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Homeostasis of the hematopoietic stem/progenitor cell pool relies on a finely tuned
balance between self-renewal, differentiation and proliferation. Recent work has
revealed the importance of mitochondria during stem cell differentiation; however, it
remains unclear whether mitochondrial content/function affects human hematopoietic

stem versus progenitor function. We sorted cord blood-derived CD34" cells on the basis

of mitochondrial mass and examined their homeostasis and clonogenic potential in vitro
and hematopoietic repopulation potential in vivo. CD34* cells with high mitochondrial
mass contained and expressed 2-fold high ATP levels and mitochondrial-specific genes
than cells with low mitochondrial mass, however, HIF-1o and MEIS1 were high in the
CD34" cells with low mitochondria. We found that CD34" cells with low mitochondrial
content were enriched for hematopoietic stem cell function as demonstrated by
significantly higher hematopoietic reconstitution potential in immunodeficient mice.
By contrast, CD34* cells with high mitochondrial content were enriched for

hematopoietic progenitor function with high in vitro clonogenic capacity.

Coenzyme Q1o (CoQuo) plays a critical role in mitochondria as an electron carrier
within the electron transport chain (ETC) and is an essential antioxidant. Mutations
in genes responsible for CoQ1o biosynthesis (COQ genes) cause primary CoQio
deficiency, a rare and heterogeneous mitochondrial disorder with no clear
genotype-phenotype association, mainly affecting tissues with high energy demand
including brain and skeletal muscle (SkM). A four-year-old girl was identified with
a heterozygous mutation (¢.483G>C; E161D) in COQ4, associated with a reduction
in [CoQ10], CoQ1o biosynthesis and ETC activity affecting complexes I/11+111.

Bona fide induced pluripotent stem cell (iPSC) lines carrying the COQ4 mutation

E



Damia
Romero Moya

(CQ4-iPSCs) were generated, characterized and genetically corrected using
CRISPR/Cas9 genome-editing (CQ4°%-iPSCs). Comprehensive differentiation and
metabolic analysis of control-iPSCs, CQ4-iPSCs and CQ4%-iPSCs faithfully
reproduced the disease phenotype. Accordingly, the COQ4 mutation in iPSCs was
associated with CoQio deficiency, metabolic dysfunction and impaired
differentiation into SkM. Remarkably, differentiation of CQ4-iPSCs into
dopaminergic or motor neurons was unaffected. This study offers an unprecedented
iPSC model recapitulating CoQ1o deficiency-associated functional and metabolic

phenotypes caused by COQ4 mutation.
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ADP
AGM
ALS
ATP
BM
CB

Cl

Cll
Clll
CIv
CNS
CRISPR
DAnN
DNA
DSB
ECAR
ESC
ETC/ MRC
FAD
HDR
HPC
HSC
HSPC
IDH1
IDH2
iPSC
KDH

LT-HSC
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Adenosine diphosphate

Aorta-gonad-mesonephros

Amyotrophic lateral sclerosis

Adenosine triphosphate

Bone marrow

Cord blood

Complex | or NADH-coenzyme Q oxidoreductase
Complex Il or Succinate-Q oxidoreductase

Complex Il or coenzyme Q-cytochrome ¢ oxidoreductase
Complex IV or Cytochrome c oxidase

Central nervous system

Clustered regularly interspaced short palindromic repeats
Dopaminergic neurons

Deoxyribonucleic acid

Double-strand break

Extracellular acidification rate

Embryonic stem cell

Electron transport chain/ Mitochondrial respiratory chain
Flavin adenine dinucleotide

Homology direct repair

Hematopoietic progenitor cell

Hematopoietic stem cell

Hematopoietic stem/progenitor cell

Isocitrate dehydrogenase 1

Isocitrate dehydrogenase 2

Induced pluripotent stem cell

a-ketoglutarate dehydrogenase

Long-term hematopoietic stem cell
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MMP
MN
MtDNA
NAD
NGPS
NHEJ
NSC
OCR
OXPHOS
PDH
RNA
ROS

sc
SgRNA
SkM

ST-HSC

Mitochondrial membrane potential
Motor neurons

Mitochondrial DNA

Nicotinamide adenine dinucleotide
Néstor-Guillermo progeria syndrome
Non-homologous end joining
Neural stem cell

Oxygen consumption rate
Oxidative phosphorylation
Pyruvate dehydrogenase
Ribonucleic acid

Reactive oxygen species
Stem cell

Small guide RNA

Skeletal muscle

Short-term hematopoietic stem cell




Mitochondria and stem cell function:
from somatic cells to iPSC-based disease modeling

[II.LINTRODUCTION







Mitochondria and stem cell function:
from somatic cells to iPSC-based disease modeling

I11.1.STEM CELLS: DEFINITION, CLASSIFICATION

AND LOCALIZATION

Stem cells (SCs) are immature and undifferentiated cells with both self-renewal and
multilineage potential. Self-renewal, which is the ability to undergo symmetrical
division while preserving multilineage potential [1, 2] is maintained by a balance
between symmetric and asymmetric cell division, whereby daughter cells produce one
cell identical to the progenitor and another cell which undergoes differentiation

(asymmetric division) or produce two cells identical to the progenitor (symmetric

division) (Figure 1). Multilineage potential or potency, a hallmark of SCs, is the ability
to differentiate into other cell types. Accordingly, the more cell types the cell can give

rise to the greater is the potency [2].

FIGURE 1: Schematic representation of the
balance between symmetric and asymmetric
division. Symmetric division expands the stem cell
pool and allows a cell to self-renew and maintain
its status, while asymmetric division maintains the
stem cell pool and also creates a committed cell. A:
Stem cell; B: Progenitor cell; C: Differentiated
cell; 1: Symmetric stem cell division; 2:
Asymmetric stem cell division; 3: Progenitor

division; 4: Terminal differentiation.
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This differentiation potency forms the core of a classification system whereby SCs can

be ordered based on their multilineage potency as follows: (see Figure 2)

Totipotent SCs: are cells with the potential to differentiate into any embryonic
and extraembryonic tissue. Totipotent SCs have the greatest differentiation
potential and can generate a complete organism. In mammals this cell type is
the zygote [2].

Pluripotent SCs: are the next cells to appear during embryonic development.
Pluripotent SCs can differentiate into almost all cell types and generate any
tissue of the three embryonic germ layers (endoderm, mesoderm and
ectoderm). However, they have lost the capacity to differentiate into
extraembryonic tissue. An example of a pluripotent cell would be the
discovery of human embryonic stem cells (ESCs) derived from the inner cell
mass of a blastocyst, reported for the first time by Thomson et al. in 1998 [3].
ESCs can proliferate indefinitely while maintaining pluripotency. In 2007,
Takahashi et al. induced the pluripotent state from human somatic cells using
a cocktail of specific transcription factors, thus establishing induced
pluripotent stem cells (iPSCs), which display similar capacity to proliferate
and differentiate to ESCs [2, 4, 5].

Multipotent SCs: are cells with the ability to differentiate into most cell types
of a specific tissue. In humans, several types of tissue-specific multipotent SCs
have been described e.g., neural stem cells (NSCs) [6], hematopoietic stem
cells (HSCs) [7], and mesenchymal stem cells (MSCs) [8].

Oligopotent SCs: are cells that can differentiate into only a few cell types of a

given tissue. In the hematopoietic system, common lymphoid progenitors
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(CLPs) and common myeloid progenitors (CMPs) are representative of
oligopotent SCs [7].

- Unipotent SCs: can only produce their own cell type. They are located in adult
tissues and play a key role in tissue homeostasis. Muscle and epidermial SCs

are examples of unipotent cells.

Totipotent

Self-
renewal

- ©0000®
i I i 1 1

Other
tissues

Blood Muscle Nerve Bone

FIGURE 2: Schematic representation of different types of SCs based on their potency. A
totipotent SC is represented by the zygote. Pluripotent SCs include ESCs and iPSCs.
Multipotent SCs are tissue-specific SCs such as HSCs, MSCs, NSCs, etc.

SCs are acknowledged as a potentially powerful tool for cell therapy and regenerative
medicine applications. Furthermore, the differentiation of SCs into tissue-specific
lineages has aided in the elucidation of key biological process during development and
is a promising platform for disease modeling [9]. Below, we describe the SC

populations utilized in the present work.

E
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I11.1.1.INDUCED PLURIPOTENT STEM CELLS

iPSCs were generated for the first time in 2006 in a pioneering study using retroviruses
to ectopically express defined pluripotency-associated transcription factors in
embryonic and adult mouse cells [10]. One year later, the same group generated human
iPSCs in a similar approach using the transcription factors OCT3/4, SOX2, KLF4 and
C-MYC (OSKM), colloquially known as “Yamanaka factors” [5] (Figure 3). iPSCs are
generated by direct transcriptomic, epigenetic and metabolic reprogramming of somatic
cells and behave like ESCs with regards to pluripotency and self-renewal. Since the
first descriptions of iPSCs, many reports have reviewed the similarities and differences
between iPSCs and ESCs with contentious results. Several groups reported that despite
sharing similar pluripotency capacity, iPSCs differ from ESCs by their epigenetic
memory of somatic origin [2, 11-13]. However, other groups have demonstrated that
no such differences exist [2, 14]. In the 10 years since its first description, a broad
variety of somatic cells have been successfully reprogrammed using different
combinations of genes and/or small molecule inducers [15-21]. The relative ease with
which iPSCs are generated has led to their wide use in developmental biology, disease

modeling, drug testing and also cell therapy (Figure 4) [9].

Vi q q Pluripotent
irus carries reprogramming . . iPSC line
factors into somatic cell's nucleus Somatic cellis Culture as per
O "o reprogrammed hESC &
X, S
- @
L e S 5 — ' @
: - — i

FIGURE 3: Representative scheme of somatic cell reprogramming (iPSC generation) after
transgene (OSKM) transduction. Modified from the National Institutes of Health.
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Drug screening
('Disease modeliing’)

Treatment of
multiple patients

Patient Patient-specific Specialized cells
iPSC:

Single
treated patient

Availability of efficient
protocols
preclinical

animal models

FIGURE 4: Schematic representation of the potential utility of iPSCs in regenerative

medicine and drug screening. Introduction of reprogramming factors into a patient’s somatic

cells give rise to iPSCs. These iPSCs can then be differentiated into a variety of specialized

cell types for potential use in disease modeling or cell therapy. Modified from [9].

Bona fide characterization of pluripotency is crucial after iPSC generation to confirm
their identity [22]. Transgene expression has to be silenced shortly after iPSC
generation; the inability to silence the ectopic expression of the Yamanaka factors
makes iPSCs transgene-dependent, thus preventing subsequent differentiation [23].
Because chromosomal alterations can occur during the reprogramming process, a key
test to ensure that iPSCs have a diploid karyotype is to assess genome stability by G-
banding (as a minimum). Moreover, pluripotency-specific cell surface markers, such as
SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, and transcription factors including OCT-3/4,
NANOG, SOX2, REX1, CRIPTO, among others, have to be expressed in iPSCs.
Teratoma formation in immunodeficient mice is the most stringent functional assay and
the gold standard to define bona fide iPSCs [22]. While the first gene delivery methods
used to reprogram somatic cells were traditional integrative vectors, such as lentivirus

or retrovirus [24], more recently non-integrative methods such as Sendai virus [15] or

_» I
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episomal vectors, as well as epigenetic modifiers/compounds [21], have been used

successfully to deliver reprogramming factors [24].

ESCs and iPSCs hold great promise in cell therapy and regenerative medicine. The
successful prospective differentiation of iPSCs into tissue/lineage-specific cells will
render cell populations of potential clinical value. The utility of iPSC-derivatives relies
on the ability to generate functional and homogeneous cell subsets for transplantation.
In hematopoietic tissue, functional HSCs with long-term hemato-immune engraftment

potential have not yet been reported [9, 25, 26]. This may be due to the fact that

additional, yet unknown, intrinsic factors and/or extrinsic signals are required for the
generation of in vivo long-term hematopoietic reconstitution [25]. By contrast, several
studies have demonstrated the capacity of iPSC-derived neurons to engraft in
experimental animal models [27-29]. Several clinical trials using iPSC- and ESC-
derivatives are ongoing. No side effects thus far have been reported in these preliminary
trials, and some degree of success has been found with retinal pigment epithelium [30],
cardiac progenitors [31] and pancreatic endoderm cells [32], among other lineages. The
current status of pluripotent SC applications in the clinic has been recently reviewed by

Kimbrel et al. [33].

Recent publications have demonstrated that human iPSCs can be grown under standard
conditions in the primed state or grown in the naive state [34, 35]. Primed iPSCs retain
the gene expression and methylation profile of the tissue from which they were derived,
whereas naive iPSCs, regardless of their cellular origin, share a similar transcriptional
and epigenetic profile. However, when naive iPSCs revert to the primed state,

surprisingly they re-establish their original transcriptomic and epigenetic profile,

- EX
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suggesting epigenetic memory [13]. Importantly, the differentiation capacity of iPSC
lines is influenced by genetic and epigenetic variability [13, 36, 37], presumably
reflecting their cellular origin, the genetic background and the different reprogramming
strategies. To rule out the variability among different iPSCs, isogenic iPSCs should be
used for disease modeling studies. Accordingly, pairs of iPSC lines can be engineered
with only one specific modification by genome editing strategies against an otherwise
isogenic background. Among the different techniques available, Zinc Finger Nuclease
(ZFN), Transcription Activator-Like Effector Nucleases (TALENSs), Clustered
Regularly Interspaced Short Palindromic Repeat/Cas9 (CRISPR/Cas9) and Helper-
Dependent Adenoviral Vectors (HDAdVs) are those most commonly used to correct
and/or edit the monogenic mutations to generate isogenic iPSC pairs for disease

modeling [38, 39].

111.1.2.HEMATOPOIETIC STEM CELLS AND HEMATOPOIESIS

HSCs are multipotent SCs that emerge early during development and maintain
hematopoiesis throughout the entire lifespan of the organism [40]. Human
hematopoiesis is a complex process involving several organs during development. The
definitive HSC emerges first in the aorta-gonad-mesonephros (AGM) region [41, 42],
and then migrates to liver and placenta. The fetal liver is the principal hematopoietic
organ during development. Later, the spleen, thymus and lymphatic nodes are colonized
by HSCs, which further migrate to the bone marrow (BM) where they reside throughout

the lifetime of the organism (Figure 5) [40, 42, 43].
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23 27 30

[
Days 17 10.5 weeks
Yolk Primitive hepatic AGM Definitive BM
Sac colonization hepatic colonization
colonization
Embryonic hematopoiesis Definitive hematopoiesis

FIGURE 5: Human embryonic blood development: primitive hematopoiesis starts in the
yolk sac by day 17. Definitive hematopoiesis starts in the AGM region, and by day 30
migrates to the fetal liver. The BM is the last and definitive niche for HSCs. Modified from
[43].

Hematopoiesis is a hierarchical process where the most immature cells (HSCs) reside
at the apex and undergo several stages of differentiation to generate a variety of mature
blood cells. HSCs, hematopoietic progenitor cells (HPCs), lineage committed cells
(myeloid or lymphoid) and mature cells can be phenotypically and functionally
distinguished (Figure 6). Hematopoietic stem/progenitor cells (HSPCs) are almost
exclusively enriched in the CD34* fraction, which represents a small population (<1%)
in cord blood (CB) and BM [44, 45]. Phenotypically, human HSCs are enriched in the
Lin"CD34*CD38 fraction and HPCs are enriched in the Lin"CD34*CD38" fraction.
Functionally, HSCs are the only cells able to complete hematopoietic engraftment after
HSPC transplantation. Within the HSC fraction are Long-Term HSCs (LT-HSCs),
which are responsible for durable hematopoietic engraftment, and Short-Term HSCs
(ST-HSCs), which ensure short-term reconstitution. Consequently, HPCs have a lower

reconstitution capacity due to lineage commitment [7, 44]. Hematologic malignancies

- Ea
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and severe immunodeficiencies are target diseases for HSPC transplantation. Umbilical
CB has been extensively used as a source of HSPCs since the 1980s as it represents a
unique source of HSPCs due to its high percentage of CD34* cells and low
immunogenicity [46, 47]. In the setting of clinical transplantation, the dose of total
CD34* cells infused per kg of the patient’s bodyweight is used as a predictor of short-

term hematopoietic recovery and establishment of long-term engraftment [44, 48].

r Self-renewal

Multipotent |
progenitors

Oligopotent |
progenitors

Unipotent
progenitors

Mature
cells

Erythrocytes Platelets Granulocytes Macrophages Tcells B cells
FIGURE 6: Developmental hierarchy of hematopoiesis: LT-HSC and ST-HSC are Lin

CD34°CD38". HPC comprise multipotent progenitors (MPP), common myeloid
progenitors (CMP) and common lymphoid progenitors (CLP) and are Lin'CD34'CD38".
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Initially, CB transplantation was restricted to children or low-weight adults due to the
limited number of HSPCs. Over the last years, however, different strategies have been
implemented to improve CB transplantation efficacy, including CB-derived CD34" cell

expansion, ex vivo and in vivo homing techniques, or double CB administration [49].

BM stem cell niche is functionally defined as a specialized cellular structure which is
essential for long-term maintenance of adult HSCs. The balance between quiescence
and self-renewal is most probably regulated by dynamic reciprocal interaction between

single HSCs and their niches [50]. Stem cells are regularly distributed either in

quiescent or cycling states. The majority of LT-HSCs are in a quiescence, which is
accompanied by low metabolic activity, as a mechanism for avoiding accumulation of
DNA damage, and necessary to preserve the self-renewal capacity of HSCs and to
prevent stem cell exhaustion. Despite their quiescence, HSCs exhibit the highest self-
renewal potential of all blood cells [51, 52]. HSCs and HPCs are identified in vivo and
in vitro based on the expression of cell surface markers [53] or by their unique
metabolic profiles [51, 54-56]. Simsek et al. defined the metabolic phenotype of mouse
HSCs, demonstrating that HSC are enriched in a distinct population of cells
characterized by low mitochondrial potential (i.e., mitochondrial membrane potential
or MMP, ATP and oxidative phosphorylation or OXPHOS). The metabolic phenotype
of LT-HSC confers them a survival advantage in both physiological hypoxic or anoxic
BM niche [57, 58]. Under hypoxic conditions, glycolytic metabolism predominates,
providing sufficient amounts of ATP to sustain HSCs. Glycolysis allows ATP
generation with limited reactive oxygen species (ROS) production, being a less efficient
but safer cellular process. The transcription factor hypoxia-inducible factor-1 (HIF-1)

plays an essential role in the maintenance of oxygen homeostasis. HIF-1 is a
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heterodimeric protein that comprises two subunits: HIF-1a, which is stabilized by
hypoxia, and HIF-1B, which is constitutively expressed [59]. HIF-1 is a master
regulator of the transcriptional response to hypoxia and induce the expression of
glycolytic enzymes, allowing the production of energy when mitochondria are starved
of oxygen. HIF-1 is thus considered the key protein responsible for the metabolic

adaptation to hypoxia [60-63].

111.1.3.NERVOUS TISSUE

Mammalian nervous tissue is composed by the central nervous system (CNS) and the
peripheral nervous system, which regulates body functions and activity. The CNS is
largely made up by two types of cells: neurons and glial cells. Neurons are excitable
cells that transmit information, whereas glial cells have a basically supportive function.
The adult nervous system has classically been considered incapable of generating new
neurons because they are post-mitotic and do not divide. However, this view was
changed by the discovery of brain neurogenesis and the existence of NSCs in the adult
mammalian brain [6, 64]. NSCs are self-renewing multipotent progenitors that give
rise to neurons, astrocytes and oligodendrocytes in the CNS (Figure 7). Neurogenic
niches within the adult CNS are well characterized and are localized to the
subventricular zone, the subgranular zone and the carotid body [6, 65]. NSCs isolated
at different developmental stages share expression of NESTIN, MUSASHI, NCAM
and SOX2. The expression of the majority of these markers is regulated during the
initial phases of neural induction and is then maintained in NSCs throughout ontogeny

[66].
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Every region in the brain possesses its own type of neurons, which differ in their
morphology, connectivity and electrophysiological properties. Although the function
of some of these neurons has yet to be determined, recent work has enabled their
classification based on RNA expression [67]. Two of the most well characterized types
of neurons are dopaminergic neurons (DAns) and motor neurons (MNSs) due to their
dysfunction in Parkinson disease and amyotrophic lateral sclerosis (ALS), respectively,
which are common neurodegenerative diseases. Midbrain DAns are located in three
major nuclei (A8, A9 and A10) [68, 69] that originate from the ventricular zone in the
ventral midbrain and produce the neurotransmitter dopamine. OTX2, FOXA2 and
LMXla cooperate to enhance dopaminergic commitment [70-72] by inducing the
expression of several specific transcription factors such as PITX3, NURR1, EN1/2 and
TH, among others [68, 69, 73]. MNs can originate in the cerebral cortex (upper MNs)
or in the brainstem and spinal cord (lower MNs), and control directly or indirectly the

effector organs e.g., muscle [74]. Early in development, retinoic acid (RA) is crucial
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for the initial distinction of neurons of the hindbrain and spinal cord. Next, a sonic
hedgehog (SHH) gradient regulates rostro-caudal differentiation. Definitive MN-

specific transcription factors include, among others, HB9, ISL1 and LHX3 [74, 75].

In vitro neurogenesis has been reported by direct conversion of somatic cells or from
ESCs/iPSCs [17, 38, 76]. Neural commitment can be achieved after neuroectoderm
induction by RA or dual SMAD inhibition from iPSCs [27, 29, 77-82], and several
neuronal subtypes have been successfully generated in vitro [83]. Patient-specific
iPSCs can be prospectively differentiated into different neural cell types, which are
expected to become a unique tool/strategy for disease modeling and future in vivo cell

replacement therapies [38].

111.1.4. SKELETAL MUSCLE TISSUE

Muscle is a soft tissue formed during embryogenesis through a process known as
myogenesis [84]. Three types of muscle are found in mammals, which vary with respect
to function and anatomical location: skeletal muscle (SkM), smooth muscle and cardiac
muscle. SkM refers to multiple bounded cells called muscle fibers or muscle cells.
During myogenesis, SKM cells are formed through the fusion of developing myoblasts.
Embryonic muscle progenitor cells express two master genes responsible for the
survival and specification of the myogenic lineage, PAX3 and PAX7, and are
maintained as a self-renewing proliferative population [85]. These muscle progenitors
are quiescent and are held in reserve as resident satellite cells until needed for postnatal
growth or repair. During embryogenesis or after muscle damage, satellite cells are
activated to proliferate and differentiate to form new muscle cells [86]. The PAX7

transcription factor is a bona fide marker for quiescent satellite cells, and upon
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stimulation/activation, satellite cells express the myogenic determination factor MYF5,
a PAX7 target, which is required for proliferation and further commitment into
myoblasts [85, 87]. Along with MYF5, the myogenic regulatory factors MYOD and
MYOGENIN, which are essential for SkM differentiation from myoblasts, are
upregulated. Concommitanly, PAX7 is downregulated and myotubes (the mature SkM
cell) present PAX7 inactivation and an upregulation of myotube-specific markers such
a-actin, MHC and muscle creatine kinase (Figure 8) [88]. This terminal differentiation

is accompanied by the absence of proliferation [87].

Satellite cell
Quiescent Committed Myoblast Myocyte Myotube
O
=) =)
PAXT* PAXT* PAXT* MYoD* MYH*
MYF5* MYF5* MYOGENIN* CK*
MYOD* a-ACTININ*

FIGURE 8: Representation of SKM differentiation and maturation.

