present study, we addressed
for the first time in the literature the differentiation potential toward
mesenchymal-like derivatives and their hematopoietic support abil-
ity. In line with the aforementioned reports, no relevant differences
were observed.

Circular RNA (circRNA), as novel actors in the arena of non-cod-
ing functional RNA, add a layer of refinement in post-transcrip-
tional control. To this regard, we defined the largest hiPSC
circRNome ever reported, and concomitantly described their miR-
Nome and stemness-associated mRNA. Only two very recent
reports by other groups addressed the presence of circRNA in
hiPSC. In one study, circBIRC6 was shown to participate in the
molecular circuitry controlling pluripotency (PGRN) of hESC and
reprogramming of somatic cells to hiPSC via direct sponging of
miRNA targeting mRNA involved in the maintenance of the plurip-
otent state, thus demonstrating relevance of circRNA in hiPSC biol-
ogy [14]. This study relied on expression data already available at
public databases generated by RNA-seq of differentiated tissues
and hESC [20,87]. In our previous study, we also reported that
another circRNA, circFOXP1, is involved in the maintenance of
mesenchymal stem cell identity and downregulated upon reprog-
ramming to pluripotency [12]. To note, circBIRC6 is not amongst
the most expressed circRNA by MSC-hiPSC as outlined by our
microarray data. Another group described the RNA-seq-defined
circRNome of F-hiPSC compared to a differentiated counterpart,
detecting a subset of circRNA with cardiac-specific expression [13].
Even though they identified 614 new hiPSC-specific circRNA, the
whole circRNome was constituted by only 1612 molecules. Our
microarray approach instead disclosed a larger set of 4429 hiPSC-
expressed circRNA, providing a more challenging ground for
researchers interested in the role of these non-coding RNA in stem
cell biology. Furthermore, the herein defined dataset showed
higher similarity with hESC circRNA profile, although biases asso-
ciated to the different methodologies applied cannot be excluded.
e area-forming cell assay; FSC-A, forward scatter area, a.u., arbitrary units. Right panel:
of CD45+ cells compared to unstained control (grey); the vertical axis represents event



Fig. 5. miRNome of MSC-hiPSC. a) Scatter plot comparing gene expression data of MSC and MSC-hiPSC. Dashed lines delimitate fold changes (FC) of MSC-hiPSC vs MSC below (red
dots) and above (blue dots) 2. b) Volcano plot showing p-value and FC of gene expression data comparing MSC to MSC-hiPSC. Vertical dashed lines delimitate FC below and above 2,
the horizontal dashed line shows p-value=0.05 [two-tailed t-test]. Colour code: FC greater than 2 reaching (green) or not (yellow) statistical significance; FC smaller than 2 reaching
(red) or not (black) statistical significance. c) Histogram showing expression level FC for miRNA belonging to the let-7 family (black bars) and to the miRNA302/367 cluster (white
bars) comparing MSC to MSC-hiPSC. FC and standard deviation in logarithmic scale are represented. Plots showing p-value (colour key), number of genes (dot size) and fold enrich-
ment (vertical axis) of gene ontology terms of the biological processes categories for genes targeted by MSC (d) and MSC-hiPSC (e) upregulated miRNA [Fisher's exact test].
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Herein, our comprehensive strategy allowed focusing on circRNA-
miRNA interactions in hiPSC as potential novel mechanism to control
the identity of pluripotent stem cells. In contrast to our expectations,
top selected mRNA targeted by circRNA-sponged miRNA were not
belonging to the core transcription factors of the PGRN. Yet, most of
them were found to be expressed at higher levels during embryogen-
esis or in foetal tissues, hinting at a possible contribution in the
modulation of the undifferentiated state of PSC. In particular, CRKL is
an activator of the RAS signalling pathway, which was shown to be a
key player in the transition from the naïve to the primed pluripotent
state [88]. Likewise, MAPK3-mediated signalling was involved in the
priming of naïve PSC to lineage commitment [89], albeit compatible
with self-renewal at basal levels [90]. Furthermore, ZMYM2 was
reported to physically interact with NANOG, one of the core actors of



Fig. 6. circRNome of MSC-hiPSC. a) Scatter plot comparing normalized intensity values of MSC and MSC-hiPSC. Dashed lines delimitate fold changes of MSC-hiPSC vs MSC below
(red dots) and above (blue dots) 2. Letters on plot indicate circRNA validated by qPCR as specified by the legend. b) Pie chart representing genomic origin of circRNA for MSC (left)
and MSC-hiPSC (right). Number of genes for each category is reported. c) Histograms showing size distribution of circRNA. d) Histograms showing chromosome localization of
circRNA. e) Histograms showing the number of circRNA produced per gene. Enrichment in gene ontology terms of the biological processes category (GOTERM_BP_DIRECT) for genes
targeted by circRNA-sponged miRNA in MSC (f) and MSC-hiPSC (g) is reported in the indicated tables [Fisher's exact test].
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the PGRN, to curtail NANOG-mediated shift from the primed to the
naïve pluripotent state [91]. Conversely, CRABP2 was found to be
upregulated in the naïve state [92].

These intriguing results prompted us to hypothesize that circRNA
may cast a further layer of molecular control over stemness and self-
renewal in addition to the action of the core PGRN. In this scenario,
circRNA-driven sponging of miRNA would represent a rapid post-
transcriptional mechanism to achieve superior gene expression con-
trol on more refined cellular states, such as the skew toward naïve or
primed pluripotency.

To conclude, we showed that MSC-hiPSC generated from cord
blood units with high clinical translatability potential acquired a



Fig. 7. Map of circRNA-miRNA-mRNA network for MSC-hiPSC. The schematic shows top upregulated circRNA (green) in MSC-hiPSC, circRNA-sponged miRNA (orange) and miRNA-
targeted mRNA (blue). Transcripts targeted by at least 5 miRNA are evidenced.
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complete pluripotent identity. Focusing on mesodermal lineages,
differentiation potential of cord blood MSC-hiPSC and functional
properties of its derivatives were undistinguishable from those of
F-hiPSC. Yet, deep molecular profiling revealed higher similarity to
hESC, which should be carefully investigated before excluding any
phenotypic peculiarities of cord blood MSC-hiPSC compared to F-
hiPSC with regard to other biological processes or differentiation
pathways. Furthermore, we provided new insights on unreported
circRNA-miRNA-mRNA axes possibly involved in self-renewal and
differentiation processes. All considered, cord blood represents a
better alternative than skin fibroblasts as cell source for clinical
translation of hiPSC and hiPSC-based cell derivatives, whose gen-
eration will benefit from future studies aimed at a better compre-
hension of how circRNA intervene in the exit from the pluripotent
program.
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