Several studies have demonstrated the capacity of ESC/iPSCs to differentiate into SkM
[89-93]. The most efficient methodology described thus far is the introduction of an
inducible transgene, such as PAX7 or MYOD, which drives cells towards the myogenic
lineage, acquiring engraftment and regenerative potential in vivo. Nevertheless, a major
challenge for cell therapy or drug screening is to scale up the differentiation process
such that it renders a large enough supply of homogeneous SkM cells for downstream

application [93, 94].
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111.2.METABOLISM

Metabolism can be considered a homeostatic process by which living organisms
produce a well-synchronized network of chemical/enzymatic reactions aimed at
modifying cellular structures and basic/elemental metabolites to meet physiological

demands.
Metabolism can be divided into two phases:

1. Anabolism: set of metabolic pathways through which complex functional

molecules are built from simple precursors. These reactions require chemical
energy, which is supplied as ATP. Anabolic processes usually promote cell
growth and differentiation.

2. Catabolism: set of metabolic pathways that break down large molecules (e.g.,
polysaccharides, lipids, nucleic acids and proteins) into smaller units (e.g.,
monosaccharides, fatty acids, nucleotides and amino acids), which are either
oxidized to release energy (ATP) or used in other anabolic reactions.
Catabolism therefore provides the chemical energy required for anabolic cell
growth and maintenance. Glucose is the main carbon source to produce ATP
and its catabolism is tightly regulated by a balance between glycolysis, which
occurs in the absence of oxygen, and OXPHOS, which is supplied with
reducing power generated by the Krebs cycle in the mitochondrial matrix,

leading to the consumption of oxygen.
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111.2.2.GLYCOLYSIS

Glycolysis is a catabolic pathway that converts glucose into pyruvate required for
synthesis of ATP and NADH. Pyruvate can either be catabolized by the Krebs cycle to
produce more ATP by OXPHOS, or converted to lactic acid by fermentation in the
absence of ATP synthesis. Glycolysis is less efficient in terms of energy production (2
ATPs are produced compared with 36 from OXPHQOS); however, it produces energy at
a faster rate and with a lower generation of ROS, which reduces oxidative damage, and

also allows for ATP generation in the absence of oxygen. Cancer cells use glycolysis

preferentially even in the presence of sufficient oxygen, a process termed the Warburg
effect, to generate energy while preventing ROS generation and genome instability [95,

96].

During embryogenesis, the blastocyst switches metabolism from OXPHOS to
glycolysis to prevent oxidative damage [97, 98]. Thus, ESCs derived from the inner
cell mass as well as iPSCs maintain this glycolytic metabolism as a primary source of
ATP [99]. In addition, early stage somatic cell reprogramming to iPSCs is accompanied
by a switch from mainly OXPHOS to mainly glycolytic metabolism [99-103]. The
predominantly glycolytic state allows the cell to produce energy linked to low levels of

ROS and is maintained by the expression of HIF-1 and UCP2 [103, 104].

111.2.3.OXIDATIVE PHOSPHORYLATION

OXPHOS is a mitochondrial process that uses oxidation of nutrients to generate a
proton gradient between the mitochondrial matrix and the intermembrane space that is

then used for multiple purposes including the import of proteins and calcium into the
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mitochondrion, and for generating heat and ATP [105]. It is the main aerobic route to
generate ATP from glucose and is more efficient than glycolysis. Electron donors
(NADH + H* and FADH,) produced by the Krebs cycle or by p-oxidation in the
mitochondrion matrix are passed to electron acceptors such as oxygen in redox
reactions to form water. These redox reactions are executed by four protein complexes
embedded in the mitochondrial inner membrane that constitute the electron transport
chain (ETC). The efficiency by which the electron transport is converted to ATP by
OXPHOS is known as the coupling efficiency. This is determined by the efficiency

through which protons are pumped out of the matrix by complexes I, 11l and 1V and the

efficiency by which proton flux through complex V is converted to ATP [105].

Mitochondrial OXPHOS consist of two subsystems, the ETC (from complex | to

complex V) and the ATP synthase (Complex V) (Figure 9):

- Complex 1 (CI) or NADH-coenzyme Q oxidoreductase: is the largest and most

robust electron acceptor and oxidizes NADH to NAD, transferring electrons
to coenzyme Q1o (CoQ1o), which is reduced. It is a proton pump formed by 46
subunits and is the major ROS producer in the cell, which can damage the
mitochondrial DNA (mtDNA) and cause aging-like degenerative changes and

sporadic Parkinson disease [106-109].

- Complex Il (CII) or succinate-Q oxidoreductase: is the second entry point to
the ETC. CoQqo is reduced by the electrons transferred from succinate or
FADH2. This complex is unable to transfer protons into the intermembrane

space. Succinate accumulation can be generated by mutations in CIl, which
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can increase ROS generation and related genomic instability provoking
metabolic disease [110-112].

Complex I11 (CIII) or coenzyme Q-cytochrome ¢ oxidoreductase: is a dimer,

with each monomer containing 11 protein subunits. The reaction catalyzed is
the oxidation of CoQ1o and the reduction of the electron carrier cytochrome c,
which shuttles electrons to complex IV and protons are pumped into the
intermembrane space. Encephalomyopathy or Leber hereditary optic
neuropathy provoked by superoxide overproduction can be caused by
mutations in CIII [113-115].

Complex 1V (C1V) or cytochrome ¢ oxidase: is the final complex in the ETC.

It contains 13 subunits and mediates electron transfer from cytochrome c to
oxygen to form water, at the same time removing protons from the matrix and
contributing to the proton gradient. CIV deficiencies are heterogenic disorders
and range from myopathy to multisystemic disorders [116].

Complex V (CV) or ATP synthase: is the final enzyme of OXPHOS. This

enzyme uses the energy stored in the proton gradient across the mitochondrial
membrane to synthesize ATP from ADP and Pi. This phosphorylation reaction
is in equilibrium, which can be shifted by altering the protonmotive force. In

the absence of protonmotive force, ATP synthase hydrolyzes ATP.

The function or textbook description of the ETC in the mitochondria cannot be fully

explained by the classical fluid model [117] or the solid model, which proposes that the

respirasome (Cl, ClIl and CIV) is the only functional mitochondrial ETC [118]. It is

thought that both models coexist in a dynamic way. Complexes are organized into
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independent supercomplexes [119], likely due to their dependence on physical

interaction for functionality and to optimize the use of available substrates [120].

OXPHOS

Intermembrane
space

H+ H+ H+ H+

NADH NAD* FAD 2H+ %0, ADP  ATP

Mitochondrial matrix

FIGURE 9: Classical view of OXPHOS: Representation of the electron transport chain in
the mitochondrial inner membrane. Complexes | and Il transfer electrons from NADH and

FADH2, respectively, to complex IlI via CoQ,, (Q). Complex IlI transfers electrons to

complex 1V via cytochrome ¢ (Cyt c). Complex IV uses the electrons to reduce oxygen to
water. Complex V uses the proton gradient force created by electron transfer across the inner
mitochondrial membrane to synthesize ATP.

111.2.4.REACTIVE OXYGEN SPECIES

ROS are chemical species formed after the incomplete reduction of oxygen, and include
peroxides, superoxides, hydroxyl radicals and singlet oxygen [121]. In a biological
context, ROS are formed as natural byproducts of oxygen metabolism and play key
roles as second messengers in cell signaling and homeostasis [108, 122-124]. ROS
levels can increase after environmental stress, and can damage cellular structures by
oxidation. ROS can be produced by exogenous insults (drugs, radiation) or

endogenously from normal cellular metabolic processes. Mitochondria generate the
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majority of endogenous ROS during OXPHQOS [109, 125], which under physiological
conditions is tightly regulated [126]. Dysfunction in the ETC can lead to a leakage of
superoxide anion, which can subsequently be converted to other types of ROS including
hydrogen peroxide. ROS can damage cellular proteins, lipids and nucleic acids [105],
a phenomenon known as oxidative damage. If too much oxidative damage is present in
mitochondria, the cell launches the apoptosis mechanism via the pro-apoptotic BCL-2
family and/or cytochrome c pathways. Excessive production of ROS can cause
deleterious effects in the organism, which is evident in the human degenerative diseases

such as Parkinson or Alzheimer [127, 128]. Mitochondrial dysfunction is a source of

ROS that can provoke oxidative damage and induce cellular senescence [129-131].

111.2.5.MITOCHONDRIAL METABOLISM

The mitochondrion is a double membrane organelle found in all eukaryotic organisms,
although some cells such as erythrocytes lack mitochondria and use glycolysis to
synthesize ATP. The mitochondrial genome is a double-stranded circular molecule of
16659 base pairs and encodes 13 polypeptides involved in OXPHOS [132, 133].
Mitochondria vary considerably in terms of size and structure due to continuous cycles
of fission and fusion, termed mitochondrial dynamics, which regulates mitochondrial
morphology and function [134]. Mitochondrial fusion and fission not only merges the
mitochondrial inner and outer membranes, but also mixes mitochondrial matrices and
redistributes mtDNA. Loss of mitochondrial fusion causes a normally connected
network to fragment into multiple small mitochondria due to fission [134, 135]. Besides

their traditional role as the cellular powerhouse, mitochondria are involved in cellular
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signaling and differentiation as well as cell death, cell growth and proliferation [105,

136, 137].

Mutations in either mtDNA genes or in nuclear genes that encode mitochondrial
polypeptides required for aerobic ATP production cause a broad and often devastating
spectrum of human mitochondrial diseases, which can affect any organ in the body.
Tissues with high energetic demand like the CNS or SkM are those mainly affected in
mitochondrial diseases [138]. In addition, there is a wide degree of clinical

heterogeneity in mitochondrial disease. Some of this heterogeneity can be explained by

the fact that cells can contain a variable percentage of mutated mtDNA, the presence of
more than one type of mtDNA in the cell is named heteroplasmy and is an important
factor of disease severity. Mitochondrial diseases are not only related to the ETC and
metabolic disorders, but they can also contribute to cancer and neurodegenerative

diseases, such as Parkinson, Alzheimer or Huntington disease [138-142].

111.2.6.COENZYME Q10

CoQ1owas discovered by Festenstein and Crane in the mid-1950s [143, 144] as a redox-
active lipophilic molecule present in all eukaryotic species. It is composed of a quinone
ring, which provides redox function, connected to a polyisoprenoid side chain of
variable length, which anchors it to cellular membranes (Figure 10A) (10 in humans,
9 in mice and 6 in yeast) [145, 146]. CoQ1o is found in the plasma membrane and several
endomembrane systems. CoQio has an essential role in the inner mitochondrial
membrane because of its function in the ETC, which is to shuttle electrons from Cl and

Cll to CIlI (Figure 9). CoQao also cooperates in the oxidation of fatty acids, pyrimidine
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biosynthesis [147], and opening of the permeability transition pore [148]. It is also one

of the main cellular antioxidants [149] and an essential cofactor of uncoupling proteins

[146, 150, 151].
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FIGURE 10: CoQ,, structure and biosynthesis. A) Structure of the oxidized (ubiquinone) and
reduced (ubiquinol) form of CoQ,,. B) Schematic representation of CoQ,, biosynthesis in

mammalian cells. 4-hydroxybenzoate (4HB) is derived from tyrosine. COQ4 has a central
structural role in the multienzymatic complex. Several enzymatic steps are still unclear and

are represented by question marks. Modified from [145].
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CoQio biosynthesis is a complex pathway that remains incompletely understood.
Proteins encoded by different COQ genes are involved in CoQ1o biosynthesis between
the cell cytoplasm and mitochondria by multienzymatic complex assembly, the exact
composition and organization of which is not completely clear (Figure 10B) [145, 152].
The precursor of the quinone ring is 4-hydrozybenzoate, which is derived from tyrosine
through a still uncharacterized set of reactions, while the isoprenoid tail is synthesized
through the mevalonate pathway by PDSS1/PDSS2 to be condensed to the quinone ring
by COQ2. COQ3, COQ5, COQ6 and COQ7 proteins are involved in methylation and

decarboxylation, hydroxylation (COQ6 and COQ?7), respectively. FDX1L and FDXR

provide electrons for COQ6 activity. ADCK3 and ADCK4 are kinases essential for
phosphorylation of COQ3, COQ5 and COQ7. COQ9 is a lipid-binding protein
necessary to stabilize COQ7. COQ10A/B is most probably a chaperone required for
correct localization of CoQjo within the mitochondrial membrane. The function of
COQ4 is still unknown; there is evidence however that is required for the assembly and

stability of the multienzymatic complex [145, 153, 154].

111.2.6.1.COENZYME Q10 DEFICIENCY

CoQ1o has been implicated in many common disorders that present with increased
oxidative stress, such as neurodegenerative diseases, cancer, diabetes, aging and
Alzheimer, among others. However, a specific group of rare conditions has been
characterized by a deficiency in CoQio [155]. CoQio deficiency was described in
patients for the first time in 1989 [156], and was associated with a diverse range of
clinical phenotypes. The hallmark of this disease is a decrease in the concentration of

CoQ10 in muscle and/or fibroblasts below 50% of standard values. CoQ1o deficiency is
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considered a rare and heterogeneous group of metabolic/mitochondrial disorders

(OMIM #607426) that are frequently diagnosed during childhood [157].

Mutations in COQ genes cause primary CoQio deficiency, whereas secondary CoQ1o
deficiency is caused by mutations in genes not related to the CoQio biosynthetic
pathway [154, 157], such as APTX, ETFDH, BRAF1, as well as many mtDNA defects.
However, not all mutations in APTX or ETFDH lead to CoQo deficiency, and thus it is
unclear why some patients develop the deficiency and other not. Moreover, in all these

scenarios CoQ1o deficiency is always a secondary insult and it is not the critical event

of the disease [154, 157]. Since the first described case of primary CoQ1o deficiency
[156], several mutations in genes involved in CoQ1o biosynthesis have been reported,
such as COQ2 [158-162], COQ6 [163], ADCK3 [160, 164, 165], ADCK4 [166], COQ9
[160, 167], PDSS1 [168], PDSS2 [169] and COQ7 [170], and all result in a reduction
in CoQ1o levels. These conditions are very rare, and the clinical manifestations have
been clustered into five main phenotypes: encephalomyopathy, cerebellar ataxia, severe
infantile multisystem disorder, nephropathy and isolated myopathy [145, 153, 156-158,

171-183].

111.2.6.2.COQ4 MUTATIONS

The COQ4 gene, which contains seven exons spanning approximately 12 kb [184],
encodes a component of the CoQio biosynthesis pathway. It has been previously
suggested that COQ4 has an essential structural role in the biosynthesis of CoQ1o [152,
154, 184]. In addition, several biallelic missense mutations in COQ4 as well as COQ4
haploinsufficiency cause a broad spectrum of mitochondrial disorders affecting mainly

the CNS and SkM, such as encephalomyopathy, cerebellar atrophy, hypotonia,
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respiratory distress and neurological deterioration, among others, which are associated
with CoQqo deficiency with early fatal outcome [175, 176, 178]. The pathogenic role
of some identified mutations has been experimentally validated in a recombinant yeast
model: null-COQ4 yeast can be effectively complemented by human COQ4. Moreover,
yeast have been transformed with mutated variants of human COQ4 to functionally test

the effect of some mutations for CoQ1o biosynthesis [175, 184].

111.3.DISEASE MODELING

Human diseases are generally studied once the full genetic, epigenetic and metabolic
events are already in place and, therefore, the mechanisms of disease pathophysiology
are not amenable to analysis with primary patient samples [9]. In this sense, the advent
of iPSC technology has revolutionized biomedical research, opening up unprecedented
avenues in developmental biology and also drug screening and disease modeling, which
are some of the most promising applications for regenerative medicine. While iPSCs
are widely being used in disease modeling, they are envisioned to become a unique tool
for disease-specific drug screening, and possibly, patient-specific cell replacement
approaches [24]. The full potential of iPSC technology relies on the ability to
modify/correct specific genome sequences, with the ultimate goal of personalized
therapy. Importantly, genome editing techniques such as CRISPR/Cas9 system offer a
new perspective on genome editing, which together with iPSCs may provide a unique

in vitro model to explore the developmental impact of specific mutations [1, 9, 20, 24].

Fibroblasts are the main source of iPSCs, although other sources of iPSCs have been
reported, including CB cells and mature B cells, etc [2, 15, 20, 23, 24]. iPSCs may be

differentiated in vitro into a variety of cell lineages. Over the last years, many attempts
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have been made to optimize various differentiation protocols to achieve a homogeneous
and functional cell population [25-29, 89, 93, 185]. The unlimited source of
differentiated cells from patient-derived iPSCs would allow the investigation of the
initiation and development of diseases in vitro. For example, patient-derived iPSCs
differentiated in vitro and in experimental models in vivo can reproduce the patient’s
phenotype in some neural diseases, such as retinitis pigmentosa [186], frontotemporal
dementia [187] or Rett syndrome [188, 189]. Additionally, iPSC-derived neurons from
Parkinson patients manifested autophagy dysfunction [190] or oxidative damage [127].

A comprehensive study using monozygotic twins demonstrated that iPSC-derived

neurons are more affected in the diseased twin than in the healthy twin, revealing the
significance of this model [191]. Moreover, non-neural diseases are also recapitulated
with in vitro iPSC differentiation, such as Fanconi anemia, progeria and familial

cancers, among others [24, 192-195].

As stated earlier, CoQio deficiency is a heterogeneous disease that leads to
encephalomyopathies because the disruption in energy metabolism affects tissues with
high-energy demands such as the CNS and SkM. Since many COQ genes have been
implicated in primary CoQio deficiency, the molecular diagnosis and clinical
heterogeneity remains challenging. To date, there is no clear genotype-phenotype
association [145, 153], and the only current treatment is CoQ1o supplementation, which
is usually variable in the patients and is a demanding treatment [145, 177]. It is therefore
an ideal candidate disease to be reproduced with iPSCs to gain insight into the
developmental impact of COQ4 mutations in mitochondrial dynamics, CoQio

biosynthesis and also in the observed neuronal and SkM phenotypes.
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111.4.CRISPR/CAS9: A UNIQUE AN

UNPRECEDENTED TOOL FOR GENE EDITING

CRISPR/Cas9 systems are genetic hallmarks of adaptive immunity in bacteria and
archea that have evolved to target and eliminate invading genetic elements such as
viruses and plasmids [196]. During last few years, the CRISPR/Cas9 system has
become a powerful tool for basic and applied science. Among the increasing numbers
of papers published in the field, one of the latest studies has utilized this system as a

tool to track RNAs in living cells, exploiting the inactivated-nuclease activity of Cas9

to bind in the cell to RNA [197], thus expanding the utility of such a methodology.

CRISPR/Cas9 specification is based on RNA-DNA recognition. Several delivery
systems, such as lentiviral transduction, electroporation and transfection, have been
employed to introduce the small guide RNAs (sgRNA) and the Cas9 protein into cells.
Cas9 is a nuclease that is guided by ~20 nucleotides sgRNAs towards a specific DNA
cleavage site, which is three nucleotides upstream of the protospacer-adjacent motif
(PAM) (5’-NGG-3’), introducing a double-strand break (DSB) [198, 199]. The DSBs
generated by CRISPR are preferentially repaired by non-homologous end joining
(NHEJ), which is an error-prone process and thus useful to introduce insertions and
deletions into mammalian cells. In addition, DSBs are resolved at a lower frequency by
homology direct repair (HDR) and therefore can be used to modify endogenous loci,
such as generating point mutations, inserting genes or DNA editing. HDR can be
influenced by the presence of an exogenous template, which can either be in a double-
stranded DNA with homology arms flanking the insertion sequence, or single-stranded

DNA (Figure 11). Generation of DSBs in off-target locations can occur because
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gRNAs bind to a nonspecific DNA sequences similar to the target site. To increase the
specificity of Cas9-mediated genome editing, a Cas9 has been developed with nickase
activity to enhance HDR over NHEJ [200, 201]. The CRISPR/Cas9 system has been
used recently to repair a wide range of monogenic diseases both in human and mouse

models [202-206].

CRISPR/Cas9 —
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NHEJ
/’T Repair dsDNA \
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4l'm‘unuuuumu lll,NV dlmullllllll:l“: llf V
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FIGURE 11: Representative cartoon of CRISPR/Cas9 system and dsDNA repair after the
formation of a double-strand brake (DSB). NUC: DNA nuclease Cas9. NHEJ: non-homologous
end joining. HDR: homology direct repair. PAM: protospacer-adjacent motif Modified from

Advanced analytical (http://www.aati-us.com).
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I11.5.ARTICLE I:

Concise review: Generation of neurons from somatic cells of healthy

individuals and neurological patients through induced pluripotency or direct

conversion.

Velasco |, Salazar P, Giorgetti A, Ramos-Mejia V, Castafio J, Romero-Moya
D, Menendez P.
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ABSTRACT

Access to healthy or diseased human neural tissue is a daunting task and represents a barrier
for advancing our understanding about the cellular, genetic, and molecular mechanisms underly-
ing is and neurod ion. Repr ing of ic cells to plurif y by
transient expression of transcription factors was achieved a few years ago. Induced pluripotent
stem cells (iPSC) from both healthy individuals and patients suffering from debilitating, life-
threatening neurological diseases have been differentiated into several specific neuronal sub-
types. An alternative emerging approach is the direct conversion of somatic cells (i.e., fibro-
blasts, blood cells, or glial cells) into neuron-like cells. However, to what extent neuronal direct
conversion of diseased somatic cells can be achieved ins an open i Optimizati

of current expansion and differentiation approaches is highly demanded to increase the differ-
entiation efficiency of specific phenotypes of functional neurons from iPSCs or through somatic
cell direct conversion. The realization of the full potential of iPSCs relies on the ability to pre-
cisely modify specific genome sequences. Genome editing technologies including zinc finger
nucleases, transcription activator-like effector nucleases, and clustered regularly interspaced
short palindromic repeat/CAS9 RNA-guided nucleases have progressed very fast over the last
years. The bi of diting ies and patient-specific iPSC biology will offer
a unique platform for in vitro generation of diseased and corrected neural derivatives for per-

sonalized therapies, disease modeling and drug screening. STEM CELLS 2014;32:2811-2817
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INDUCED PLURIPOTENCY

Pluripotency is defined by the ability to pro-
duce from a single undifferentiated cell type,
cell derivatives representing the three germ
layers: meso-, endo-, and ectoderm. Pluripo-
tent stem cells (PSCs) of human origin were
first isolated from teratocarcinomas, giving rise
to embryonal carcinoma cell lines [1]. This
property is expected to be present in cells giv-
ing rise to gametes during human develop-
ment and thus, pluripotent embryonic germ
cells were described in 1998 [2]. The most
widely used PSCs of mammalian origin are
mouse embryonic stem cells (ESCs), derived
from the inner cell mass of preimplantation
embryos at the blastocyst stage [3, 4]. Using a
similar approach, human ESCs (hESCs) were
isolated from embryos almost 2 decades later
[5]. During human development, germline cells
undergo meiosis to produce gametes. The
remaining cellular types are known as somatic

cells, and they do not contribute to reproduc-
tive tissues. Early work has shown that miss-
expression of MyoD can convert cell fate
between germ layers [6, 7]. Similarly, ectopic
expression of master lineage-specific transerip-
tional regulators allows cells to change from
one blood lineage to another [8]. However, it
was not recognized until recently how rela-
tively easy is for a terminally differentiated
somatic cell to re-acquire pluripotency proper-
ties or change cell fate across germ layers.
Successful reprogramming of somatic cells
to a pluripotent state by transient expression
of four transcription factors (OCT4, SOX2,
KLF4, and ¢-MYC) was achieved for the first
time with mouse cells in 2006 [9] and with
human fibroblasts in 2007 [10, 11] using retro-
viral vectors. Many researchers have produced
induced pluripotent stem cells (iPSCs) by
expressing the Yamanaka factors through inte-
grative or nonintegrative methods. Among the
former, retroviral and lentiviral vectors are the

©2014 The Authors. Stem CeLs Published by

Wiley Periodicals, Inc. on behalf of AlphaMed Press




Damia
Romero Moya

2812

OCT4/S0X2/KLF4/c-MYC

Neurons Generation From iPSCs or Direct Conversion

or miRNAs @

SO *2
Somatic cell mb'bblas’s

ASCL1+BRN2A+MYT1L
or NEUROD1

iPSC lines \

embryoid bodies + retinoic acid
} ‘/—

Neural differentiation by

or dual SMAD inhibition

Neural stem/progenitor cells
in monolayer or neurosphere
cultures

}

Neurons

Figure 1. Scheme showing the different methods to produce neurons from a somatic non-neuronal cell. Neural differentiation from
human iPSCs requires neural inducers, such as formation of embryoid bodies combined with stimulation with retinoic acid or inhibition
of transforming growth factor-ff and bone morphogenic proteins (dual SMAD inhibition), followed by expansion of neural stem/progeni-
tor cells in monolayer or neurosphere cultures. Alternatively, fibroblasts, cord blood cells, or astrocytes can be directly converted to neu-
rons, either in vitro or in vivo. Abbreviations: miRNAs, microRNAs; iPSC, induced pluripotent stem cell.

most widely used [12]. Induced pluripotency requires endoge-
nous activation of a pluripotency-associated gene expression
signature and a concomitant silencing of ectopic reprogram-
ming factors. Genomic integration of these transgenes is ran-
dom and becomes epigenetically regulated so that their
residual expression after long-term culture due to a lack of
complete silencing may prevent subsequent differentiation
[13] and make iPSCs prone to genomic alterations [14]. The
most common nonintegrative methodologies include Sendai
virus (SeV) [15], mRNA [16], plasmid DNA [17], or introduc-
tion of the recombinant proteins into somatic cells [16]. Also,
small molecules [18] can substitute some reprogramming
genes. Interestingly, microRNAs (miR) [19, 20] can produce
iPSCs on their own, without the pluripotency reprogramming
genes. It is especially relevant the ability of miR-302 to con-
tribute to iPSCs generation, which is in line with the well-
established role of miR-302 as a key regulator of pluripotency
in hESCs [21-25].

However, the generation of iPSCs is still inefficient, yield-
ing a low proportion of reprogrammed cells [18]. Many small
molecules and epigenetic remodeling drugs have been
reported to increase iPSC efficiency [26). However, how these
ectopic factors can make a somatic cell to travel back in
development and become pluripotent through epigenetic
reprogramming remains elusive. Cellular reprogramming is
assumed to be a stressful cellular process. In fact, during the
reprogramming process several genomic insults including cod-
ing mutations, insertions/deletions (indels), and chromosomal
rearrangements occur. This genomic instability may activate
the DNA damage response (DDR) which may in turn contrib-
ute to a selection of specific clones during reprogramming to
pluripotency [27-29]. Also, whether or not induced pluripo-

tency is a purely stochastic process remains controversial [30].
There are important regulators of this process, such as p53
[31-33] and Mbd3. Indeed, inhibition of Mbd3 allowed a
reprogramming efficiency of almost 100% [34]. Recently, dif-
ferences in cell cycle length allowed the identification of
rapid-cycling cells as responsible for the bulk of reprog-
rammed cells [35]. Together, although many technical and bio-
logical questions about the cellular, molecular, and epigenetic
mechanisms underlying reprogramming remain elusive, mak-
ing induced reprogramming an obscure and low efficient pro-
cess, human iPSCs (hiPSCs) have revolutionized biomedical
research opening up unprecedented avenues in developmen-
tal biology, drug screening, and disease modeling. Because
access to healthy or diseased human neural tissue is a chal-
lenge and limits our understanding on neurogenesis and neu-
rodegeneration, diseases affecting the central nervous system
might particularly benefit from iPSC biology.

NEURAL DIFFERENTIATION OF PSCs

Several protocols for neuronal differentiation of human PSCs,
including iPSCs, have been reported. Neural commitment of
PSCs can be achieved through formation of embryoid bodies
and treatment with retinoic acid, a neuroectoderm inducer, or
by pharmacological inhibition of transforming growth factor-f3
and bone morphogenic protein pathways (dual SMAD inhibi-
tion). The resulting neural stem/progenitor cells can be
expanded either attached toc a substrate or as floating neuro-
spheres to be further exposed to growth factors inducing spe-
cific neuronal subtypes (i.e., spinal motor, cerebellar,
dopaminergic, or cortical interneurons) [36-40] (Fig. 1). For
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instance, motor neuron differentiation of hESCs and hiPSCs
has been refined to a point that spinal lateral column pheno-
types can be obtained [36, 41]. Similarly, for dopaminergic
neurons, midbrain phenotypes can be successfully produced
in high yields from hESCs and hiPSCs [38, 39]. These human
PSC (hPSC)-derived neurons were transplanted in animal mod-
els of neurological disease where survived and contributed to
the partial recovery of several neurological parameters,
including behavior. These results should encourage us to fur-
ther explore hPSC-derived neurons in preclinical settings [42].
Beyond patential cell therapy applications, hPSC-derived neu-
rons open up new avenues in drug screening and disease
modeling applications.

Induced PSCs have been generated from biopsies of
patients harboring mutations associated to amyotrophic lat-
eral sclerosis [41], spinal muscular atrophy [43, 44], Parkinson
disease [45, 46], Alzheimer disease [47], and Rett syndrome
[48]. Some of these patient/disease-specific iPSCs give rise,
under proper inductive conditions, to the affected neuronal
subtype, opening up new avenues to explore: (a) the potential
of these neurons to graft the patient in an autologous setting,
provided the procedure is safe and effective, (b) the in vitro
neuronal differentiation of mutated iPSC as a disease model
to unravel the developmental, cellular, and molecular mecha-
nisms underlying the disease onset and progression, and (c)
large-scale drug screening aimed at restoring impaired func-
tions or preventing neuronal degeneration. In fact, long-term
culture of dopamine neurons differentiated from mutant Par-
kinson hiPSCs showed increased apoptosis and decreased
number and shorter neurites [45]. In another study, Parkinson
patient-specific iPSC were generated and differentiated into
neural derivatives that were challenged with mitochondrial
stressors, revealing an increased susceptibility as compared to
neural cells from control iPSCs. Furthermore, supplementation
of the culture medium with the antioxidant coenzyme Q10 or
rapamycin caused partial protection against neural degenera-
tion [49]. These studies underscore the potential of iPSCs and
iPSC-neural derivatives to gain insights into the underlying
mechanisms of neurodegeneration and to explore them as a
biological platform to screen potential therapeutic molecules,
eventually contributing to the development of novel pharma-
cological approaches.

Collections of patient/disease-specific hiPSCs, including
neurological conditions [50], will be of utmost value to
advance our understanding of the disease. Furthermare, an
initiative for public banking of diseased fibroblasts from
patients with mutations related to neurodegenerative diseases
is already ongoing [51]. It will be important to consider both
sporadic and familial forms of neurclogical diseases to allow
comparisons among patients and mutations in order to iden-
tify common and distinct mechanisms underlying the disease
pathogenesis as well as wide-acting drugs. However, the gen-
eration of functional neurons from hPSCs, namely cells that
express markers of neuronal differentiation (-l tubulin,
microtubule associated protein-2, or NeuN), fire action poten-
tials, synthesize and release neurotransmitters and form syn-
apses with neighboring neurons, often requires extended
periods of culture and the available protocols are complex
and suffer from high variability. Recently, lineage priming to
neurons from hESCs and iPSCs was induced by forced expres-
sion of a single transcription factor (either NEUROGENIN-2 or
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NEUROD1) which resulted in the emergence of mature neu-
rons within 2 weeks, speeding up significantly the time
required to obtain mature human neurons in vitro [52].
Besides differentiation efficiency, a homogeneous population
of lineage-specific cells (i.e., neuronal populations) from hPSCs
must be eventually obtained to prevent the presence in the
culture of residual undifferentiated cells which may exert
undesired/misleading effects both in vitro and in vivo.

DIRECT CONVERSION OF SOMATIC CELLS INTO NEURONS

After the seminal reprogramming work of Yamanaka and
coworkers, other investigators started testing the hypothesis
that expression of transcriptional regulators might act as neu-
ral cell determinants to non-neural differentiated somatic
cells. Indeed, ectopic expressicn of ASCL1, BRN2A, and MYT1L
turned fibroblasts directly (no pluripotent stage involved) into
induced neurons (iNs) [53, 54] (Fig. 1). Expression of addi-
tional neural lineage-specific transcriptional regulators further
promoted the conversion of human fibroblasts into dopamine
[55, 56] and motor neurons [57]. Interestingly, although this
direct conversion into iNs rarely requires the neural progeni-
tor state, human fibroblasts can alse be induced by the sole
expression of SOX2 to become multipotent neural stem cells,
able to differentiate into neurons, astrocytes, and oligoden-
droglia [58]. Direct conversion of fibroblasts into iNs usually
requires a skin biopsy that is expanded in culture to generate
enough starting material. Therefore, the use of a more acces-
sible source in medical diagnostic procedures, such as blood,
would be highly advantageous. In fact, cord blood stem cells
have been recently reprogrammed into iNs by forced expres-
sion of SOX2 and c-MYC [59]. This work showed for the first
time that cells from mesodermal origin can be switched to an
ectodermal fate with only two transcription factors. The pro-
cedure for generating iNs relies on the use of integrative vec-
tors, and similar to the production of hiPSCs, is rather
complex and inefficient. Recently, some progress has been
made in direct reprogramming of non-human primate fibro-
blasts into region-specific neural progenitors through transient
expression of the four Yamanaka factors using nonintegrative
SeV in combination with specific neural culture conditions
[60]. These results represent an important technical progress
for the generation of iNs, although the presence of a pluripo-
tent intermediate cellular stage cannot be ruled out in these
experiments, and the process continues to be quite ineffi-
cient. Because SeV vectors seem to be one of the most effi-
cient nonintegrative strategies for reprogramming blood cells
to iPSCs [61, 62] it will be of interest to determine if delivery
of SOX2 and ¢-MYC by means of SeV transduction might
enhance the direct reprogramming efficiency of blood cells
into iNs. Blood-derived iNs could provide a unique tool for
drug screening and will facilitate the development of a cellu-
lar platform for the generation of patient-specific neuronal
cells for future biomedical applications.

Direct conversion of non-neuronal cells into neurons is
also possible in vivo. Human fibroblasts or astrocytes engi-
neered to express doxycycline-inducible ASCLI, BRM2A, and
MYTI1L are converted into neurons within the rodent brain
after doxycycline addition. Interestingly, endogenous brain
astrocytes were also converted into iNs highlighting a specie-
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ing and patient-specific human iPSCs (hiPSCs) for in vitro genera-

tion of diseased and corrected lineage-specific derivatives for disease modeling and drug screening. Studies on disease modeling and

drug screening should be undertaken in parallel on both diseased and
among hiPSC lines derived from distinct starting cells, using different

genetically corrected cell lines. Due to the high variability existing
methods, and from different genetic backgrounds, the use of an

isogenic mutation-corrected iPSC line is essential as a control. Abbreviations: CRISPR/CAS9, clustered regularly interspaced short palin-

dromic repeat/CAS9 RNA-guided nucleases; HDAdV, helper-dependent
transcription activator-like effector nucleases; ZFN, zinc finger nuclease:

independent direct conversion [63]. In a similar approach,
NeuroD1 transduction of reactive astrocytes and oligodendro-
cytes present after acute brain damage or as a consequence
of a chronic damage in a transgenic Alzheimer disease mouse
model also rendered iNs in vivo. Notably, astrocyte-derived
iNS  mainly produced glutamatergic neurons whereas
oligodendrogyte-derived iNs generated both glutamatergic
and gabaergic neurons [64]. To what extent neuronal direct
conversion is possible in other diseased somatic non-neural
cells remains an open question. While these results are prom-
ising, the field has yet to clearly address how much these iNs
resemble to neurons/neural progenitors and whether iNs
retain epigenetic memory; that is, they retain gene expression
and epigenetic profiles similar to the donor cell type (fibro-
blasts, hematopoietic cells and astrocytes) that was originally
reprogrammed. This epigenetic memory is crucial since it may
influence subsequent differentiation potential. Taken together,
integration of technical and biological expertise gained from
hiPSCs and hiNs will boost our ability to move the field for-
ward facilitating the implementation of disease modeling and
drug screening applications. Eventually, the realization of the
full potential of iPSCs/iNs relies on the ability to improve the
reprogramming/direct conversion and combine efficient differ-
entiation protocols with the precise modification of specific
genome sequences.

RGETED GENOME EDITING IN HUMAN IPSCs

hiPSCs are widely being used in developmental biology and
disease modeling. However, they are envisioned to become a
unique tool for disease-specific drug screening, and possibly, a
patient-specific cell replacement approach [65] (Fig. 2). How-
ever, the realization of the full potential of hiPSCs relies on
the ability to precisely modify/correct specific genome
sequences, with a prospect of personalized cell therapy.

©2014 The Authors. STem CeLLs Published by Wiley Periodicals,
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Importantly, genome editing in hPSCs has evolved from being
a daunting task to a widely spread procedure in worldwide
laboratories. The reasons for this are twofold: (a) human PSCs
are especially amenable for genome editing since they can
undergo extensive culture manipulations, such as drug selec-
tion and clonal expansion, while still maintaining their pluripo-
tency and genome stability [66], and (b) genome editing
technology has progressed extremely rapid over the last few
years including zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENS), clustered regularly
interspaced short palindromic repeat/CAS9 RNA-guided nucle-
ases (CRISPR/CAS9) (Table 1), and helper-dependent adenovi-
ral vectors (HDAdVs). An important aspect is that cells that
have undergone genome editing should contain only the
intended change in an otherwise isogenic background, thus
providing the most stringent test of gene function. However,
this may not be the case due to off-target effects of ZFNs,
TALENs, and CRISPR/CAS9. However, these genome-editing
tools are under continuous improvement [67, 68]. The biologi-
cal mechanisms underlying these genome-editing tools in
human PSCs cannot be covered in this review due to space
constrains, but they have been extensively and elegantly
reviewed elsewhere [66]. Table 1 summarizes the differential
biological and technical features of cutting-edge main
genome-editing approaches. Although only a minority of the
neurodegenerative diseases is caused by a specific identified
mutation, there are examples showing the potential of
genome editing in iPSC for neurological diseases.

Huntington disease is caused by expansion of a poly-
glutamine motif in HUNTINGTIN. Through homologous recom-
bination in iPSCs, the number of glutamines in this protein
was reduced, resulting in decreased apoptosis and improve-
ment in oxygen consumption rate in corrected neural progeni-
tors [69]. Spinal muscular atrophy is a genetic autosomal
recessive disease caused by mutations of the SMNI gene
which results in a nonfunctional protein causing motor neuron
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Table 1. Main biological-technical features of genome-editing technologies
Feature ZFNs TALENs CRISPR/CAS
Type of recognition Protein-DNA Protein-DNA RNA-DNA
Mechanism of action Induces DSB Induces DSB Induces DSB and SSB (nickase)
Design/construction Intermediate/easy Simple/easy Very simple/very easy
Suceess rate Low Moderate High
Methylation sensitive Not sensitive Sensitive Not sensitive
Multiplexing/high-throughput No Feasible (but technically Yes

challenging)
Off-target effects Common Few Common (few with nickase)
Toxicity Variable Low Low
Cost. High Moderate Very low

Abbreviations: CRISPR/CAS, clustered regularly interspaced short palindromic repeat/CAS9 RNA-guided nucleases; DSB, double strand breaks;
SSB, single strand breaks; TALENSs, transcription activator-like effector nucleases; ZFNs, zinc finger nucleases.

degeneration. As a compensatory mechanism, these patients
rely on the expression of SMN2, which is highly homologous to
SMNI but has a change in a nucleotide that alters its splicing,
with a consequent reduction in the amount of SMN produced.
Using single-stranded DNA sequences, editing of the SMN2 was
performed, resulting in a SMN1-like protein that includes the
exon 7. This change was shown to be stable and correlated
with increased motor neuron survival in repaired cells [43].
Recently, ZFN-mediated genome editing and iPSC technology
were combined to generate sets of isogenic diseased and con-
trol hiPSCs that differ exclusively at either of two susceptibility
variants for Parkinson’s disease by modifying the underlying
point mutations in the =-synuclein gene [46]. In addition, a
point mutation related to familial Parkinson has been corrected
using HDAdVs. Notably, these diseased hiPSCs produced neural
stem cells that showed alterations in the nuclear architecture,
a finding that was not previously reported as related to this
pathology. Genetic correction of hiPSCs resulted in normaliza-
tion of the nuclear alterations, decreased susceptibility to apo-
ptosis, as well as increased neuronal production [70]. The
robust capability to genetically correct Parkinson disease-
causing point mutations in patient-derived hiPSCs represents a
noteworthy progress in basic neurosciences, and a significant
advance toward hiPSC-based cell replacement therapies and
drug testing. Whether or not the corrected neurons will survive
after transplantation in the altered central nervous system
(environment) represents a next level of complexity that still
needs to be addressed.

CONCLUSION

Over the last decade we have witnessed significant progress
in both our understanding of cell fate determinants and also
in the possibilities to use reprogramming in the preclinical
setting. The generation of human neurons by these methodol-

ogies will definitively allow the analysis of the mechanisms
causing familial and sporadic cases of neurological conditions.
Patients therefore can benefit from in vitro differentiated neu-
rons and specific drugs identified by high-throughput screen-
ing. If genome editing turns out to be safe and effective, we
envision a future prospective production of clinically relevant
neuronal types within the brain of affected people. Whether
or not the synaptic communication will be re-established
properly in the diseased brain is a different question, but
repopulation of the affected neuronal phenctype, either by
transplantation of differentiated neurons or by direct conver-
sion of resident glial cells is a very encouraging step forward.
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Part I:
Hypothesis: Mitochondrial activity and/or mitochondrial mass segregate stem
versus progenitor function in CB-derived CD34* (CB-CD34") cells.
Objectives:
a. To examine the correlation between mitochondrial activity and
mitochondrial mass in CB-CD34" cells.
b. To assess in vitro the mitochondrial energetic balance in CB-CD34*
cells.
c. Toassess in vivo hematopoietic stem/progenitor cell function in CB-
CD34* cells contingent on their mitochondrial contribution.

Part II:

AV

Hypothesis: Patient-specific iPSCs carrying a mutation in COQ4 could be
useful to determine its developmental impact on CoQ1o metabolism and also
on the phenotypes observed in the patient.
Objectives:
a. To generate and characterize human iPSCs from CoQio-deficient
fibroblasts.
b. To edit the COQ4 mutation using CRISPR/Cas9 technology in
CoQqo-deficient iPSCs.
c. To characterize the metabolic profile of patient-derived iPSCs and
iPSC-derived SKM cells.
d. To assess the developmental impact of the COQ4 mutant in iPSCs

differentiated into neural and SkM cells.
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V.1.SUMMARY OF THE RESULTS

A brief summary of the main results achieved during the development of this work is
described below. All figures and extended results are available in the published papers

included in this thesis.

CB-CD34* hematopoietic cells with low mitochondrial mass are enriched in

hematopoietic repopulating stem cells (Article 11).

1. FACS sorting of CD34" cells based on mitochondrial mass.
A strong correlation was found between mitochondrial mass and MMP in CB-
CD34"cells i.e., the greater the mitochondrial content, the higher the MMP.
CD34" cells were sorted according to their mitochondrial mass into CD34*
MitoHi9h and CD34* Mito-°" populations. Both ATP levels and the expression
of the mitochondrial-specific ND1 and COX2 genes were higher in sorted

CD34* MitoHie" cells than in equivalent CD34* Mito™°¥ cells. >

2. Stem versus progenitor cell function of sorted CD34" cells.
We used clonogenic colony-forming units (CFU) assays as an in vitro read-
out of HPC function, and BM xenotransplantation assays into NSG (NOD.Cg-
Prkdcsd 112rg™Wil/SzJ) mice as an in vivo read-out of HSC function. CD34*
MitoH9" cells displayed higher clonogenic activity both in primary and
secondary CFU assays than CD34* Mito'°" cells. However, the level of
engraftment was higher in mice transplanted with CD34* Mito-*" cells than in
those transplanted with CD34* Mito™9" cells irrespective of the tissue
analyzed, and was more significant in the injected BM. We also analyzed the

proportion of CD34*CD38" (HSC) cells within the CD34* Mito™9" and Mito-"

-
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fraction and found that the CD34* Mito-*" fraction contained a 6-fold higher
number of HSC than the CD34* MitoMi" fraction. Together, these data suggest
that the CD34* MitoM9" fraction is enriched in HPC whereas the CD34*

Mito-*¥ fraction is enriched in HSC.

In vitro homeostasis of Mito"'9" and Mito-*" CD34* cells.

Expansion of CD34* cells in vitro while retaining their stem/progenitor
properties remains challenging [46, 49]. We analyzed the in vitro
differentiation kinetics of CD34* Mito"9" and Mito-°" cells by tracing the loss
of the CD34 antigen. CD34 expression declined progressively during
differentiation in both populations; however, the decline was less pronounced
in CD34* Mito“*" cells. Moreover, whereas the expansion of CD34* MitoHidh
and Mito-o" cells was similar during the first few days of differentiation, the
number of CD34* Mito-°" cells was significantly higher after 10-15 days of
culture. Finally, the complete differentiation of CD34* Mito-*" cultures and
their expansion from day 15 was accompanied by mitochondrial adaptation,
as demonstrated by an increase in ATP production and expression of the
mitochondrial genes ND1 and COX2. These data suggest that the
mitochondrial response underlies the high proliferative capacity of the CD34*

Mito-*"-differentiated derivatives.

Genetic rescue of mitochondrial and SKM impairment in an iPSC model of CoQip

deficiency (Article 111 & IV).

1.

A COQ4 mutation causes a mitochondrial disorder associated with CoQ1o

deficiency.

-
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A 4-year-old girl was diagnosed in our Institution with minor mental
retardation and lethal rhabdomyolysis. Genetic analysis identified a
heterozygous point mutation in the COQ4 gene (c.483G>C; E161D). A
comparative analysis of the patient’s fibroblasts (CQ4-F) and control
fibroblasts (Ctrl-F) revealed that the concentration and biosynthesis of CoQuo
was 75% and 87% lower, respectively, in CQ4-F than in Ctrl-F. In line with
its role in the ETC, the reduction in CoQio in CQ4-F was reflected in the
functional reduction in the activity of CI+IlI and ClI+11l of 41% and 64%,
respectively. Moreover, cellular proliferation was considerably lower in CQ4-
F than in Ctrl-F and the proportion of cycling cells was decreased in CQ4-F,
which was accompanied by a 17-fold increase in senescence. Finally,
histological analysis of SkM from the patient revealed extensive damage

associated with rhabdomyolysis.

Generation and characterization of patient-specific CQ4-iPSCs.

CQ4-F were reprogrammed into iPSCs in an attempt to model CoQio
deficiency by exploring the functional impact of the COQ4 mutation on
neuronal and muscle cell fate. iPSC colonies emerged 16-18 days after OSKM
transduction and were picked and expanded for further characterization. After
8-10 passages, iPSC lines were OSKM transgene independent, expressed the
pluripotency-associated markers (OCT4, SOX2, REX1, NANOG, TRA-1-60,
SSEAA4), and were genetically stable. As a final test of pluripotency, iPSCs

were able to form teratomas in immunodeficient mice.

iPSC gene editing by CRISPR/Cas9.
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Because the differentiation capacity among iPSCs lines is influenced by
epi/genetic variability [36, 37], the best method to identify genotype-
phenotype associations is to use isogenic pairs of iPSCs. We therefore used
the CRISPR/Cas9 system to edit (and correct) the COQ4 mutation in iPSCs
(CQ4%-iPSCs). CQ4-iPSCs were co-transfected with Cas9-GFP vector and
sSDNA. Two days later, GFP* cells were FACS-sorted as single cells.
Individual established clones were analyzed and a homozygous edited clone
was observed and confirmed by sequencing. Importantly, CQ4-iPSCs

remained pluripotent.

COQ4 genome editing reverses metabolic/mitochondrial dysfunction.

CoQqo is involved in the ETC and low levels of CoQo in fibroblasts or muscle
are linked to CoQio deficiency [146, 150, 157]. We found that CoQio
concentration and biosynthesis was significantly lower (36% and 61%,
respectively) in CQ4-iPSCs than in Ctrl-iPSCs. Interestingly, full restoration
both of CoQio concentration and biosynthesis was found in CQ4%-iPSCs.
Next, we evaluated OXPHQOS and glycolysis by ATP production, basal live-
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR).
To produce the same amount of ATP, ECAR and OCR rates were 2-fold higher
in CQ4-iPSCs than in CQ4%-iPSCs, suggesting a respiration dysfunction as
confirmed by a 2-fold increase in proton leak. Together, these results suggest
that CQ4-iPSCs maintain the CoQ1o deficiency and metabolic dysfunction,

however the correction in CQ4%-iPSCs ameliorates these deficiencies.
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5. The COQ4 mutation does not impair iPSC differentiation into
dopaminergic or motor neurons.
The majority of CoQ1o-deficient patients present neurological symptoms [172,
174]; however, the patient described here presented only minor mental
retardation. To study the potential developmental impact of the COQ4
mutation in human neurogenesis Ctrl-, CQ4- and CQ4%-iPSCs were
differentiated into DAns [27] and MNs [29]. No differences were found
between Ctrl- and CQ4-iPSCs irrespective of the differentiation protocol. We
evaluated the differentiation capacity to neural progenitors (SOX2*NESTIN™)
and immature neurons (TUJL1¥) at early time points. Furthermore, we assessed
the differentiation potential of the neural progenitors and neural maturation by
TH* (DAN) or HB9*/ISL1* (MN) at later time points. CQ4%-iPSCs obtained
similar percentages of differentiation to those of CQ4-iPSCs. We then carried
out functional analysis to confirm these results. HPLC determination of >
dopamine release revealed similar levels of dopamine in Ctrl- and CQ4-iPSCs-
derived neurons. Whole-cell patch clamp recording of MNs indicated that
CQ4-iPSC-derived MNs were electrophysiologically active. Together, these
data reveal that the c.483 G>C mutation in COQ4 does not impact
dopaminergic or motor neurogenesis from iPSCs, faithfully recapitulating the

patient’s phenotype.

6. A COQ4 mutation recapitulates CoQio-deficiency-associated SkM
functional and metabolic defects.
Muscle impairment is common in CoQio-deficient patients [154]. To study the

developmental and metabolic impact of the COQ4 mutation in skeletal
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myogenesis, Ctrl-, CQ4- and CQ4°%-iPSCs were differentiated into SkM [89].
Transgenic iPSCs lines carrying a PAX7-GFP-inducible lentivirus vector were
generated. Although the cell cycle profile and levels of apoptosis were very
similar between Ctrl- and CQ4-PAX7* myogenic progenitors, the number of
senescent CQ4-PAX™* cells was 2-fold higher, a phenotype that was corrected
in CQ4%-PAX7* myogenic progenitors. The senescence observed in CQ4-
PAXT* cells might be explained by their increased ROS production, leading
to a 1-log reduction in cell expansion. Again, this functional deficiency was
corrected in CQ4%-PAXT7* cells. PAX7* myogenic progenitors were further
differentiated into muscle cells. A significant reduction in the generation of
fully differentiated MYH* cells was noted for CQ4-PAX7* myogenic
progenitors, and this was paralleled by a decrease in creatine kinase activity.
Moreover, gene expression analysis of specific myogenic markers (MYF5,
MGN and MYH3) showed that their kinetics were deregulated in CQ4-PAX7*
when compared with Ctrl-PAX7* differentiating muscle cells. Moreover,
mitochondrial dynamics (circularity, form factor and aspect ratio) and ETC
activity (CI+111) were also reduced in complexity and activity, respectively, in
CQ4-PAXT differentiated cells relative to Ctrl- and CQ4%-PAX7*
differentiated cells. Collectively, these results establish the utility of an iPSC-

based disease model that partially reproduces the disease phenotype.
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Cord Blood-derived CD34* hematopoietic cells with low mitochondrial mass

are enriched in hematopoietic repopulation stem cell function.

Romero-Moya D, Bueno C, Montes R, Navarro-Montero O, Iborra FJ, Lopez
LC, Martin M, Menendez P.
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Cord blood-derived CD34*' hematopoietic cells with low mitochondrial
mass are enriched in hematopoietic repopulating stem cell function

Damia Romero-Moya,* Clara Bueno,* Rosa Montes,* Oscar Navarro-Montero,* Francisco J. Iborra,? Luis Carlos Lopez,*
Miguel Martin,' and Pablo Menendez**

1GENyO {Centre for Genomics and Oncological Research: Pfizer / University of Granada /Andalusian Government), Granada;
2Department of Molecular and Cellular Biology, Centro Nacienal de Biotecnologia, Consejo Superior de Investigaciones Cientificas,
Madrid; *Centro de Investigacion Biomédica, Instituto de Biotecnologia, Universidad de Granada; ‘Josep Carreras Leukemia
Research Institute, Barcelona; and °Institucion Catalana de R i Estudis A {ICREA), B lona, Spain

ABSTRACT

The homeostasis of the hematopoietic stem/progenitor cell pool relies on a fine-tuned balance between self-
renewal, differentiation and proliferation. Recent studies have proposed that mitochondria regulate these process-
es. Although recent work has contributed to understanding the role of mitochondria during stem cell differentia-
tion, it remains unclear whether the mitochondrial content/function affects human hematopoietic stem versus pro-
genitor function. We found that mitochondrial mass correlates strongly with mitochondrial membrane potential
in CD34" hematopoietic stemn/progenitor cells. We, therefore, sorted cord blood CD34" cells on the basis of their
mitochondrial mass and analyzed the ju vitro homeostasis and clonogenic potential as well as the jn vive repopu-
lating potential of CD34' cells with high (CD34" Mito™") versus low (CD34" Mito™*) mitochondrial mass. The
CD34" Mito"™ fraction contained 6-fold more CD34'CD38" primitive cells and was enriched in hematopoietic
stem cell function, as demonstrated by its significantly greater hematopoietic reconstitution potential in immuno-
deficient mice. In contrast, the CD34* Mito™" fraction was more enriched in hematopoietic progenitor function
with higher i vitro clonogenic capacity. I vitro differentiation of CD34* Mito™™ cells was significantly delayed as
compared to that of CD34" Mito™" cells. The eventual complete differentiation of CD34" Mito™" cells, which coin-
cided with a robust expansion of the CD34 differentiated progeny, was accompanied by mitochondrial adapta-
tion, as shown by significant increases in ATP production and expression of the mitochondrial genes ND1 and
COX2. In conclusion, cord blood CD34' cells with low levels of mitochondrial mass are enriched in hematopoietic
repopulating ster cell function whereas high levels of mitochondrial mass identify hematopoietic progenitors. A
mitochondrial response underlies hematopoietic stem/progenitor cell differentiation and proliferation of lineage-
committed CD34" cells.

Introduction of CD34* cells after receiving identical chemotherapy treat-
ment. It can, therefore, be speculated that genetically identi-
Human hematopoietic stem cells (HSC) and hematopoietic  cal CD34" cells within the graft may exhibit cell-to-cell varia-
progenitor cells (HPC) are almost exclusively enriched in the  tions not only in the amount of individual gene products but
CD34" fraction, which represents a rare cell subset (<1%) in  also in metabolic homeostasis/mitochondrial status, resulting
cord blood, bone marrow and mobilized peripheral blood.”  in phenotypic and functional diversity.” The metabolic status
In the setting of clinical transplantation, the dose of total of HSC and HPC becomes crucial during clinical HSPC trans-
CD34' cells infused per kilogram of patient’s bodyweight is  plantation since the efficiency of donor-derived HSC/HPC to
used as a predictor of short-term hematopoietic recovery and  engraft, survive, home, proliferate and differentiate into mul-
establishment of long-term engraftment.** Although distinct  tiple lineages in a chemotherapy-induced aplastic patient is
surface markers (CD38, CD90, CD45RA, CD133, etc.)’ have markedly influenced by their hypoxic niche, demanding a
been experimentally used to distinguish between HSC or  significant metabolic adaptation to survive and promote rapid
HFC, bona fide segregation of HSC and HPC relies on i vitro and stable hematopoietic reconstitution in chemotherapy-
and i vivo functional assays. induced aplastic microenvironments.™
It has been extensively demonstrated that the CD34" frac- As in other tissues, mitochondria play key roles in
tion is phenotypically and functionally heterogeneous. HSC/HPC and have recently come under increased scrutiny
Experimentally, only 1:10 to 1:4 of CD34" or CD34'CD38  because compelling evidence has revealed their role in
cells display clonogenic potential. Clinically, different out- numerous cellular processes, beyond ATP production and
comes‘hematopoietic recovery are reported in patients with — apoptosis regulation, and they have recently even been sug-
identical underlying disease who undergo hematopoietic  gested to act as cell-fate or lineage determinants.™" In fact,
stem/progenitor cell (HSPC) transplantation with equal doses  deregulation of mitochondrial function plays a pathophysio-

©2013 Ferrata Storti Foundation. This is an open-access paper. doi:10.3324/haematol 2012.079244
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logical role in a range of hematologic diseases, such as
inherited dyserythropoiesis, sideroblastic anemias and
low-grade myelodysplastic symdromes.*” In addition,
transcriptome, epigenetic and proteomic studies in stem
cell systems have indicated that specific metabolic/mito-
chondrial properties are essential for regulating the bal-
ance between self-renewal and differentiation.™*
Although recent work has begun to shed light on the
mitochondrial response during murine stem cell differenti-
ation,”™** how and to what extent the mitochondrial
mass/function contributes to human hematopoietic stem
and progenitor function remains poorly understood. Here,
we found that mitochondrial mass correlates strongly
with mitochondrial membrane potential (AWm). This led
us to separate cord blood-derived CD34" cells based on
their mitochondrial mass and to analyze the i vitro home-
ostasis and clonogenic potential as well as the in vivo
repepulating potential of CD34 cells with high (CD34*
Mito™®) versus low (CD34' Mito'") mitochondrial mass.

Design and Methods

Cord blood collection and CD34" cell isolation
and culture

Fresh umbilical cord blood units from healthy neonates were
obtained from local hospitals following appraval from our local
Ethies and Biohazard Board Committee. The cord blood samples
were pooled to reduce varability among individual units.
Mononuclear cells were isolated using Ficoll-Hypaque and after
lysing the red cells (Cytognos, Salamanca, Spain), CD34' cells
were purified by magnetic bead separation using the human
D34 MicroBead kit and the AutoMACS Pro separator (Miltenyi
Biotec) as instructed by the manufacturer”™ The purity of the
CD34 fraction was assessed by How cytometry using an anti-
CD34-PE antibody (Miltenyi Biotec), and only CD34* fractions
showing purity higher than 90% were used.” The CD34 frac-
tion was irradiated (15 Gy) and used as accessary cells for co-trans-
plantation with CD34* cells,

MitoTracker staining and cell sorting

CD34" cells were stained with MitoTracker Red (CMXRos) and
MitoTracker Green FM dye (Molecular Probes) for 10 min and 20
min, respectively, according to the manufacturer's guidelines and
analyzed by wide confocal cytometry® For functional assays,
CD34 cells were FACS-sorted (FACSAria-Il, BD Biosciences)
based on Mito Tracker Green levels into CD34- Mito® and CD34*
Mito™™ (n=10).

Measurements of ATP and reactive oxygen species

ATP levels were measured using a Cell-Titer-Clo® Luminescent
Cell Viability Assay (Promega) according to the manufacturer’s
guidelines. Briefly, equal numbers of cells (5x107100 pl) were
seeded in a 96-well plate and 100 ul of the reaction reagent were
added to each well. After 10 min of shaking, the luminescence sig-
nal was detected using the GloMax®Multi Detection System
{Promega) and compared against the ATP Standard Curve using
ATP disodium salt (Promega.®

Reactive oxygen species were measured using the mitochondr-
ial superoxide indicator MitoSOX Red, as previously described.”
Briefly, CD34* Mito* and CD34* Mito™ cells were treated with
3 uM MitoSOX for 20 min and were then washed twice in Hanks
balanced salt solution and analyzed by flow cytometry (Online
Supplementary Figure S1A).

Gene expression by quantitative reverse transcriptase
polymerase chain reaction analysis

RINA was extracted using the All Prep DNA/RNA kit (Qiagen)
and cDNA was synthesized by using SuperScript™ First-Strand
Synthesis System for reverse transcriptase polymerase chain
reaction (Invitrogen). The expression of the mitochondrial genes
ND1 and COX2 as well as HIF-la and Meisl was compared
between CD34” Mite™* and CD34' Mito™ cellular Fractions by
quantitative polymerase chain reaction analysis. Values were nor-
malized to f-actin. The primers used were: NDI1-Fw-5-TGC-
GAGCAGTAGCCCAAACAATCT-3", NDI1-Rw-5-TTATGGC-
CAAGGGTCATGATGGCA-3, COX2-Fw-5-ACAGATG-
CAATTCCCGGACGTCT f COX2-Rw-5-GAC-
GATGGGCATCAAACTGTGGTT-3', HIF-la-Fw-5-CTGCAA-
CATGGAAGGTATTGCA-8", HIF-la-Rw-5-TACCCACACT-
GAGCTTCGGTTACTG-37, Meis1-Fw-5-AAAACGCGTCA-
CAAAAAGCGT-3",  Meisl-Rw-5"-GATGGTGAGTCCCGT-
GTCTT-3", p-actin-Fw-5-GATGGCCACGGCTGCTT-3 and B-
actin-Rw-5"-AGCGACTCCATGCCCAGGAA-3". The polymerase
chain reaction conditions were 50°C for 2 min followed by 90°C
for 10 min and 40 cycles of 95°C for 15 s and 60°C for 60 5. The
expression of each gene was analyzed in three independent
experiments performed in triplicate.

In vitro liquid culture, cell cycle, and apoptosis
analyses of Mito"® and Mito™ CD34" cells

FACS-sorted CD34* Mito®™* and CD34* Mito™ cells were
cultured for 40 days on StemSpan media (Stem Cell
Technologies) supplemented with early hematopoietic
cytokines [stem cell factor (100 ng/mlL), FLT3L (100 ng/mL) and
interleukin-3 (10ng/mL); PepraTech]*' To determine the growth
kinetics of Mito"® and Mito™ CD34 cultures, cells were count-
ed twice a week and replated at a density of 1x10° cells/em®.
Similarly, the maintenance of the CD34 phenotype was ana-
lyzed twice a week as an approach to trace the “default” differ-
entiation of both Mito"# and Mito™ CD34 cells. For cell cycle
analysis, Mito™* and Mito™ CD34" cells were fixed in 70% ice-
cold ethanol and stored at -20°C. Subsequently, cells were
washed with ice-cald phosphate-buffered saline and suspended
in propidium iedide buffer containing 5 ug of propidium iodide
and 100 pg/mL of RNAase. Cell cycle distribution discriminat-
ing between quiescent cells (G0/G1) and cyeling cells (S/G2/M
phase) was analyzed on a FACSCanto-ll cytometer using
FACSDiva and ModFit software (BD Bioscience).” The apoptot-
ic status of Mito'™" and Mito'™ CD34" cells was assessed using
the annexin-V apoptosis detection kit (BD Biosciences) accord-
ing to the manufacturer's instructions.” Briefly, cells were har-
vested and washed twice with phosphate-buffered saline
before staining with annexin V-phycoerythrin and 7-amino acti-
nomycin D. Apoptotic cells were detected by gating the annex-
in V-positive fraction.”

Colony-forming unit assay

Primary human clonogenic progenitor assays (n=6) were per-
formed by plating 1000 sorted CD34' cells into methylcellulose
H4434 (Stem Cell Technologies) containing the human growth
factors stem cell factor (50 ng/ml), granulocyte-macrophage
colony-stimulating factor (10 ng/mL), interleukin-3 (10 ng/mL)
and erythropoietin (3 U/mL). Colonies were counted and scored
on day 14 of the colony-forming unit (CFU) assay using standard
morphological criteria.”” For secondary replating, all the CFU
colonies from the primary methyleellulose culture were harvese-
ed, and a single-cell suspension was achieved, washed in [scove’s
modified Dulbeceo's medium and replated in the secondary CFU
assay.

Mitochondrial mass and CD34° HSPC -
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Mice transplantation and analysis of engraftment
NOD/LtSz-scid IL2Ry " mice (NSC) were housed under sterile
conditions. The Animal Care Committee of the University of
Granada approved all animal protocols (Ref. UGR-CEEA 2011-
361). Mice (n=22) at & to 12 weeks of age were sublethally irradi-
ated (2.5 Gy) for 6 to 12 h before transplantation. Mice were anes-
thetized by isoflurane inhalation, and intrabone marrow trans-
plantation was performed as described in detail elsewhere.* A
total of 2x10° Mito™* or Mito™” CD34* cells together with 5x10
irradiated accessory cells were transplanted in a volume of 30 uL.
For pain relief, 0.1 mg/kg buprenorphine and 5 mg/kg carprofen
were administered immediately after transplantation and 24 h
after** Mice were killed 7 weeks after transplantation. Cells from
the bone marrow (injected tibia and from the contralateral tibia
and femur), spleen, liver and peripheral blood were stained with
anti-hHLA-ABC-FITC  and anti-hCD45-APC-Cy7  (BD
Biosciences) to analyze human chimerism by fow cytometry. All
engrafted mice were assessed for multilineage analysis using anti-
hCD33-PE for myeloid cells, anti-hCD19-APC for B cells, and anti-

hCD34-PE-Cy7 for immature hematopoietic cells (BD
Biosciences).”
Statistical analysis

Data are expressed as mean + SD. Statistical comparisons were
performed using a paired Student’s t test. Differences were consid-
ered statistically significant when the P value was <0.05.

Results

FACS sorting of CD34 cells based on mitochondrial mass

We first analyzed by confocal cytometry the mitochon-
drial membrane potential (AWm) and the mitochondrial
mass using MitoTracker Red (CMXRos) and MitoTracker
Green, respectively. A strong correlation was observed
between mitochondrial mass and function (A%m) in cord
blood-derived CD34" cells; the greater the mitochondrial
content, the higher the A%¥m (Figure 1A). Accordingly,
CD34" cells were FACS-sorted based on mitochondrial
mass (MitoTracker Green) into CD34' Mito" and CD34"
Mito"™ (Figure 1B). Sorted CD34" Mito"™* contain 2-fold
higher ATP levels (Figure 1C) and also express the mito-
chondrial-specific genes ND1 and COX2 at a level 2-fold
higher than that of CD34" Mito™" (Figure 1D), confirming
that CD34” Mito"™" cells have more expression of the
mitochondrial-specific genes ND1 and COX2, and pro-
duce more ATP.

Hematopoietic stem versus progenitor cell
characteristics of metabolically sorted cells

We next tested whether isolation of cord blood-derived
CD34" cells based solely on their mitochondrial mass
enriches for stem and/cr progenitor cell function. We uti-
lized in vitre clonogenic CFU assays as a read-out for HPC
function, and bone marrow xenotransplantation assays
into NSG mice as an jn vivo read-out for SCID-repopulat-
ing HSC function. Equal numbers of CD34” Mito"# and
CD34" Mito™" were plated in CFU assays and hematopoi-
etic colonies were counted after 14 days. CD34" Mito"™"
cells displayed higher clonogenic capacity in both primary
and secondary CFU compared to CD34" Mito'™ (Figure
2A). Scoring of the CFU revealed no differences in the
CFU types (granulocyte-, macrophage-, granulocyte-
macrophage-, erythroid- and mix-) obtained from CD34

Mito"# versus CD34™ Mito™. These data suggest that the
CD34' Mito™* fraction is enriched in HPC.

I vive hematopoietic reconstitution studies were under-
taken to determine the long-term repopulating capacity of
CD34" Mito"™" and CD34" Mito". Equal numbers of cells
were transplanted into tibiae and mice were sacrificed 7
weeks later for chimerism analysis in multiple hematopoi-
etic organs. Human chimerism was determined by flow
cytometry using anti-CD45 and anti-HLA-ABC (Figure
2B). All engrafted mice were assessed for multilineage
reconstitution using anti-CD19 (B cells), anti-CD33
(myeloid cells) and anti-CD34 (immature cells) (Figure 2B),
The level of engraftment was higher in the mice trans-
planted with CD34° Mito*” than in those transplanted
with CD34" Mito™" regardless of the tissue analyzed,
being more significant in the injected bone marrow
(79+18% versus 59+17%; P<0.05; Figure 2C, left panel).
‘We next characterized the engraftment composition, and
found very similar multilineage composition in all tissues
reconstituted with CD34" Mito™" or CD34" Mito™”
(Figure 2C, right panel) except for the more immature
(CD45°CD34%) hematopoietic fraction which was signifi-
cantly higher (1528% versus 10£4%; P<0.05) in the bone
marrow of mice engrafted with CD34" Mito™ cells.

The vast majority of CD34" cells co-express the activa-
tion surface marker CD38 which is routinely associated
with HPC whereas a very small proportion of CD34* cells
lack CD38 expression and are considered to be enriched in
HSC.»#* We, therefore, analyzed the proportion of
CD34'CD38 cells within the CD34" Mito™" and CD34*
Mito' fractions (Figure 2D). The CD34" Mito" fraction
contained 6-fold higher numbers of CD34°CD38 primi-
tive cells, thus supporting the concept that the CD34'
Mito™ fraction is enriched in repopulating HSC and also
explaining, at least in part, the lower progenitor function
of CD34* Mito™ cells (Figure 2A,C). Together, these data
indicate that the CD34' Mito™ fraction is enriched in
HSC function.

It has been reported” recently that murine long-term
HSC are highly enriched in HIF-1a and Meis1. We, there-
fore, analyzed the expression of these factors on our
CD34" Mito"™" and Mito™” cells. As shown in Online
Supplementary Figure 51B, both HIF-1a and Meis1 were up-
regulated, by 5- and 4-fold, respectively, in CD34™ Mite™”
cells as compared to in CD34" Mito™" cells, confirming
that these factors are robustly expressed in the CD34" cell
fraction enriched in repopulating stem cell function.

In vitro homeostasis of CD34' Mito"*
and CD34' Mita"" cells

It remains a challenge to expand CD34' cells in vitro
while retaining their stem/progenitor properties.” The
hemeostasis of sorted CD34" Mito™* and CD34' Mito™”
cells was analyzed i vitro. We first analyzed the in vitro dif-
ferentiation kinetics of CD34* Mito™* and CD34* Mito™™
cultures by tracing the loss of the CD34 antigen.
Interestingly, although the number of CD34" cells dimin-
ished progressively over time, the differentiation of CD34*
Mito™ cultures was significantly delayed as compared to
that of CD34" Mito"*" (Figure 8A). After 15 days of liquid
culture, CD34" cells were no longer present in either
CD34" Mito"" or CD34" Mito"™ cultures (Figure 3A,B).
Expansion of CD34* Mito™" and CD34* Mito™ cultures
was moderate during the first 11-15 days of liquid culture
(Figure 3B). However, coinciding with the complete differ-

- haematologica | 2013; 98(7)

E



Damia
Romero Moya

=
=

Mitochondrial mass and CD34° HSPC

563
L8 " ~95% O34
g2 L
2 REY A L B
3 g+
B2y N BT N R
21
E ©D34
£ i Gated on
=0 CO34+
0 1 2 3
Mito Tracker Graen 24 33 2504
Sortad on ggpd . Sorted on
o Mita Tracker Mito Tracker
@ Green Low 1505 Green High 1504
@ 0] —
50 509
hrmmy v e e rrrer T
10 10 10 10 10 108
Mito Thacker Green
c D
*P=0.001 H 3
0.4 —_— 2= Figure 1. Sorting of CD34" cells according to mitochondrial content.
=% (A) Correlation (arbitrary units) between mitochondrial function
0.3 2 i as mitochondrial AWYm and mitochondrial mass (n=2).
) L8 2 Mitotracker Red CMXRos and Mitotracker Green were used to
51 E] £ measure mitochondrial AWm and mass, respectively. (B)
702 _ = Representative flow cytometry sorting of CD34* cells according to
| 2 § 1 the mitochondrial mass. Total CD34° cells were stained with
“"01 23 Mitotracker Green and sorted as Mito"™" and Mito“". (C)
. SE Confirmation that sorted CD34" Mito"® cells have significant more
; E [ATP] (n=4). (D) Quantitative expression (ratio) of the mitochondrial
0 2 ol ND1 and COX2 transcripts in CD34° Mito"™ versus CD34" Mito'™
Mitg"*  Mito'™ ND1 co; cells confirming almost double ND1 and COX2 expression levels in
Past sort Post sort €D34" Mito™™ cells (n=4).

entiation (loss of CD34" cells) of the CD34" cultures after
11-15 days, the cell expansion of differentiated (CD34")
Mito"# and Mito'™ cultures was significantly boosted,
especially in the cultures seeded with CD34" Mito cells
(Figure 3B). After sorting, >99% of the CD34" Mito" cells
were quiescent (GO/G1 cell cycle phases) while ~20% of
the CD34" Mito"™ cells were cycling (Figure 3C), but as
CD34 cells differentiated into CD34™ cells, Mito™* cul-
tures displayed a higher proportion of cycling cells
(81+5% versus 224£6%, P<0.05) and lower apoptotic rate
(2123% versus 29+4%, P<0.05) than Mito™" cultures
(Figure 3C,D), explaining the robust increased cell expan-
sion of differentiated CD34" Mito"™ cultures as compared
to differentiated CD34" Mito™" cultures (Figure 3B).
Finally, the complete differentiation of CD34' Mito™ cul-
tures by day 15 of liquid culture coupled with their robust
expansion from day 15 onwards (Figure 3A,B) was accom-
panied by a mitochondrial adaptation, as demonstrated by
a significant increase in energy (ATP) production (Figure
3E) and expression of the mitochondrial genes ND1 and
COX2 (Figure 3F). This suggests that a mitochondrial
response underlies the high proliferative activity of the
CD34 Mito"*differentiated derivatives.

Discussion

Mitochondria are multi-functional organelles that play a
vital role in the cell, providing most of the cellular energy
and regulating Ca™ homeostasis, cell death, and differenti-
ation; furthermore, they have recently been suggested to
act as cell-fate or lineage determinants.™" Hematopoietic

tissue homeostasis relies on a finely tuned balance
between very dynamic intrinsically and extrinsically regu-
lated processes of self-renewal, differentiation and prolif-
eration. Based on recent transcriptomic, epigenomic and
proteomic studies, it has been proposed that the cellular
metabolism regulates these processes in different stem cell
systems.” The metabolic status of human HSC/HPC
becomes crucial during clinical HSPC transplantation since
the efficiency of donor-derived HSC/HPC to engraft, sur-
vive, home, proliferate and differentiate in chemotherapy-
induced aplastic patients demands a significant metabolic
adaptation to survive and promote rapid and stable
hematopoietic reconstitution in chemotherapy-induced
aplastic microenvironments.”? Furthermore, deregulation
of mitochondrial functions plays a pathophysiological role
in several hematologic diseases.*” Although recent work
has begun to shed light on the mitochondrial response
during stem cell differentiation,”*"*'* how, and to what
extent the mitochondrial content affects human
hematopoietic stem versus progenitor function remains
elusive.

Here, we report that mitochondrial content correlates
strongly with AWm in CD34° cells. Thus, cord blood-
derived CD34* cells were sorted based solely on their
mitochondrial mass, and the iz viiro homeostasis and
clonogenic potential as well as the in vivo repopulating
potential of CD34" cells with high (CD34" Mito™) versus
low (CD34" Mito"*) mitochondrial content were ana-
lyzed. As expected, the ATP levels and expression of mito-
chondrial-specific genes were higher in CD34* Mito"#
than in CD34" Mita"™ cells. We show for the first time in
human CD34* cells that hematopoietic stem and progeni-
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tor cell functions segregate partially between metabolical-
ly sorted cells. The CD34" Mitg™™ fraction displayed sig-
nificantly higher in vivo reconstitution potential upon inoc-
ulation in NSG mice whereas the CD34' Mito™* fraction
was more enriched in progenitor function with higher i
vitro clonogenic capacity. This is in line with the “dogma”
that stem cells are usually quiescent and contain low num-
bers of mitochondria whereas progenitors are more prolif-
erative and contain higher numbers of mitochondria.*"
The vast majority of CD34" cells co-express the activation
surface marker CD38 which is associated with HPC
whereas a very small proportion of CD34* cells lack CD38
expression and are considered to be enriched in HSC.***
Accordingly, the proportion of CD34'CD38" primitive
cells was 6-fold higher in the CD34" Mito"™ than in the
CD34" Mito™* fraction, supporting the concept that the
CD34" Mito'™ fraction is enriched in repopulating HSC
function, and also explaining, at least in part, the lower

progenitor function of CD34" Mito™ cells. Our data con-
firm previous findings in mice showing that the Mita"™”
cellular fraction of murine bone marrow is highly enriched
in repopulating HSC, partially due to the enrichment of
long-term HSC in this Mito"™ fraction.” Furthermore,
Simsek et al™ recently reported that murine long-term
HSC are highly enriched in Meis1, a HSC-associated tran-
scriptional factor required for definitive hematopoiesis,
and in HIF-1a, a master regulator of glycolysis and mito-
chondrial respiration, including a metabolic shift toward
anaerobic glycolysis. In line with this study, the expres-
sion of both HIF-1a and Meis1 was found to be robustly
up-regulated in CD34" Mito'™™ cells as compared to in
CD34" Mito™" cells, confirming that these factors are
robustly expressed in the CD34 cell fraction enriched in
repopulating stem cell function. Interestingly, mitochondr-
ial content enriches for either HSC or HPC but it does not
seem to act as a determinant in progenitor/lineage com-




Damia
Romero Moya

Mitochondrial mass and CD34° HSPC

A
B 300 Beyond day 15-16
20 ;
1007 it W s o/
L, 80 Mito~ % 100 % "“,'
= @ 4 e
5 60 z 90 7
2 5 *
[=1 N [
:\3 40 . Loss CD34 = I;f,f;ggg: ‘3
expression .
20 \1, 10 + M —@— Mito*"
o+ v T ¥ v = Mo
-. B L B B s e |
0 4 ED 1 18 1 o 4 8 11 15 18 22 25 29 32 36 39
s Days
Figure 3. In vitro homeosta-
sis _of CD34" Mito"® and
C CD34" Mito* cells. (A) Loss
D of CD34 antigen over time
in_liquid Hgultures 5egdeLd
i g ceass 4 o “Pas e iy (Malfom
e o= . e 3
4o Bt 3 T . o il A vitro expansion of liquid cul-
= N H = 304 2 tures initially seeded with
B o PO J b = Mito" versus Mito'> CD34~
) — e e Z 204 < (n=6). Note that after day
2 " Propidumiodate T B e 15 H!ere are no residual
2 20 £ Jnexin ¥ CD34" cells in the culture,
= < 0 From day 15 onwards the
10 B entire culture is comprised
of differentiated CD34 cells
0- 04 (flow cytometry panel as
0 8 1 0 4 8 11 inset). (n=6). (C) Proportion
Days. Days of cycling cells (5/G2/M
cell cycle phase) measured
at the indicated time points
in Mito" versus Mito""
E E CD34" cultures (n=2). (D)
7 Proportion of apoptotic
i _ g C0X2 cells (annexin V*) measured
0.5) g ygigen *Pe0.05 £ § 5{0C3 ND1 at the indicated time points
§ — 2% 4 in Mito"™ versus Mito""
En g 3 CD34" cultures (n=2). (E-F)
= g5 > In vitro differentiation of
E: s €D34" Mito' cultures (loss
= g8 1 of CD34 antigen) is associ-
=3 £E o ated with increased ATP
ZE production (E) and higher
. levels of ND1 and COX2
0 15 expression (F).

0 15
Days post sorting

mitment since the multilineage composition in both CFU
and repopulating assays was very similar between CD34*
Mito™* and CD34" Mito™* cells. These data suggest that
mitochondrial mass/activity determines global s vitro
clonogenic potential and in vive repopulating function but
does not impair/skew normal developmental stem cell
fate/hematopoietic lineage commitment.

Homeostasis of CD34* Mito"™" and CD34 Mito"™ cul-
tures was further analyzed in viro. The differentiation of
CD34" Mito™™ cultures was significantly delayed as com-
pared to that of CD34" Mito™, but CD34" cells were no
longer present in either CD34” Mito™" or CD34* Mito"
cultures after 15 days. Expansion of CD34" Mito™" and
CD34" Mito" cultures was limited during the first 15 days;
however, coinciding with the complete differentiation of
the CD34" cultures after 15 days, the expansion of differ-
entiated (CD34) Mito™* and Mito™ cells was significantly
boosted, especially in the cultures seeded with CD34*
Mito"™ cells. The fact that the CD34 Mito'™ cells display
a delayed differentiation coupled to a much higher expan-

4 8 1l
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sion rate of their CD34" differentiated cells supports the
better hematopoietic engraftment of NSG mice transplant-
ed with the CD34" Mito™™ fraction because efficient in vive
hematopoietic reconstitution relies on a finely tuned bal-
ance between low proliferative/self-renewing CD34" HSC
and rapidly amplifying progenitors, many of which are far
lineage-committed and lack CD34 expression.
Mitochondrial biogenesis during the differentiation of
embryonic stem cells has recently been studied."”
Undifferentiated embryonic stem cells have a low mito-
chondrial content and low levels of ATP. Upon differenti-
ation the mitochondrial content increases and mitochon-
drial biogenesis is activated to promote the synthesis of
increased levels of ATP which seem to be required for the
homeostasis of the differentiated cells.®® Similarly, we
found that the complete differentiation of CD34" Mito"™”
cells, which coincided with a robust expansion of the dif-
ferentiated progeny, was accompanied by mitochondrial
adaptation as demonstrated by a significant increase in
ATP production and expression of the mitochondrial
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genes ND1 and COX2. This suggests that HSPC differen-
tiation and proliferation of rapidly amplifying lineage-
committed CD34 cells are processes demanding up-regu-
lation of mitochondrial content and biogenesis, and these
properties seem to be conserved among embryonic stem
cells and HSC/HPC.

Increased bioenergetics and mitochondrial activity come
at an increased risk of oxidative damage, primarily in the
form of reactive oxygen species (ROS) which are mainly
generated by the mitochondria.**" Various recent studies
in mice have provided evidence for a link between intra-
cellular ROS levels and preservation of stem cell function,
with increased levels of ROS being associated with
reduced repopulating stem cell activity.®* Stem cells have
strategies to lessen the negative impact of ROS such as
lowering the numbers of mitochondria and ATD genera-
tion by promoting glycolysis over oxidative phosphoryla-
tion.* In this study, human CD34" Mito™" cells which
were shown to be more enriched in HSC function dis-
played significantly lower levels of ROS than CD34
Mito"® cells (Online Supplementary Figure S1A) which are
more enriched in HPC function, suggesting that HSC func-
tion may be enriched in the CD34" Mito'™ fraction as a
strategy to lessen the negative impact of ROS, which can
induce cell damage/death. Finally, during mitosis mito-
chondria may be segregated to daughter cells either sym-
metrically or asymmetrically. Asymmetric cellular distri-

- D. Romero-Moya et al.

bution of mitochondria is a dynamic process which has
been observed in some species and may play a role in cell-
fate determination, differentiation and self-renewal """
Whether symmetric or asymmetric mitochondrial segre-
gation occurs in human CD34* cells is unknown. It would
be worth studying in future work whether asymmetric
mitochondrial segregation could be an underlying mecha-
nism explaining why phenotypically identical CD34 cells
may exhibit cell-to-cell variations in mitochondrial con-
tent resulting in functional diversity.
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We report the generation, CRISPR/Cas9-edition and characterization of mdueed pluripotent stem cell (1PSC) lines from
a patient with coenzyme Q, deficiency harboring the heterozygous mutation ¢.4583G > C in the COQ4 gene. iPSCs were
generated using non-integrative Sendai Viruses containing the reprogramuming factors OC74, SOX2, KLI4 and C-MYC.
The iPSC lines carried the ¢ 483G > C COQ4 mutation, silenced the OKSM expression and were mycoplasma-free. They

were hona fide pluripotent cells as characterized by morphology, immunophenotype/gene expression [or pluripotent-as-
sociated markers/genes, NANOG and OCT4 promoter demethylation, karyotype and teratoma formation. The COQ4 mu-
tation was CRISPR/Cas9 cdited resulting in 1sogenic, diploid and off-target free COQ4-corrected 1PSCs.

© 2016 Published by Llsevier Ltd.

1. Resource table

Name of stem

cell line CQ4-iPSC

Institution Josep Carreras Leukemia Research Institute (ITC)
Person who Damia Romero-Moya, Julio Castaio, Pablo Menéndez
created re-
source

Contact person Pablo Menénd dez re
and cmail

Date archived’  May 2015

stock date

Origin Thuman dermal fibroblasts

Type of te- Biological Reagent: human COQ4-mutated {PSC line and its
source CRISPR/Cas9-genome corrected isogenic iPSC line.
Sub-type Cell line

Key transcrip- QCT4, SOX2, KLP4, C-MYC
tion factors

Authentication
Link to related
literature

of the iPSC line confirmed by fingerprinting and PCR

d/26500142

Im.nih.gov/pubme
ik o [declei

Information in
public data-

ulo/ [d

bases iom-Lerapia-celul dici iva/[d-centros-unida
fid-b: i o/ Td-lineas-celul:
lineas-de-celulas-iPS shrml

Lthics Lthics Review Board-competent authority approval obtained

* Corresponding author.

Fmail address: dromero(@carrerasresearch.org (1. Romero-Moya)

http:/idx.dot.org/10.1016/.56r.2016.09.007
1873-5061/C 2016 Published by Llsevier Ltd.

2. Resource details

A 4-year-old girl was diagnosed in our Institution with minor men-
tal retardation and lethal rhabdomyolysis asseciated with Coenzyme
Q) deficiency (Trevisson et al., 2011) Genelic analysis identilied a
heterozygous ¢ 483G > C mutation in the CO0O4, leading to the amino
acid change E161D. COQ4-mutated dermal fibroblasts were repro-
grammed into iPSCs. Patient and control fibroblasts were transduced
with OSKM-cxpressing Sendai virus (ScV, CytoTune™-iPS Repro-
gramming System, Life Technologies) as previously described (Bueno
et al., 2016; Munozs-Lopez et al, 2016). iPSC colonies emerged
16-18 days after OSKM transduction and were picked for further
characterization. 1PSCs revealed an embryonic stem cell (ESC)-like
morphology and alkaline phosphatase activity (Fig. 1A). Short tan-
dem repeat analysis confirmed iPSC identity (Tig. 2). PCR analy-
sis and Sanger sequencing confirmed the ¢.483G > C mutation in all
CQ4-1PSC clones (Tig. 1B). After 8-10 passages, 1IPSC lines were
OSKM transgene independent as revealed by immunostaining and
qRT-PCR analysis for SeV (Fig. 1C). Endogenous cxpression of
NANOG and OCI4 was accompanied by the extensive loss of CpG
methylation in their promaoters (Fig. 11). CQ4-iPSCs were CRISPR/
Cas9® edited in ¢483 and introduced a Taqal restriction site with
a synonymous change of nucleotides (Fig. 1E). The top off-target
predicled belorehand, GRID2, was sequenced in CQ4-ediled 1PSC
(CQ4°-iPSC) lines with no alteration (Fig. 1F). Importantly, mu-
tated and cdited iPSCs remained diploid after cell reprogramining
and further CRISPR/Cas9 edition (Fig. 1G). In addition, the endoge-
nous pluripotency-associated genes QCT4, SOX2, REX], NANOG and
CRIPTO were expressed at comparable levels to human ESCs in
both, CQ4- and CQ4™-iPSCs by qRT-PCR (Fig. 1H). Similarly, im-
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Fig. 1. iPSC generation, genome edition and characterization: (A) k hology and alkaline phosphatase staining of CQ4-iPSC. (B) PCR and Sanger sequencing con-
firming the presence of COQ4-mutated allele in several representative CQ4-iPSC clones. (C) Immunostaining confirming high-level infection with SeV 48 h post-transduction and
SeV elimination on all iPSC clones at p8-10 (left panel). gPCR reflecting complete absence of SeV at p8-10 (right panel). (D) Pyros ing revealing demethylation of NANOG

and OCT4 promoters in COQ4-mutated iPSCs as compared to original fibroblasts. (L) Sanger DNA sequencing confirming the gene edition. (F') Sanger DNA sequencing of the
major predicted ofT-targel GRID2 gene. (G) Diploid karyotype of CQ4-iPSC and CQ4“LiPSC. (H) gRT-PCR for the pluripolency genes OCT4, SOX2, REX1, NANOG, and CRIPTO
in hESC and CQ4-mutated and CQ4-cdited iPSCs. (1) Representalive immunostaining (top pancls) for the pluripotency markers OCT4, SSEA-4, NANOG, TRA-1-60 and represen-
tative flow cytometry plots (bottom panel) for the pluripotenc; SSEA-3, RA-1-60, TRA-1-81. (J) Representative leratoma analysis revealing three germ layer
differentiation of iPSC. CQ4-iPSC: COQ4 mutated iPSC; Cirl-iP! 0Q4-edited iPSC.

munostaining and [low cylometry revealed bona fide expression of 3. Materials and methods

OCT4, NANOG, TRA-1-60, TRA-1-81, SSEA3 and SSEA4 in both

CQ4- and CQ4*-iPSCs (Tig. 1I). In vivo dillerentialion capacity was 3.1. iPSC generation and maintenance

demonstrated by teratoma formation in immunodeficient mice com-

prising tissuc representing all three germ layers (Fig. 1J). Fibroblasts were maintained in low glucose DMEM supplemented

with 20% FBS

and 1% penicillin/streptomycin (P/8). The iPSCs were
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Fig. 2. Cell identity confirmed by fingerprinting analysis of patient fibroblasts and iPSCs.

generated using the CyloTune®-1PS Sendal Reprogramming Kit (Life
‘Technologics). iPSC clones were fully characterized and maintained
undifferentiated on irradiated mouse embryonic fibroblasts (MEF) in
hESC media (KO-DMEM supplemented with 20% KO Scrum Re-
placement, 1% GlutaMAX, 1% P/S, 1% NEAA and 0.1 mM p-mer-
captoethunol (all from Life Technologies)) and 10 ng/ml basic [i-
broblast growth factor (bI'GT: Miltenyi), or on Matrigel (BD) with
MEF-conditioned media  (MEF-CM) (Montes et al, 2009;
Ramos-Mcjia ct al., 2012). iPSCs were passaged when confluent with
0.1% collagenase TV/dispase or 0.05% trypsin.

3.2 iPSC characterization

Established iPSC was fully characterized as previously deseribed
(Bueno el al., 2016). SeV elimination was determined by qRT-PCR.
Expression of pluripotency markers was performed by immunostain-
ing (alkaline phosphatase, OCT4, NANOG, SSEA3, SSEA4,
TRA-1-60, TRA-1-81) and qRT-PCR (OCT-4, NANOG, SOX2, REX],
CRIPTO) using the primers and antibodics described in Table 1 and
Table 2. G-banding karyotype was performed as previously described
(Caltalina et al., 2008). For teratoma assays, (he dilferent iPSC clones
were collected through enzymatic dissociation using collagenase 1V,
and 2 million cells were re-suspended and injected with 250 pl
DMEM and 50 pl Matrigel subeutaneously in the back of the NSG
mice (Gulierrez-Aranda el al., 2010). Animal experimenlation was ap-
proved by the Animal Care Committee of the University of Barcelona.
Tumors generally developed within 6-8 weeks. Animals were sacri-
ficed for teratoma disscetion. After scetioning, the presence of cells
from the three germ layers was assessed following Hematoxylin &
Eosin staining (Guticrrez-Aranda ct al., 2010)

3.3. DNA and RNA extraction and (qRT)-PCR

DNA was oblained using the Maxwell 16 Blood DNA Purifi-
cation kit (Promega). Isolation of total RNA was perforimed using
RNAqueous-Micro kit (Ambion). The ¢DNA synthesized by using
SuperScript IIT Reverse Trascriptase kat (Invitrogen). qRT-PCR was

Table 1

Primers used in this study.
[ACTIN-FW GATGGCCACGGCTGCTT
B-ACTIN-RV AGGACTCCATGCCCAGGAA
GAPDH-FW ACCACAGICCATGCCATCAC
GAPDH-RV TCCACCACCCTGTTGOTGT
SeV-Fw GOATCACTAGGTGATATCGAGC
SeV-RV ACCAGACAAGAGTTTAAGAGATATGTATC
OCT4-FW GGGTTTTTGGGATTAAGTTCTTCA
OCT4-RV GCCCCCACCCTTTGTGTT
REXI-FW COTGCAGGCGGAAATAGAAC
REXT-RV GCACACATAGCCATCACATAAGG
NANOG-TW ACAACTGGCCGAAGAATAGCA
NANOG-RV GGTTCCCAGTCGGGTTCAC
SOX2-FW CAAAAATGGCCATGCAGGTT
SOX2-RV AGTTGGGATCGAACAAAAGCTATT
COQ4TW CTGGGAACCATCAGGAAGG
COO4-RV CCAAGAGTGAACAGAAGGGAG
COQ4-Mut-FW ATTCAGCGGTACCGC C
SEQ-COQ4-I'W CCAGACACCCGAGCACCT
SEQ-COQ4-RV AGAAGGGAGTAGGGGATGGA
GRID2-I'W GTGCAGATTCAACCAGCCAT
GRID2-RV CTCGGTAAGGACTGCCATGT

Table 2

Amntibodies used in this study.

Antibody Supplier Reference Dilution
ABCAM AB19857 1:500
ABCAM AB16287
ABCAM AB21624
ABCAM AB16288
Alexa Fluor® 488 «-Rabbit  Jackson ImmunoResearch  711-545-152
Alexa Fluor® 555 e-Mouse  Life Technologies A31570
SSEA-3-PE 560,237 1:100
SSEA-4-V430 561,156 1:100
TRA-1-60-BVS10 563,188 1:100
TRA-1-81-AlexaFlowr647® DD Bioscience 560,793 1:100

done using SyberGreen (Applicd) and values were normalized to
P-ACTIN or GAPDH. PCR conditions were 95 °C for 10 muin, fol-
lowed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s.
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3.4. Immunophenotyping

Cells were fixed with 2-4% PFA in PBS for 20 min at RT and
washed 3 limes with PBS. Anligen blocking was done with 6% don-
key FBS with 0.5% Triton X-100. Cells were then washed and incu-
bated at 4 °C overnight with the primary antibody diluted in blocking
solution with 0.1% Triton X-100. After washing, cells were incubated
with the secondary antibody for 2 h at RT. To check by flow cytom-
ctry the pluripotency-associated markers the iPSCs were dissociated
v incubation with trypsin 0.05% for 40 s. Then, were resuspended in
T'ACS Buller (5% IBS, 2 mM EDTA in PBS) and incubated with the
speeific antibody in 200 pl for 15 min in the darkness, Next, the cells
were washed twice and stained with 7-aminoactinomyein D (7-AAD)
(BD Bioscicnee) for 5 min. Stained cclls were analyzed using FACS
Canto IT(BD).

3.5. COQ4 mutation detection

For genomic detection of the COQ4 mutation, a touchdown PCR
was perlormed with 100 ng ol gDNA. PCR conditions were 1 cycle of
5 min at 95 °C; 24 cyeles of 30 s at 95 °C, 30 s at 62 °C (— 0.5 °C per
eyele), 1 minat 72 °C: 6 cycles of 30 s at 95 °C, 30 s at 50 °C, 1 min at
72 °C; 1 cyele of 10 min at 72 °C. PCRs were resolved in 1% agarose
gels. Primers used to conlirm the mulation on patient's libroblast and
1PSC as well as primers used for Sanger sequencing are described in
Table 1

3.6. Promoter demethylation

Bisullite pyrosequencing of OCT4 and NANOG promoters was
done as described (Bueno et al., 2016). Briefly. bisulfite modification

ol genomic DNA was performed with the EZ DNA Methylation-Gold
kit (Zymo Rescarch) following the manufacturer's instructions. The
set of primers for PCR amplification and sequencing of NANOG and
OCT4 were designed using the software PyroMark Assay Design and
are detailed elsewhere (Bueno et al., 2016).
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Mitochondria and stem cell function:
from somatic cells to iPSC-based disease modeling

ABSTRACT

Coenzyme Q1o (CoQio) plays a crucial role in mitochondria as an electron carrier within the
mitochondrial respiratory chain (MRC), and is an essential antioxidant. Mutations in genes
responsible for CoQ1o biosynthesis (COQ genes) cause primary CoQ1o deficiency, a rare and
heterogeneous mitochondrial disorder with no clear genotype-phenotype association, mainly
affecting tissues with high-energy demand including brain and skeletal muscle (SkM). Here, we
report a 4-year old girl diagnosed with minor mental retardation and lethal rhabdomyolysis
harboring a heterozygous mutation (c.483G>C (E161D)) in COQ4. The patient’s fibroblasts
showed a decrease in [CoQ1o], CoQio biosynthesis and MRC activity affecting complexes I/1I+111.
Bona fide induced pluripotent stem cell (iPSCs) lines carrying the COQ4 mutation (CQ4-iPSCs)
were generated, characterized and genetically edited using CRISPR-Cas9 (CQ4¢d-iPSCs).
Extensive differentiation and metabolic assays of control-iPSCs, CQ4-iPSCs and CQ4¢d-iPSCs
demonstrated a genotype association, reproducing the disease phenotype. The COQ4 mutation
iniPSC was associated with CoQ1o deficiency, metabolic dysfunction and impaired differentiation
into SkM; remarkably, iPSC differentiation in dopaminergic or motor neurons was unaffected.
This study offers an unprecedented iPSC model recapitulating CoQio deficiency-associated

functional and metabolic phenotypes caused by COQ4 mutation.
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INTRODUCTION

Coenzyme Q1o (CoQuo) is a lipid-soluble molecule ubiquitous to cellular membranes that has
essential functions in many cellular processes including energy/ATP production, where it shuttles
electrons from complex | and Il to complex Il in the mitochondrial respiratory chain (MRC). CoQ1o
also participates in beta-oxidation of fatty acids, pyrimidine biosynthesis, and it is one of the main
cellular antioxidants[1, 2]. Proteins encoded by different COQ genes are involved in the pathway
of CoQio biosynthesis between the cytoplasm and mitochondria by functioning as a
multienzymatic complex[3]. Several mutations in genes involved in CoQ1o biosynthesis, such as
COQ2[4-7], COQ6[8], ADCKI[7, 9, 10], ADCK4[11], COQ9[7, 12], PDSS1[13], PDSS2[7, 14]
and COQ7[15], have been described, and all result in a reduction in CoQ1o levels. CoQ1o levels
below 50% of standard values are indicative of CoQ1o deficiency, which is a rare and
heterogeneous group of metabolic/mitochondrial disorders (OMIM#607426)[16], frequently
diagnosed during childhood. CoQ1o deficiency associates with multiple clinical phenotypes
including kidney failure[13] and neurological and neuromuscular diseases, such as mental
retardation, seizures, and ataxias, affecting tissues with high energetic demand such as muscle

and neurons|[16-18].

> It has been suggested that COQ4 has an essential structural and functional role for the
biosynthesis of CoQ10[19-21]. Indeed, COQ4 mutations as well as COQ4 haploinsufficiency
cause a broad spectrum of mitochondrial disorders associated with CoQ1o deficiency[22-24]. We
identified CoQ1o deficiency in a 4-year-old girl with a heterozygous missense mutation (c.483
G>C) in COQ4. This patient did not display (or very mild) symptoms of impaired
neurodevelopment or neurodegeneration, but presented severe metabolic/mitochondrial defects
accompanied with lethal rhabdomyolysis. CoQ1o deficiency is a heterogeneous disease, and a
major obstacle to study this disorder is the lack of association between the genotype and
phenotype[3, 25], which partly explains the highly variable patient response to CoQo
supplementation[3, 26, 27]. Interestingly, the COQ4 E161D variant found in this patient has also
been reported to have a minor allele frequency (<0.5%) in the population, so that whether it
represents a driver pathogenic mutation or a cooperating hit in the underlying pathogenesis of

more diseases is unknown.
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Human disease is generally studied once all (epi)genetic/metabolic insults have already occurred
and, therefore, the mechanisms by which disease-specific mutations impair normal homeostasis
are not amenable to analysis with patient samples. In this regard, induced pluripotent stem cells
(iPSC) together with genome editing strategies for correction of disease-causing mutations are
powerful tools for modeling different aspects of human disease that cannot otherwise be
addressed by patient sample analyses or animal models[28, 29]. iPSC are routinely generated
from different cell types derived from both healthy donors and patients[30-33], thus providing a
unique in vitro platform to explore the developmental impact of disease-specific genetic

aberrations on human stem cell fate, especially in early-onset or developmental diseases[28].

Here, we have generated and CRISPR/Cas9-edited iPSC lines from a patient carrying a COQ4
missense mutation to analyze its developmental and metabolic/mitochondrial impact.
Developmental and metabolic assays reproduce the disease phenotype. In line with the patient’s
symptoms, the COQ4 mutation was associated with CoQ1o deficiency, metabolic dysfunction and
impaired differentiation into skeletal muscle (SkM). Notably, the COQ4 ¢.483 G>C (E161D) did
not impair iPSC differentiation into neural tissues. This study offers a unique human iPSC model
recapitulating CoQ1o deficiency-associated functional and metabolic phenotypes caused by
COQ4 mutation.
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MATERIAL AND METHODS

iPSC generation, maintenance and characterization

Fibroblasts were maintained in low glucose DMEM supplemented with 20% FBS and 1%
penicillin/streptomycin (P/S). Control iPSCs (Ctrl-iPSC) and COQ4-mutated iPSC (CQ4-iPSC)
were generated using the CytoTune®-iPS Sendai Reprogramming Kit (Life Technologies) (Fig
2A). iPSC clones were fully characterized and maintained undifferentiated on irradiated mouse
embryonic fibroblasts (IMEF) in hESC media (KO-DMEM supplemented with 20% KO Serum
Replacement, 1% GlutaMAX, 1% P/S, 1% NEAA and 0.1 mM B-mercaptoethanol (all from Life
Technologies)) and 10 ng/ml basic fibroblast growth factor (bFGF; Miltenyi), or on Matrigel (BD)
with MEF-conditioned media (MEF-CM). iPSCs were passaged when confluent with 0.1%

collagenase IV/dispase or 0.05% trypsin.

The COQ4 mutation was characterized in both patient fibroblasts and iPSC using PCR and
Sanger sequencing. Primary dermal fibroblasts (CQ4-F) were obtained from the patient in
accordance with procedures approved by the Clinic Hospital of Barcelona. Informed consent was
obtained in accordance with the Declaration of Helsinki. Age-matched control human dermal

fibroblasts (Ctrl-F) were obtained from Tebu-Bio.

Established iPSC were fully characterized as previously described [31, 34]. SeV elimination was
determined by qRT-PCR. Expression of pluripotency markers was performed by immunostaining
(alkaline phosphatase, OCT4, NANOG, SSEA4, TRA-1-60) and qRT-PCR (OCT-4, NANOG,
SOX2, REX1, CRIPTO and DNMT3B) using the primers and antibodies previously described
(Table 81 and S2). G-banding karyotype was performed as previously described [35]. For
teratoma assays, the different iPSC clones were collected through enzymatic dissociation using
collagenase IV, and 2 million cells were re-suspended and injected with 250 yl DMEM and 50ul
Matrigel subcutaneously in the back of the NSG mice [36]. Animal experimentation was approved
by the Animal Care Committee of the University of Barcelona. Tumors generally developed within
6-8 weeks. Animals were sacrificed for teratoma dissection. After sectioning, the presence of
cells from the three germ layer was assessed following Hematoxylin & Eosin staining [36].
Bisulfite pyrosequencing of OCT4 and NANOG promoters was done as described [31]. Briefly,
bisulfite modification of genomic DNA was performed with the EZ DNA Methylation-Gold kit
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(Zymo Research) following the manufacturer's instructions. The set of primers for PCR
amplification and sequencing of NANOG and OCT4 were designed using the software PyroMark
Assay Design (Table $1). Primer sequences were designed to hybridize with CpG-free sites to
ensure methylation-independent amplification. PCR was performed with primers biotinylated to
convert the PCR product to single-stranded DNA templates, using the Vacuum Prep Tool. After
PCR amplification, pyrosequencing reactions and methylation quantification were performed
using PyroMark Q24 reagents, equipment and software (Qiagen), according to manufacturer’s

instructions.

CRISPR/Cas9 gene editing

For CRIPSR-Cas9 gene editing, undifferentiated CQ4-iPSC were treated with 10 yM ROCK
inhibitor (Y27632) for 24 hours and then 2x10% cells were plated on Matrigel-coated 12-well
plates. Cells were transfected with Lipofectamine 3000 (Life Technologies) and 5 pg of
pSpCas9(BB)-2A-GFP (PX458) (Addgene plasmid # 48138), allowing the expression of both the
guide RNA and the Cas9-GFP, together with 10 nM of antisense ssDNA donor. At 3 days post-
transfection, cells were GFP-sorted and plated as single cells on Matrigel-coated 48-well plates.

The CRISPR Design Tool (http://tools.genome-engineering.org) was used for guide RNA design.

The site-specific cleavage efficiency of up to 4 guide RNAs was tested in 293T cells using the >
T7 surveyor assay [37]. The most efficient guide RNA (~25%) was used. Predicted off-targets
were identified using CRISPR Design Tool and analyzed in COQ4-edited iPSC (CQ4#d-iPSC) by

Sanger sequencing.
Dopaminergic differentiation

Six different clones of iPSC were differentiated into dopaminergic (DA) neurons using the
protocol for midbrain DA neuron induction described by Kriks et al.[38]. Briefly, iPSC were
maintained in hESC media to day 5 and were then gradually adapted (25%, 50%, 75%, every 2
days) to NIM medium (DMEM/F12, 1% N2 supplement, 2 pg/ml heparin, 1% NEAA, 1%
GlutaMax and 1% P/S). From day 11, iPSC were grown in Neurobasal media (Neurobasal, 1%
B27, 1% GlutaMax and 1% P/S). Media were supplemented with SB-431542 (10 uM; d0-d5;
Sigma), LDN193189 (100 nM; d0-d11; Miltenyi), CHIR99021 (3 uM; d3-d13; Miltenyi), FGF8
(100 ng/ml; d1-d7; Miltenyi), purmorphamine (2 uM; d1-d7; Stemgent), SAG (1 uM; d1-d7;

B
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Tocris), BDNF (20 ng/ml; from d11; Miltenyi), GDNF (20 ng/ml; from d11; Miltenyi), DAPT (10
MM; from d11; Tocris), db-cAMP (500 uM; from d11; Sigma), TGFB3 (1 ng/ml; from d11; Miltenyi)
and ascorbic acid (AA, 200 uM; from d11; Sigma) (Fig 4A). On day 20, cells were dissociated
using Accutase (Merck) and replated at 3 x 105 cells/cm? on dishes pre-coated with polyornithine
(15 pg/ml), laminin (1 pg/ml) and fibronectin (5 pg/ml) until analysis. Quantification of neural
precursors and neurons was assessed by confocal microscopy/flow cytometry using anti-
NESTIN, anti-SOX2, anti-TUJ1, anti-TH and anti-NCAM antibodies, and gqRT-PCR. Antibodies

and primers used are detailed in Table S1 and S2.
Motor neuron differentiation

Six different clones of iPSC were differentiated into motor neurons (MN) using the protocol
described by Amoroso et al.[39]. Briefly, iPSC were grown on iMEF, and embryoid bodies (EB)
were generated by first treating cells with 0.1% collagenase 1V/0.1% dispase during 60 minutes,
followed by washing with KO-DMEM and replating into low-attachment plates in hESC media.
Three days later, the medium was changed to NIM media until day 17, and then to Neurobasal
media. Media were supplemented with Y27632 (10 uM; d0-d3; Sigma), SB-431542 (10 uM; dO-
d7; Sigma), LDN193189 (200 nM; d0-d7; Miltenyi), all-trans retinoic acid (RA, 1 uM; from d5;
> Sigma), AA (2 uM; from d5; Sigma), BDFN (10 ng/ml; from d5; Miltenyi), purmorphamine (1 uM;
from d7; Stemgent), SAG (1 uM; from d7; Tocris), GDNF (10 ng/ml; from d17; Miltenyi), CNTF
(10 ng/ml; from d17; Miltenyi), and IGF-1 (10 ng/ml; from d17; Miltenyi) (Fig 5A). To analyze MN
differentiation, EBs were dissociated into single cells using collagenase B for 2 hours and
Dissociation Buffer for 10 minutes, and replated at 2.5 x 105 cells/cm? into dishes pre-coated with
polyornithine (15 pg/ml), laminin (1 pg/ml) and fibronectin (5 pg/ml) for 2 days. Quantification of
neural precursors and MN was assessed by confocal microscopy/flow cytometry using anti-
NESTIN, anti-SOX2, anti-TUJ1, anti-ISL1, anti-HB9 and anti-NCAM antibodies, and qRT-PCR.

Antibodies and primers used are detailed in Table S1 and S2.
Skeletal muscle differentiation

iPSC were differentiated into sleletal muscle (SkM) using the protocol described by Darabi et
al.[33]. Briefly, iPSC were transduced with rtTA and iPAX7-GFP lentiviruses overnight and the

medium was then changed to fresh MEF-CM. EBs were generated as described and plated on
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low-attachment plates in MEF-CM medium with Y27632 (10 uM; d0-d7). After 2 days, the
medium was replaced with myogenic induction medium (MIM) (IMDM, GlutaMax, 15% FBS, 10%
horse serum and 1% P/S) supplemented with 1% Chicken Embryo Extract (US Biological), AA
(25 pg/ml) and 1-monothioglycerol (0.45 mM; Sigma). At day 7, EBs were plated into 0.1%
gelatin-coated flasks with MIM plus bFGF (10 ng/ml). Doxycycline (1 pg/ml; Sigma) was added
from day 10 of differentiation onwards. Cells were treated with 10uM Y27632 24 hours before
GFP sorting on a FACSAria Fusion cell sorter (BD), and sorted cells were replated at 2.5 x 10°
cells in a T-25 gelatin-coated flask (Fig 6A). PAX7 expression and GFP was confirmed
immediately after sorting. PAX7+ muscle progenitors were grown in complete MIM with bFGF
and doxycycline until passage 3. For further maturation, PAX7+ muscle progenitors were first
plated at 1.5 x 104 cells/cm2. One day before confluency, cells were washed to remove
doxycycline and were grown in MIM. At confluency, cells were grown in Differentiation Medium
(KO DMEM, 20% KO Serum Replacement, 1% NEAA, 1% GlutaMax, and 1% P/S) for 12-14
days. SkM differentiation was assessed by immunofluorescence using anti-PAX7 and anti-MYH1
antibodies, and gRT-PCR. Primers and antibodies used are detailed in Table $1 and S2. Levels
of creatine kinase in iPSC-derived SkM cells were measured using clinical standards in the

biochemical diagnostic laboratory at the Clinic Hospital of Barcelona.

CoQu1o biosynthesis, concentration, mitochondrial respiratory chain activity and metabolic

measurements

To measure CoQu1o biosynthesis, *Ce-p-hydroxybenzoic acid (PHB) was added to fibroblast and
iPSC cultures for 48 hours. Cell pellets were then suspended in 300 pl of a solution containing
0.25 mM sucrose, 2 mM EDTA, 10 mM Tris and 100 Ul/ml heparin (pH 7.4), and sonicated twice
for 5 sec. Homogenates were then used to determine CoQio biosynthesis as previously
described [40]. The physiological content of CoQ1o in cultures was determined by HPLC with
electrochemical detection as described [40, 41]. Activites of NADH:coenzyme Q1
oxidoreductase (complex l), succinate dehydrogenase (complex Il), ubiquinol:cytochrome ¢
oxidoreductase (complex lll), cytochrome c oxidase (complex IV), NADH:cytochrome c
reductase (complex I+11), succinate:cytochrome c reductase (complex II+11l) and citrate synthase

(CS) were determined using described spectrophotometric methods[42].

Live cell oxygen consumption (OCR) and extracellular acidification rate (ECAR)
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OCR and ECAR were measured using the Seahorse Bioscience equipment (Agilent). CQ4- and
CQ4-edited-iPSCs were seeded at density of 25x10°% cells per well of a XF24 cell culture
microplate and incubated for 48h. For OCR the cells were equilibrated with DMEM supplemented
with 4,5g/L glucose, 1 mM sodium pyruvate and 2 mM glutamine. For ECAR, cells were
maintained in DMEM supplemented with 2 mM glutamine. Mitochondrial processes were
examined through sequential injections of oligomycin (4uM; ATP synthase inhibitor), carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; 2 uM; uncoupling agent), rotenone (1uM;
Cl inhibitor) and antimycin A (5uM; CIII inhibitor). Mitochondrial function was calculated upon
subtracting the non-mitochondrial respiration background after the addiction of antimicyn A. The
basal respiration rate (baseline OCR minus Antimycin A OCR), Proton Leak (oligomycin OCR
minus Antimicyn A OCR). The glycolytic processes were examined through sequential injections
of glucose (25mM), oligomycin (4uM), 2-Deoxy-D-glucose (2-DG; 50mM). The glycolysis rate

was calculated upon subtracting the non-glycolytic acidification after the addiction of 2-DG.
ATP and ROS measurements

ATP levels were measured using a Cell-Titer-Glo® Luminescent Cell Viability Assay (Promega)
according to the manufacturer’s guidelines. Briefly, equal numbers of cells (5x104/100 mL) were
> seeded in a 96-well plate and 100 mL of the reaction reagent were added to each well. After 10
min shaking, the luminescence signal was detected using the Infinite®200PRO (Tecan) and
compared against the ATP Standard Curve using ATP disodium salt (Promega) [43]. ROS
generation was quantified by flow cytometry (FACS Canto-Il) using CM-H2DCFDA (Life
Technologies). 1x10° cells were incubated with 2 uM CM-H2DCFDA, with or without 0.3% H202
to analyze the responsiveness to oxidative stress, and then incubated for 45min in the darkness.
7-amino-actinomycin D (7-AAD) was added 10 min before FACS analysis. Intracellular ROS was

measure in the live cells (7-AAD).
Proliferation, apoptosis, cell cycle analysis and senescence assays

Proliferation of CQ4- and Ctrl-F was measured by growing cells in low-glucose DMEM with 20%
FBS and 1% P/S. In total, 16 x 103 cells/cm? were initially plated and counted every 7 days. For
cell cycle analysis, cells were fixed in 70% ice-cold ethanol and stored at -20°C. Subsequently,

cells were washed with ice-cold PBS and suspended in propidium iodide buffer containing
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RNAse (5 pg/ml) and 0.005% Triton X-100. Cell cycle distribution was analyzed on a FACS
Canto-Il cytometer using the FACSDiva and ModFit LT software packages (BD).

Apoptosis was analyzed with the Annexin-V apoptosis Detection kit (BD), using annexin-V-PE
and 7-AAD. Apoptotic cells were identified as Annexin-V* while dead cells were 7-AAD*. The
senescence-associated-galactosidase (SA-B-Gal) assay was performed as described[44].
Briefly, cells were fixed in 2% PFA/ 0.2% glutaraldehyde-PBS for 3 min at room temperature and
then incubated with X-Gal-containing solution (ThermoFisher) for 15 hours at 37°C in the dark.

Positive cells were counted manually.
Patch-clamp recordings

For electrophysiological recordings, CQ4-iPSCs were differentiated into MN. MN were
transduced with the MN-specific promoter HB9:GFP lentivirus (AddGene #37080). Whole-cell
recordings were obtained from GFP+ MNs with an EPC-10 patch-clamp amplifier (HEKA GmbH,
Germany) using standard voltage and current clamp protocols designed with Patch-Master
software (HEKA). In voltage-clamp configuration, depolarizing voltage steps were applied from
-50 mV to +70 mV. Action potentials were evoked by applying a pulse of current of variable
amplitude (20-100 pA) to neurons in current-clamp configuration. Unless otherwise specified,
holding potential was -70 mV. Data were filtered at 10 kHz, digitized at a sampling interval of 20 >
ps and computarized. Off-line data analysis was performed using Igor6. Patch electrodes (2-3
MQ) were pulled from capillary glass tubes (1.5-1.6 mm OD; Kimax, Kimble Products) and fire-
polished on a microforge MF-830 (Narishige). All experiments were conducted at room
temperature. The bath solution contained: NaCl 140mM, KCI 5mM, CaClz 2mM, MgClz 2mM,
HEPES 10mM, Glucose 15mM (pH 7.4; osmolality 300-310 mOsm). The pipette solution
contained: potassium gluconate (CeH1107K) 120mM, KCI 20mM, NaCl 10mM, CaCl2 1mM, Mg-
ATP 4mM, Na-GTP 0.4mM, HEPES 10mM, EGTA 10mM and glucose 10mM (pH 7.2, osmolality
280-290 mOsm).

Determination of dopamine in differentiated neurons by HPLC.

Spontaneous neurotransmitter release was measured in cell culture medium. Neurons were
incubated as regularly in 1 ml/one 24-well of medium which was harvested at the time of medium

changing. Samples corresponding to different clones and differentiation experiments were
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collected between day 35 and 45 of differentiation and immediately stabilized by adding to each
0.5ml sample 25 pl of stabilization solution (88 ul of 85% ortophosphoric acid, 4.4 mg of sodium
metabisulfite and 912 yl of H20). Samples were frozen in dry ice, and then stored at -80°C until
measurement. Dopamine was extracted using a kit for purification of plasmatic catecholamines
(Chromsystems, Germany) and 3,4-dihydroxybenzylamine (DHBA) was utilized as internal
standard. Eluted samples were analyzed by a high-performance liquid chromatography (HPLC).
Samples were analyzed with ALEXYS 100 (Antec Leyden, Zoeterwoude, The Netherlands)
system equipped with a reverse phase C-18 column (3 um particle size, 150 x 2.1 mm
dimension), a glassy carbon electrode and an in situ ISAAC reference electrode (all from Antec
Leyden). The amount of dopamine was expressed as pg per ml of sample. The mean+SEM was

plotted.
DNA and RNA extraction and (QRT)-PCR

DNA was obtained using the Maxwell 16 Blood DNA Purification kit (Promega). Isolation of total

RNA was performed using RNAqueous-Micro kit (Ambion). The cDNA synthesized by using

SuperScript Ill Reverse Trascriptase kit (Invitrogen). gqRT-PCR was done using SyberGreen

(Applied) and values were normalized to B-Actin or GAPDH. PCR conditions were 95°C for
> 10min, followed by 40 cycles of 95°C for 15s and 60°C for 60s.

COQ4 mutation detection

For genomic detection of the COQ4 mutation, a touchdown PCR was performed with 100ng of
gDNA. PCR conditions were 1 cycle of 5 min at 95°C; 24 cycles of 30 sec at 95°C, 30 sec at
62°C (-0.5°C per cycle), 1 min at 72°C; 6 cycles of 30 sec at 95°C, 30 sec at 50°C, 1 min at
72°C; 1 cycle of 10 min at 72°C. PCRs were resolved in 1% agarose gels. Primers used to
confirm the mutation on patient’s fibroblast and iPSC as well as primers used for Sanger

sequencing are described in Table $1.
Lentiviral transduction

Hb9::GFP lentivector (AddGene #37080) [45] was used to transduce MN. iPAX7-pSAM2 and
rTtA-pSAM lentivectors used for SkM specification were kindly provided by Prof. Rita Perlingeiro

(University of Minnesota). Viral particles were generated on 293T cells by Polyethylenimine or
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calcium phosphate transfection (along with psPAX2 and VSV-G helper plasmids) and
concentrated by ultracentrifugation, as previously described [46, 47].

Immunofluorescence and confocal microscopy

Cells were fixed with 2-4% PFA in PBS for 20 min at RT and washed 3 times with PBS. Antigen
blocking was done with 6% donkey FBS with 0.5% Triton X-100. Cells were then washed and
incubated at 4°C overnight with the primary antibody diluted in blocking solution with 0.1% Triton
X-100. After washing, cells were incubated with the secondary antibody for 2h at RT, washed
and mounted with Vectashield (Vector Labs). Antibodies, dilutions and suppliers are on Table
$2. The percentage of antibody positive cells at different time-points was determined in at least
three independent experiments for each iPSC clone. At least five images were acquired with
Leica TCS SP5 Confocal microscope from each different time-point analyzed. Images for
quantification were selected randomly and each image was scored first for the number of DAPI
positive nuclei, followed by counting the number of cells expressing the marker of interest.

Manually counting was performed with ImageJ software. All data are presented as mean+SEM.
Muscle histology and mitochondrial dynamics in muscle

Healthy and diagnostic muscle biopsies were processed for histology and immunohistochemistry >
following standard procedures[48]. Muscle tissue was stained with hematoxylin and eosin, and
the muscle/mitochondria-specific markers SDH, COX and trichrome[48, 49]. To assess
mitochondrial dynamics, differentiating myogenic cells were stained with the mitochondrial import
receptor subunit TOM20 and images were taken with a Leica TCS SP5 laser scanning confocal
system with a 63 oil immersion objective[50]. At least 5 cells were randomly selected and
analyzed for each experimental group. Image analysis was performed with ImageJ (NIH). The
following parameters were measured to analyze mitochondrial dynamics. i) total number of
mitochondria/cellular area[51]; i) mitochondrial circularity (4m-area/perimeter?). Circular
mitochondria exhibit reduced interaction with each other, therefore, the higher the value, the
poorer the mitochondrial dynamics/function; iii) Form Factor (FF) (perimeterZ/4m-area), which is
the degree of mitochondrial branching. The higher the FF value, the more dynamic/functional

mitochondria are; and iv) Aspect Ratio (major axis/minor axis), which measures the mitochondrial
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elongation/length. More elongated/elliptical mitochondria have a higher AR, indicative of more

dynamic/functional mitochondria.

Statistical analysis

Results are shown as mean+SEM and the normality of data was checked using the Kolmogorov—
Smirnov test. For variables with a normal distribution, Student’s t-test and one-way ANOVA were
used to compare the significance of differences between experimental groups. For variables with
no normal distribution, Mann-Whitney U-test or Kruskal-Wallis test was applied. Statistical

analysis was performed using SPSS 18.0 software. A p-value<0.05 was considered significant.
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RESULTS
COQ4 mutation is linked to impaired mitochondrial function and CoQ1o deficiency

A 4-year-old girl was diagnosed in our Institution with minor mental retardation and lethal
rhabdomyolysis. Genetic analysis identified a heterozygous c.483 G>C mutation in the COQ4,
leading to the amino acid change E161D (Fig 1A). COQ4 mutations have been reported to be
responsible for severe early-onset mitochondrial diseases with heterogeneous clinical
presentations and associated CoQ1o deficiency[22-24]. Analysis of fibroblasts revealed that the
concentration and biosynthesis of CoQ1o was 75% and 87% lower, respectively, in CQ4-F than
in Ctrl-F (Fig 1B, C). The expression of key COQ genes involved in CoQ1o biosynthesis was
appreciably higher in CQ4-F than in Ctrl-F, suggestive of a transcriptional compensatory
mechanism (Fig. 1D). In line with its role in electron transport, the reduction in CoQ1o in CQ4-F
was reflected in the reduction of 41% and 64% in the activity of complex I+Ill and II+lIl,
respectively (Fig 1E). CoQ1o is involved in pyrimidine biosynthesis, which is a requirement for
cell proliferation [2, 5, 7]. Accordingly, cell proliferation was considerably lower in CQ4-F than in
Ctrl-F (Fig 1F). Moreover, the proportion of cycling cells was lower for CQ4-F than for Ctrl-F
(33% vs 24%; Fig 1G), and this was accompanied by a 17-fold increase in senescence as
measured by SA-B-Gal staining, and a 2-fold increase in the level of the senescence-associated >
gene p16 (CDKNZ2A, Fig 1H). Conversely, the level of apoptosis was not different between CQ4-
F and Ctrl-F (Fig 1I). Histological analysis of the patient's SkM revealed extensive damage
associated with rhabdomyolysis (Fig 1J), as shown by disorganized tissue structure and loss of

expression of the mitochondrial markers SDH and COX (Fig 1J).
Generation and characterization of CQ4-iPSCs.

CQ4-F were reprogrammed into hiPSCs in an attempt to model the metabolic and functional
impact of COQ4 mutation on neural and muscle cell fate. Patient and control fibroblasts were
transduced with OSKM-expressing Sendai virus (SeV) following the experimental design outlined
in Fig 2A. iPSC colonies emerged 16-18 days after OSKM transduction and were picked for
further characterization (Fig 2A). Reprogramming efficiency was ~5-fold higher in Ctrl-F than in
CQ4-F (0.8% vs 0.17%, Fig 2B), likely reflecting the impaired proliferation capacity of CQ4-F.

PCR analysis and Sanger sequencing confirmed the ¢.483 G>C mutation in all CQ4-iPSC clones
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(Fig 2C). After 8-10 passages, iPSC lines were OSKM transgene independent as revealed by
immunostaining and gRT-PCR analysis for SeV (Fig 2D). Characterization of iPSC lines
revealed an embryonic stem cell (ESC)-like morphology and positive alkaline phosphatase
staining (Fig S1A). In addition, the pluripotency-associated genes OCT4, SOX2, REX1, NANOG
and CRIPTO were similarly expressed in Ctrl- and CQ4-iPSCs (Fig S1B). Similarly,
immunocytological staining revealed bona fide expression of OCT4, NANOG, TRA-1-60 and
SSEA4 in both CQ4- and Ctrl-iPSCs (Fig S1C). Endogenous expression of NANOG and OCT4
was accompanied by the extensive loss of CpG methylation in their promoters (Fig S1D). Both
Ctrl- and CQ4-iPSCs consistently displayed a diploid karyotype after >20 passages (Fig S1E),
and formed teratoma in immunodeficient mice comprising tissue representing all three germ
layers (Fig S1F).

iPSC gene edition by CRISPR/Cas9 system.

Because the differentiation capacity among iPSC lines is influenced by (epi)genetic variability[52,
53], the optimal scenario to unravel genotype-phenotype associations is to use isogenic iPSC
lines. We therefore used the CRISPR/Cas9 system to gene edit CQ4-iPSCs (CQ4ed-iPSCs).
From the four sgRNAs designed surrounding the ¢.483 G>C mutation in exon 5 of the COQ4

> allele, one sgRNA was found to have a high cleavage activity (~25%, data not shown) in the T7
surveyor assay, cutting 8 nucleotides upstream of the mutation. Next, we designed a 90 bp-long
donor ssDNA carrying a silent mutation for the generation of a Taga1 restriction site and the
mutation corrected codon (Fig 2E). CQ4-iPSCs were co-transfected with Cas9-GFP vector and
sSDNA and, 2 days later, GFP+ clones were FACS-sorted as single cells. All individual GFP*
established clones were analyzed by PCR and restriction fragment length polymorphism,
obtaining an allele digestion where the editing was performed (Fig 2F). Homozygous editing of
the COQ4 mutation was observed in several clones, which was further confirmed by sequencing
(Fig 2G). The top off-target predicted beforehand, GRID2, was sequenced in CQ4¢d-iPSC lines
and was consistently found to be in germline configuration, demonstrating the specificity of the
sgRNA/gDNA used to edit the COQ4 mutation (Fig 2H). Importantly, CQ4¢d-iPSCs remained
pluripotent, as shown by typical ESC-like morphology, growth and by expression of pluripotency-
associated transcription factors (Fig 21) and surface markers (Fig S1G), and was cytogenetically
stable (Fig S1H).
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CO0Q4 genome edition reverses metabolic/mitochondrial dysfunction

CoQuois a lipophilic molecule involved in the MRC[1, 2], and low levels of CoQ1oin fibroblasts or
muscle biopsies are linked to CoQ1o deficiency[16]. To obtain a reference value for CoQ1o, we
measured its concentration in different pluripotent stem cells (hESCs and hiPSCs) (Fig 3A left).
CoQuo concentration and biosynthesis was significantly lower (36% and 61%, respectively) in
CQ4-iPSCs than in Ctrl-iPSCs and hESCs (Fig 3A right, 3B). Strikingly, a full restoration of both
CoQuo concentration (25% increase) and biosynthesis (50% increase) was found in CQ4¢d-iPSCs
(Fig 3C,D). Similarly, the activity of MRC complexes I+IIl and II+]ll was recovered in CQ4ed-
iPSCs (~50% increase) (Fig 3E). We next evaluated oxidative phosphorylation and glycolysis by
ATP quantification, basal live-cell oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR). To produce the same ATP concentration (Fig 3F), CQ4-iPSCs ECAR (Fig 3G) and
OCR (Fig 3H) rates were 2-fold higher than in CQ4¢d-iPSCs, suggesting a respiration dysfunction
as confirmed by a 2-fold higher proton leak (difference between oligomycin- and actinomycin A-
mediated inhibition of OCRs) in the mutated relative to edited iPSC lines (Fig 3l). Together, these
results show that CQ4-iPSCs maintain the CoQuo deficiency and metabolic dysfunction found in
CQ4-F, which is reversed upon correction of the COQ4 mutation, thus directly linking ¢.483 G>C
COQ4 with the dysfunctional metabolic phenotype.

C0Q4 mutation does not impair iPSC differentiation into dopaminergic or motor neurons

The impact of COQ mutations in neurodevelopment remains unclear. The majority of CoQ1o-
deficient patients present neurological symptoms [17, 18] whereas patient here described did not
show neurological deficits other than a minor mental retardation we therefore studied the
developmental influence of the COQ4 mutation in neurogenesis. Ctrl-, CQ4- and CQ4¢d-iPSCs
were differentiated into midbrain dopaminergic (DA) neurons and spinal motor neurons (MN)
using well-established protocols (Fig 4A, 5A)[38, 39]. Successful differentiation was confirmed
by flow cytometry as demonstrated by a progressive increase in the proportion of Neural Cell
Adhesion Molecule (NCAM*) cells, with >80% and >60% of NCAM* cells formed by day 30 of
development, in the DA and MN differentiation respectively, irrespective of the iPSC genotype
(Fig 4B, 5B). We then evaluated the differentiation output of neural progenitors (SOX2*NESTIN*)
and immature neurons (TUJ1*) by confocal imaging at early time points (day 15-20 of neural

induction). No differences were found between Ctrl- and CQ4-iPSCs for differentiation into neural
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progenitors (~50% and ~35-50% SOX2*NESTIN* cells under DA and MN differentiation
conditions, respectively) or total neurons (~15 and ~22% TUJ1* cells under DA and MN
differentiation conditions, respectively) (Fig 4C, 5C). Similarly, at later time points (~day 30-40
of differentiation), the proportion of TUJ1* differentiating neurons between Ctrl- and CQ4-iPSCs
was very similar (~30-40%) regardless of the differentiation protocol (Fig 4D, 5D). Furthermore,
the yield of TUJ1*TH* DA (~8%) and TUJ1*HB9*/TUJ1*ISL1* MN (~4%) was also similar
between Ctrl- and CQ4-iPSCs (Fig 4D, 5D). Accordingly, CQ4¢d-iPSC differentiated into DA (Fig
4C, D) and MN (Fig 5C, D) neurons as well as neural precursors to a similar extent to that
achieved by CQ4-iPSCs. Inmunofluorescence-based quantification was confirmed by gRT-PCR
expression analysis of DA (FOXA2 and TH, Fig 4E) and MN (LHX3 and FOXP1, Fig 5E) master
genes. We then carried out functional analyses to confirm these results. HPLC determination of
dopamine release revealed very similar levels of dopamine in Ctrl- and CQ4-iPSC-derived
neurons (Fig 4F). Whole-cell patch clamp recording of MN (identified using the HB9::GFP
reporter)[39, 45] indicated that CQ4-iPSC-derived MN were electrophysiologically active,
displaying inward and outward currents in voltage clamp and spontaneous action potentials
suggestive of functional synapses after 40-50 days in culture. Moreover, induced action
potentials and spontaneous firing were similar between Ctrl-iPSC and CQ4-iPSC-derived MN
(Fig 5F)[45, 54]. The comparable yields of DA and MN generated from Ctrl-, CQ4- and CQ4ed-
iPSCs might be explained by similar neural specification from genotypically distinct iPSCs as no
differences were found for cell death (Fig 4G, 5G) or cell cycle/proliferative status (Fig 4H, 5H)
of the emerging NCAM* cells. Of note, DA progenitors from CQ4-iPSCs cycled slightly less that
those from Ctrl- or CQ4#d-iPSCs, possibly reflecting a role for COQ4 in the cell cycle of neural
cells. Together, these data reveal that the ¢.483 G>C mutation in COQ4 does not impact DA or
MN neurogenesis from iPSCs, recapitulating the patient's phenotype.

C0Q4 mutation recapitulates the skeletal muscle functional and metabolic defects

Muscle impairment is common in CoQuo-deficient patients[19], but it was especially life-threating
in the patient reported here, who suffered from lethal rhabdomyolysis that was clinically
unmanageable, resulting in her death from fatal kidney damage as a result of myoglobinuria. To
study the developmental and metabolic impact of the COQ4 mutation in skeletal myogenesis,
Ctrl-, CQ4- and CQ4ed-iPSCs were differentiated into SkM following a well-established protocol
developed in the Perlingeiro laboratory[33]. Transgenic Ctrl-, CQ4- and CQ4¢d-iPSC lines
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carrying a PAX7-GFP-expressing inducible lentivector were generated, and myogenic
specification was induced as described in Fig 6A. PAX7-GFP-expressing myogenic progenitors
were GFP FACS-purified on day 15 of myogenic development (Fig 6A,B). All FACS-sorted GFP*
cells co-expressed PAX7, demonstrating the reliability of the inducible reporter (Fig 6C).
Although the cell cycle profile (Fig 6D) and the level of apoptosis (Fig 6E) were very similar
between CQ4- and Ctrl-PAX7* myogenic progenitors, the number of senescent CQ4-PAX7+ cells
was 2-fold higher, a phenotype that was corrected in CQ4¢d-PAX7+ myogenic progenitors (Fig
6F). The enhanced senescence observed in CQ4-PAX7* myogenic progenitors might be
explained by their increased ROS production (Fig 6G) leading to a 1-log reduction in cell
expansion (Fig 6H); both of these functional properties were corrected in CQ4ed-PAXT7+

myogenic progenitors (Fig 6G,H).

PAX7+ myogenic progenitors were allowed to further differentiate into differentiated muscle cells
(i.e. myocytes) as detailed in Fig 6A[33]. Consistent with the muscle damage observed in the
CQ4-mutated patient, CQ4-PAX7+ myogenic progenitors displayed a significant maturation
impairment as revealed by a 30% reduction in the generation of fully differentiated myosin heavy
chain-1 (MYH1)* cells (Fig 6l) and a 3-fold reduction in the expression of creatine kinase (CK)
(Fig 6J), a master enzyme expressed in SkM that ensures an energy reservoir for the rapid
buffering and regeneration of ATP. Importantly, both the generation of MYH1+* cells and the levels >
of CK were at control levels in differentiated muscle cells derived from CQ4ed-PAX7* myogenic
progenitors (Fig 61,J). In addition, gene expression analysis of the specific myogenic markers,
myogenic regulatory factor MYF5, myogenin (MGN) and myosin heavy chain 3 (MYH3), showed
that their kinetics of expression were deregulated in CQ4-PAX7+ as compared with Ctrl-PAX7+
differentiating muscle cells (Fig 6K). Because MYF5 is exclusively expressed in proliferating
myogenic cells and MGN is an early differentiation marker[55], their enhanced expression in
CQ4-PAXT+ versus Ctrl-PAXT7+* cells supports the delayed entry into full differentiation of patient-
derived CQ4-PAXT+ cells; of note, the expression kinetics of these genes returned to control
values in CQ4ed-PAXT7+ differentiating cells (Fig 6K).

Finally, we analyzed the metabolic impact of the COQ4 mutation in SkM derivatives generated
from Ctrl-, CQ4- and CQ4ed-PAX7+ myogenic progenitors. Consistent with the patient's
phenotype, morphometric image analysis muscle cells stained with TOM20 revealed

abnormalities in mitochondrial morphology caused by the COQ4 mutation (Fig 6L). Accordingly,
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CQ4-PAXT+iPSC-derived differentiated muscle cells had smaller (n° mitochondria/cellular area,
Fig 6L-panel i), more circular (Fig 6L-panel ii), less branched (FF, Fig 6L-panel iii), and shorter
(mitochondrial length, Fig 6L-panel iv) mitochondria than Ctrl-PAX7+ iPSC-derived differentiated
muscle cells[56]. Importantly, these mitochondrial dynamics-associated parameters were
restored in CQ4ed-PAXT7+ iPSC-derived differentiated muscle cells. In addition, MRC complex
[+1Il activity was 50% lower in CQ4-PAX7+ iPSC-derived differentiated muscle cells than in Ctrl-
PAX7* counterparts, and this was fully restored in CQ4¢d-PAX7+ iPSC-derived differentiated
cells, (Fig 6M). Collectively, these results establish the utility of an iPSC-based disease model
to study CoQ1o deficiency, wherein the COQ4 mutation faithfully reproduces the disease-

associated SkM functional and metabolic defects.
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DISCUSSION

CoQr1o deficiency comprises a growing number of metabolic disorders with neurological and
extraneurological manifestation. Despite being considered a rare disease, next-generation DNA
sequencing techniques coupled with well-established biochemical determination of CoQ1o
biosynthesis has allowed the identification of a variety of primary and secondary CoQo
deficiencies[57]. Primary deficiency of CoQ1ois an autosomal recessive syndrome originating
from mutations in genes responsible for CoQqo biosynthesis. The pathogenesis of secondary
CoQuo deficiency is less studied but may be linked to assembly defects in oxidative
phosphorylation (OxPhos) complexes/metabolic pathways[19, 58]. CoQio deficiency impairs
OxPhos and global metabolic homeostasis, ultimately causing clinically heterogeneous
mitochondrial diseases in primarily SkM and central nervous system, likely because the

disruption of energy metabolism strongly affects tissues with high-energy demand][8, 59].

It has been recently suggested that COQ4 has an essential structural and functional role for the
biosynthesis of CoQ1o, and COQ4 mutations as well as COQ4 haploinsufficiency cause a broad
spectrum of mitochondrial disorders associated with CoQ1o deficiency[19-24]. Here, we report a
4-year-old girl with a heterozygous ¢.483 G>C mutation in COQ4 who displayed severe
metabolic/mitochondrial deficits, extensive muscle damage and lethal rhabdomyolysis. The
COQ4 mutation was associated with CoQ1o deficiency and MRC dysfunction, in line with the
critical role of CoQ1o as an electron shuttle. CQ4-mutated fibroblasts had a strongly impaired
proliferative capacity linked to high senescence rates and a reduction in the proportion of cycling
cells, reflecting the involvement of CoQu1o in pyrimidine synthesis [2, 5, 7]. A limitation of this work
is that whether or not the COQ4 E161D allele is pathogenic on its own cannot be fully inferred
from our study. It could represent a nucleotide variation with functional consequences. It might
for instance be a genetic modifier of another yet unknown driver pathogenic mutation, which
could account for the increased susceptibility of the patient to develop CoQ1o deficiency in
association with COQ4 E161D. Further genetic and functional studies on a larger patient cohort
should be performed to address whether COQ4 E161D allele may be a triggering factor which

modifies the phenotype of different diseases.

A major obstacle to study this disorder is the lack of genotype-phenotype association. Human

diseases are generally studied once the full (epi)genetic events (i.e. mutations) are already in
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place and, therefore, the mechanisms of disease pathophysiology are not amenable to analysis
with primary patient samples. Patient-specific iPSCs can serve to model human disease since
their re-differentiation potential provides a unique strategy to explore the developmental impact
of disease-specific mutations on human stem cell fate, especially in early-onset or developmental
diseases[28, 60, 61]. We generated and CRISPR/Cas9 corrected iPSCs from a patient with a
mutation in COQ4 in an attempt to model its impact on MRC/mitochondrial activity and neural
and skeletal muscle development. Of note, COQ4-mutated cells were less efficiently
reprogrammed, likely reflecting the impaired proliferation of CQ4-F. Nevertheless,

undifferentiated CQ4-iPSCs were functionally indistinguishable from Ctrl-iPSCs.

We show for the first time the levels of CoQu1o in a panel of pluripotent stem cell lines. Interestingly,
cell reprogramming failed to reestablish CoQuo levels/biosynthesis in mutated cells, but this were
fully restored upon COQ4 correction, demonstrating the causal effect of ¢.483G>C COQ4
mutation in the metabolic dysfunctional phenotype associated with CoQuo deficiency. This data
together with previous data in yeast[20, 62, 63] may highlight the evolutionary conserved role of
CoQuo in mitochondrial function by regulating OxPhos and ultimately ATP synthesis. Indeed,
MRC complexes I+l and II+1ll, OxPhos, and glycolysis were all severely impaired in CQ4-iPSC,
which required a 2-fold increase in OCR and ECAR to generate the same concentration of ATP.
> The increased proton leak in CQ4-iPSC represents ATP-independent respiration and an
increase in the passive leak of protons from the inner mitochondrial membrane, linking CoQ1o

with proton shuttling in pluripotent stem cells [60].

Neurological manifestations are very common in CoQ1o-deficient patients[16-18]. Interestingly,
our patient failed to exhibit neurological symptoms other than modest mental retardation.
Because the impact of COQ mutations in neurodevelopment remains unclear, we studied the
developmental influence of the COQ4 mutation in neurogenesis using well-established protocols.
Our analysis revealed that the ¢.483 G>C mutation in COQ4 does not impact iPSC differentiation
of central nervous system neurons (midbrain DA and spinal MN), thus recapitulating the patient's
normal neurological phenotype and suggesting that mutations in COQ4 do not influence neural

specification from PSCs.

Life-threating rhabdomyolysis was severe in this patient, and eventually led to myoglobinuria and

nephrotic toxicity, causing the patient’s death. We used a sophisticated differentiation strategy
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to generate SkM from iPSC, which proceeds through an initial myogenic induction based on the
generation of PAX7+ myogenic progenitors, and subsequent maturation into muscle cells [33].
Our data clearly show that CQ4-iPSC-differentiated SkM recapitulates CoQio deficiency-
associated SkM functional and metabolic defects. First, CQ4-PAX7* myogenic progenitors
exhibited 1-log reduced cell expansion within a 15-day period, associated with increased levels
of senescence, which might likely be due to the increased ROS levels produced. These
dysfunctional properties were corrected in genome-edited PAX7* myogenic progenitors. Second,
maturation of CQ4-PAX7*+ myogenic progenitors was lower than in Ctrl-PAX7* counterparts. The
generation of fully differentiated MYH1+* cells and the expression of CK, a master SkM enzyme
for the rapid buffering and regeneration of ATP, were decreased significantly, and this was in
agreement with the increased expression of myogenic cell proliferation/early differentiation
markers. These parameters were recovered in muscle cells from CQ4ed-PAX7+ cells,
demonstrating the causal link of ¢.483G>C COQ4 mutation in the impaired myogenic
development and reproducing the main phenotypic manifestation of the disease. Third,
mitochondrial morphometric imaging and analysis of MRC activity revealed abnormalities in
mitochondrial morphology and a 50% decrease in the activity of MRC complex I+lll, indicating
that the COQ4 mutation negatively impacts the mitochondrial/metabolic function of iPSC-derived
SkM derivatives generated from PAX7* myogenic progenitors. These mitochondrial dynamics-
associated parameters and MRC complexes activity were restored in CQ4ed-PAX7+ iPSC- >
derived differentiated muscle cells. Thus, genetic correction of COQ4 mutation rescued the
mitochondrial function of COQ4-mutated SkM.

In summary, we have established a patient-specific iPSC-based disease model for CoQio
deficiency associated to a heterozygous missense mutation in COQ4. Our findings provide
evidence that the COQ4 mutation faithfully reproduces SkM dysfunction and metabolic deficits
with no neurological involvement. This may assist in the study of complex genotype-phenotype
associations observed in CoQ1o deficiency, opening avenues for testing new drugs to treat CoQ1o

deficiency.
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FIGURE LEGENDS

Figure 1: Biochemical, metabolic, proliferative and histological characterization of COQ4-
mutated fibroblasts. (A) Sanger DNA sequencing confirming the heterozygous c.483 G>C
mutation in the patient's fibroblasts. (B) Seventy-five percent reduction in [CoQ1o] in CQ4-F
relative to Ctrl-F. (C) Eighty-seven percent reduction in CoQ1o biosynthesis in CQ4-F relative to
Ctrl-F. (D) gRT-PCR reflecting a higher expression of COQ3, COQ4 and COQ6 genes in CQ4-
F than in Ctrl-F (n=3). (E) Defective MRC complex I+Ill and lI+IIl activities relative to citrate
synthase in CQ4-F. (F) Fibroblast proliferation of Ctrl-F and CQ4-F (n=3); *p-value <0.01. (G)
Cell cycle analysis of Ctrl-F and CQ4-F (n=3). (H) Senescence-associated B-galactosidase
quantification of Ctrl-F and CQ4-F and representative image (4x) (left panel), and gRT-PCR
expression of p16/CDKN2A (right panel) (n=3). (I) FACS quantification of apoptotic cells
(Annexin V*, n=3). (J) Patient's muscle histology revealing mitochondrial alterations after
rhabdomyolysis. Values are expressed as meantSEM. CQ4-F: COQ4 mutated primary
fibroblasts; Ctrl-F: Control primary fibroblasts; H&E: Hematoxylin and eosin; SDH: Succinate

dehydrogenase; COX: Cytochrome ¢ oxidase.

Figure 2: Generation of COQ4-mutated iPSCs and CRISPR/Cas9-mediated gene edition.
(A) Schematic outline of the reprogramming process. (B) Reprogramming efficiency for Ctrl-F >
and CQ4-F. (C) PCR and sequencing confirming the presence of COQ4-mutated allele in several
representative CQ4-iPSC clones. (D) Immunostaining confirming high-level infection with SeV
48 h post-transduction and SeV elimination on all iPSC clones at p8-10 (left panel). gPCR
reflecting complete absence of SeV at p8-10 (right panel). (E) Schematic overview for the
strategy of CRISPR/Cas9 mediated targeting to the COQ4 locus. Sequence and synonymous
modifications in the ssDNA. (F) Identification of edited iPSC clones by Taqa1 allele digestion in
the genomic DNA after single cell cloning. (G) Sanger DNA sequencing confirming the gene
edition. (H) Sanger DNA sequencing of the major predicted off-target GRID2 gene. (I) gqRT-PCR
for the pluripotency genes OCT4, SOX2, REX1, NANOG, CRIPTO and DNMT3p in hESC and
CQ4¢4-iPSC (n=3). Values are expressed as mean+SEM. CQ4-F: COQ4 mutated primary
fibroblasts; Ctrl-F: Control primary fibroblasts; CQ4-iPSC: COQ4 mutated iPSC; Ctrl-iPSC:
Control iPSC; CQ4#d-iPSC: COQ4-edited iPSC.
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Figure 3: Genome editing of ¢.483 G>C COQ4 mutation reverses CoQ1o deficiency and
metabolic dysfunction retained in CQ4-iPSCs. (A) Left, concentration of CoQ1o in a panel of
hESC (H9, AND1), fibroblast-derived iPSC and blood-derived iPSCs (e), Ctrl-iPSCs (m) and
CQ4-iPSCs (A ). Solid line represents the mean; dotted lines represent the range. Right,
summary of [CoQ1o] in hESCs (n=2), Ctrl-iPSCs (n=14) and CQ4-iPSCs (n=9). (B) Sixty-one
percent reduction in CoQ1o biosynthesis in CQ4-iPSCs (n=9) relative to Ctrl-iPSCs (n=14). (C)
[CoQ1o] in mutated and edited CQ4-iPSCs. (D) CoQ1o biosynthesis in mutated and edited CQ4-
iPSCs. (E) MRC complex I+lIl and lI+lIl activities relative to citrate synthase in mutated and
edited CQ4-iPSCs. (F) [ATP] from mutated (n=6) and edited CQ4-iPSCs (n=6). (G) Glycolysis-
associated extracellular acidification rate (ECAR) under basal conditions in mutated (n=4) and
edited CQ4-iPSCs (n=4). (H) Oxygen consumption rate (OCR) under basal conditions in mutated
(n=6) and edited CQ4-iPSCs (n=6). (I) OCR proton leak under basal conditions in mutated and
edited CQ4-iPSCs (n=4). Values are expressed as mean+SEM. Ctrl-iPSCs: Control iPSCs;
CQ4-iPSCs: COQ4 mutated iPSCs; Fib-iPSCs: fibroblast-derived iPSCs; CB-iPSCs: cord blood-
derived iPSCs; Tcell-iPSCs: T cell-derived iPSCs.

Figure 4: Dopaminergic (DA) differentiation of Ctrl-iPSCs, CQ4-iPSCs and CQ4-edited
iPSCs. (A) Top, scheme of neuronal differentiation depicting two stages: neural induction (up to
> day 15-20) and neuronal maturation (up to day 33-44). Bottom, detailed differentiation protocol
used. (B) Flow cytometry quantification of NCAM* cells throughout DA differentiation (n=3). (C)
Analysis of SOX2*NESTIN* neural progenitors (fop panels, N=42) and TUJ1* neurons (botfom
panels, N=49) from 5 iPSC clones. Left, differentiation efficiency in Ctrl-iPSCs (n=2) and CQ4-
iPSCs (n=3) at day 15-20 of iPSC differentiation. Middle, DA differentiation efficiency in mutated
and edited CQ4-iPSCs. Right, representative images of immunostaining (40x) and magnification
for SOX2*NESTIN* and TUJ1* cells. White arrows point to positive cells. Scale bar, 50 um. (D)
Analysis of the TUJ1* neurons (top panels, N=51) and TH*TUJ1* DA (bottom panels, N=48).
Left, differentiation efficiency in Ctrl-iPSCs and CQ4-iPSCs at day 33-44 of iPSC development
(n=5). Middle, DA differentiation efficiency in mutated and edited CQ4-iPSCs. Right,
representative image of immunostaining (40x) and magnification for TUJ1* and TUJ1*TH* cells.
White arrows point to positive cells. Scale bar, 50 um. (E) Expression of the ventral midbrain
marker gene FOXA2 after 15-20 days and the DA master gene TH after 33—44 days in
differentiating Ctrl-, CQ4- and CQ4¢d-iPSC cultures (n=3). (F) Representative HPLC

chromatogram (/eft) and levels (right) of dopamine release in vitro from differentiating Ctrl-, CQ4-
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and CQ4ed- iPSC cultures (n=2). (G) FACS quantification of dead cells (7-AAD+) within the
NCAM* neural population at day 15-20 of iPSC differentiation (n=3). (H) Cell cycle analysis
(G2/S/M) within the NCAM* population at day 15-20 of iPSC differentiation (n=3). Data are
presented as mean+SEM. A total of six iPSC clones (three mutated and three control/edited)

were used.

Figure 5: Motor neuron (MN) differentiation from Ctrl-iPSCs, CQ4-iPSCs and CQ4-edited
iPSCs. (A) Top, scheme of neuronal differentiation depicting two stages: neural induction (up to
day 15-20) and neuronal maturation (up to day 30). Bottom, detailed differentiation protocol
used. (B) Flow cytometry quantification of NCAM* cells throughout MN differentiation. (C)
Analysis of the SOX2*NESTIN2* neural progenitors (top panels, N=43) and TUJ1* neurons
(bottom panels, N=46). Left, differentiation efficiency in Ctrl-iPSCs and CQ4-iPSCs at day 15-
20 of iPSC differentiation. Middle, MN differentiation efficiency in mutated and edited CQ4-
iPSCs. Right, representative images of immunostaining (40x) and magnification for
SOX2*NESTIN* and TUJ1* cells. White arrows point to positive cells. Scale bar, 50 um. (D)
Analysis of the TUJ1* neurons (fop panels, N=26) and HB9* or ISL1* MN (bottom panels, N=21).
Left, differentiation efficiency in Ctrl-iPSC and CQ4-iPSCs at day 30 of iPSC development.
Middle, MN differentiation efficiency in mutated and edited CQ4-iPSCs. Right, representative
images of immunostaining (40x) and magnification for TUJ1* and TUJ1#ISL1*. White arrows >
point to positive cells. Scale bar, 50 um. (E) Expression of the MN master genes LHX3 and
FOXP1 after 30 days in differentiating Ctrl-, CQ4- and CQ4ed-iPSC cultures (n=3). (F)
Representative electrophysiological analysis of MNs differentiated from CQ4-iPSCs (n=2). GFP+
MNs were recorded 4-7 days after transfection with a HB9 promoter-GFP reporter. (i) voltage-
dependent K* and Na* currents recorded at various membrane potentials. The holding potential
was -70 mV; (i) Current-clamp recording of action potentials evoked by current injection; (iii)
Spontaneous action potentials in MNs recorded in the whole-cell current-clamp configuration.
(G) FACS quantification of dead cells (7-AAD+) within the NCAM* neural population at day 15—
20 of iPSC differentiation (n=3). (H) Cell cycle analysis (G2/S/M) within the NCAM+ population
at day 15-20 of iPSC differentiation (n=3). Data are presented as mean +SEM. A total of six

iPSC clones (three mutated and three control/edited) were used.

Figure 6: Impaired skeletal muscle differentiation of CQ4-iPSCs is restored upon COQ4

gene editing. (A) Top, scheme of myogenic differentiation depicting two stages: myogenic
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induction (up to day 15) and differentiation into myocytes (and further fusion into myotubes) from
PAX7+ myogenic progenitors (up to day 30). Bottom, detailed differentiation protocol used for
myogenic induction. (B) Representative FACS profile showing PAX7-GFP reporter expression
in dox-treated iPSCs. (C) Immunostaining (20x) for PAX7+*GFP* FACS-purified CQ4-mutated
myogenic progenitors. Scale bar, 200 um. (D) FACS quantification of cycling cells (G2/S/M)
(n=3). (E) FACS quantification of apoptotic cells (Annexin V*) (n=3). (F) Senescence-associated
I-galactosidase quantification of myogenic derivatives, and representative image (4X) (n=). Black
arrowheads point to B-gal-positive cells. (G) Determination of ROS levels by flow cytometry
(n=3). (H) Expansion of PAX7*+ myogenic progenitors (n=3). (I) Left, analysis of MYH1* myotubes
differentiation in Ctrl-, CQ4- and CQ4ed- PAX7 cultures (n=3). Representative images of MYH1+
immunostaining at low (middle) and high (right) magnification of CQ4-mutated muscle cells.
Scale bar, 200 um. (J) Creatine kinase fold-increase between day 0 and day 11 of differentiation
in Ctrl-, CQ4- and CQ4ed- PAX7 myogenic cells (n=6). (K) Expression of the SkM-specific genes
MYF5, MGN and MYH3 throughout the myogenic differentiation process (n=3). Values are
expressed as meantSEM; *p<0.05. The shadow below the graph indicates the temporal
expression pattern for each gene during myogenesis. (L) Top, mitochondrial dynamics for
myogenic cells: (i) number of mitochondria/cellular area; (ii) mitochondrial circularity
(4m-arealperimeter?); (iii) Form Factor (Degree of mitochondrial branching); and (iv) Aspect Ratio
(mitochondrial length). Bottom, representative images of Ctrl-, CQ4- and CQ4ed- PAX7 myogenic
cells stained with TOM20. (M) MRC complex I+l and II+1l activities relative to citrate synthase
in Ctrl-, CQ4- and CQ4ed- PAX7 myogenic cells (n=3). Data are presented as mean+SEM.
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SUPPLEMENTAL FIGURE LEGENDS

Figure S1: Characterization of iPSC. (A) Representative morphology and alkaline
phosphatase staining of Ctrl-iPSC and CQ4-iPSC. (B) qRT-PCR for the pluripotency genes
OCT4, SOX2, REX1, NANOG, CRIPTO in hESCs, Ctrl-iPSC and CQ4-iPSC. (C) Representative
immunostaining for the pluripotency markers OCT4, SSEA-4, NANOG, TRA-1-60 in Ctrl-iPSCs
and CQ4-iPSCs. (D) Pyrosequencing revealing demethylation of NANOG and OCT4 promoters
in Ctrl-iPSCs and CQ4-iPSCs as compared to original fibroblasts. (E) Diploid karyotype of Ctrl-
iPSC and CQ4-iPSC at p20. (F) Teratoma analysis revealing three germ layer differentiation of
Ctrl-iPSC and CQ4-iPSC. (G) Flow cytometry for the pluripotency markers SSEA-3, SSEA-4,
TRA-1-60, TRA-1-81 in CQ4¢d-iPSC. (H) Diploid karyotype of the CQ4ed-iPSC. Values are

expressed as mean+SEM; *p<0.001.
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Table S1: Primers used in this study

Pyrosequencing

NANOG-FW 5-TATTGGGATTATAGGGGTGGGTTA-3’
NANOG-RV 5"-[Btn]-CCCAACAACAAATACTTCTAAATTCAC-3
S-NANOG 5-ATAGGGGTGGGTTAT-3"
OCT4_Prox-FW 5- GGGGTTAGAGGTTAAGGTTAGTG-3"
OCT4_prox-RV 5"-[Btn]-ACCCCCCTAACCCATCAC-3"
S-OCT4_prox 5-GGGGTTGAGTAGTTT-3"
OCT4_dist-FW 5-TTTTTGTGGGGGATTTGTATTGA-3’
OCT4_dist-RV 5'-[Btn]- AAACTACTCAACCCCTCTCT-3"
S-OCT4_dist 5-ATTTGTATTGAGGTTTTGGA-3"
qRT-PCR

SeV-Fw GGATCACTAGGTGATATCGAGC
SeV-RV ACCAGACAAGAGTTTAAGAGATATGTATC
OCT4-FW GGGTTTTTGGGATTAAGTTCTTCA
OCT4RV GCCCCCACCCTTTGTGTT

REX1-FW CCTGCAGGCGGAAATAGAAC

REX1-RV GCACACATAGCCATCACATAAGG
NANOG-FW ACAACTGGCCGAAGAATAGCA
NANOG-RV GGTTCCCAGTCGGGTTCAC

SOX2-FW CAAAAATGGCCATGCAGGTT

SOX2-RV AGTTGGGATCGAACAAAAGCTATT
CRIPTO-FW CGGAACTGTGAGCACGATGT
CRIPTO-RV GGGCAGCCAGGTGTCATG
DNMT3B-FW GCTCACAGGGCCCGATACTT
DNMT3B-RV GCAGTCCTGCAGCTCGAGTTTA

B -ACTIN-FW GATGGCCACGGCTGCTT

B-ACTIN-RV AGGACTCCATGCCCAGGAA
FOXA2-FW ATTGCTGGTCGTTTGTTGTG
FOXA2-RV TGTACGTGTTCATGCCGTTC

TH-FW GAGTACACCGCCGAGGAGATTG
TH-RV GCGGATATACTGGGTGCACTGG
LHX3-FW GTTCAGGAGGGGCAGGAC

LHX3-RV CCCAAGCTCCCGTAGAGG

FOXP1-FW TGACCTTTTGAGGTGACTATAACTG
FOXP1-RV TGGCTGAACCGTTACTTTTTG
CDKN2A-FW GGGTCGGGTAGAGGAGGTG
CDKN2A-RV ACCGTAACTATTCGGTGCGT
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COQ3-FW TGAACCTCTAGGGCGGCTTG
COQ3-RV TCCAGGGAACACACTCTGTACTC
COQ4-FW CTGTCCTCCGTCGGCTCTG
COQ4-RV GCGGTGTCCTGTGGTCTCC
COQ6-FW GTCTGCTGTTGTGGCTACTCTG
COQ6-RV GGACCAAACCAAGGAACTCAAGG
GAPDH-FW ACCACAGTCCATGCCATCAC
GAPDH-RV TCCACCACCCTGTTGCTGT
MYF5-FW GAGGTGTACCACGACCAACC
MYF5-RV CCTGCTCTCTCAGCAACTCC
MGN-FW CCAGGGGATCATCTGCTCACG
MGN-RV GGTTTCATCTGGGAAGGCCA
MYH3-FW CTTGTGGGCGGAGGTCTGG
MYH3-RV AGCAGCTATGCCGAACACTT
Genome editing
T7-Fw GTAGAGACAGGGTTTCACCG
T7-Rv GGACAGCCTCAAACCATTTC
gRNA #1-FW CACCGCGTATGTGATTCAGCGGTAC
gRNA #1-RV AAACGTACCGCTGAATCACATACGC
gRNA #2-FW CACCGTGTGATTCAGCGGTACCGGG
gRNA #2-RV AAACCCCGGTACCGCTGAATCACAC
gRNA #3-FW CACCGTCATCATCCACGAAGCGGGT
gRNA #3-RV AAACACCCGCTTCGTGGATGATGAC
gRNA #7-FW CACCGCTCATCATCCACGAAGCGGG
gRNA #7-RV AAACCCCGCTTCGTGGATGATGAGC
GTTGGTGGGCATCCCCAGCAGGGTGTGAAGCATG
ssDNA donor TCGTGCACCTCTCGATACCGCTGAATCACATACGC
TAGCTCCTCATCATCCACGAAGCGGGTGGG
Sequencing
COQ4-FW CTGGGAACCATCAGGAAGG
COQ4-RV CCAAGAGTGAACAGAAGGGAG
COQ4-Mut-FW ATTCAGCGGTACCGGGAC
SEQ-COQ4-FW CCAGACACCCGAGCACCC
SEQ-COQ4-RV AGAAGGGAGTAGGGGATGGA
T7-Fw GTAGAGACAGGGTTTCACCG
T7-Rv GGACAGCCTCAAACCATTTC

EXON5 COQ4-Rv

ATGCAGAGGGTGGTGGAGATAG
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Table S2: Primary and secondary antibodies used in this study

Antibody Supplier Reference Dilution
OCT-4 ABCAM AB19857 1:500
SSEA-4 ABCAM AB16287 1:50
NANOG ABCAM AB21624 1:50
TRA-1-60 ABCAM AB16288 1:50
Alexa Fluor® 488 a-Rabbit | Jackson ImmunoResearch | 711-545-152 | 1:500
Alexa Fluor® 555 a-Mouse | Life Technologies A31570 1:500
Alexa Fluor® 594 a-Mouse | Life Technologies A11032 1:500
Alexa Fluor® 647 a-Goat Life Technologies A21447 1:500
NESTIN Neuromics MO15012 1:300
TUJ1 Covance mms-435p 1:500
TUJ1 Covance mrb-435p 1:500
TH Pel-Freez p40101 1:1000
SOX2 Neuromics GT26098 1:500
HB9 DSHB 81.5C10 1:5
ISL1 DSHB 39.4D5 1:5
CD56-V450 (NCAM) BD Horizon 561984 1:100
PAX7 DSHB PAX7 1:10
MYH1 (MF20) DSHB MF 20 1:10
TOM20 (FL-145) SantaCruz sc-11415 1:500
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V1. DISCUSSION

Mitochondria are multifunctional organelles that play a pivotal role in the cell by
providing most of the cellular energy and regulating cell death and proliferation,
signaling and differentiation [105, 136, 207-209]. In this study, we first gained insights
into the contribution of mitochondrial function/mass for hematopoietic stem versus
progenitor function. We then used an iPSC model to explore the consequences of CoQ1g
deficiency through an analysis of the metabolic and developmental impact of a COQ4

mutation during differentiation of iPSCs into tissues affected by COQo.

. Contribution of mitochondrial function/mass in hematopoietic stem

versus progenitor function.

Hematopoiesis is a dynamic process that ensures homeostasis of the blood/immune
system by maintaining the equilibrium between cell formation and differentiation and
cell death. HSPCs are functional reservoirs at the top of the hematopoiesis hierarchy
that replenish the hematopoietic system upon physiological demands. The size of a stem

cell population depends on the balance between self-renewal and differentiation.

VI

Although principally driven by genetic and epigenetic networks, metabolic pathways
have recently been linked to this finely tuned regulation. Accordingly, recent work has
categorized stem cell populations based on their mitochondrial function [51, 53, 54,
210]. HSCs are classified as being in either quiescent or cycling states, with quiescence
viewed as a defense mechanism against the accumulation of damage resulting from
physiological/oxidative stress [51, 52]. Generally, quiescent HSCs are enriched in LT-
HSCs as shown by their capacity to long-term reconstitute lethally irradiated mice. By

contrast, ST-HSCs are mainly cycling cells responsible for the maintenance of
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hematopoietic homeostasis during shorter time periods. Human HPCs are the
counterparts of mouse ST-HSCs and are enriched in hematopoietic clonogenic capacity
when cultured in semisolid media [7, 59, 211]. The metabolic activity of quiescent
HSCs is lower than that of cycling HSCs, but increases when they exit from quiescence.
This exceptional property is determined by a unique vascular organization of the BM
with limited oxygen availability that provides a protective microenvironment for LT-
HSCs from oxidative stress and DNA damage [52]. Mechanistically, LT-HSCs reside
in a hypoxic niche, which is permissive to maintain cells in a non-dividing state and
prevent the detrimental accumulation of ROS. HSCs are glycolytic and are thus adapted
to this hypoxic environment, thereby avoiding the excessive production of ATP through

a less efficient generation of ATP [50, 52, 55, 212].

We demonstrate that mitochondrial mass correlates with MMP in CB-derived CD34*
cells. This observation is supported by comparable results in other studies/cell lines
[138, 213, 214]. We sorted cells by flow cytometry based on mitochondrial mass into
CD34* Mito™9" and CD34* Mito“-°" populations to investigate their in vitro clonogenic

capacity and in vivo repopulating potential. As expected, ATP levels and the expression

VI

of mitochondrial-specific genes were higher in CD34* MitoHie" cells than in CD34*
Mito-o% cells. Functionally, CD34* MitoH9" cells exhibited higher in vitro clonogenic
capacity, whereas the CD34* Mito*" fraction displayed higher in vivo hematopoietic
reconstitution upon transplantation in mice, thus demonstrating that the CD34* Mito-°¥
fraction is enriched in HSCs and the CD34* MitoM9" fraction is enriched in progenitors.
These data are in agreement with previous reports suggesting that HSCs are quiescent
and contain less mitochondria, while proliferating HPCs have higher energetic demands

[54, 207]. Importantly, mitochondrial segregation in CB CD34" cells did not skew the
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normal stem cell hematopoietic commitment as shown by similar colony forming units
(CFU) composition in clonogenic assays and multilineage repopulating assays in vivo,

revealing a similar cell fate despite differential mitochondrial mass.

Cell surface marker expression allows the purification/isolation of HSCs with high
efficiency. Additionally, several reports have defined a metabolic phenotype both in
mouse and human HSPCs [51, 53, 54, 56, 215]. It has been demonstrated that LT-HSCs
are present in a distinct population of cells characterized by low MMP and ATP, and
use mainly glycolysis rather than OXPHOS for energy production. The glycolytic
adaptation of HSCs is an evolutionary protective mechanism against oxidative damage
originating from OXPHOS [51]. According to the surface markers described for HSCs
(CD34*CD38") and HPCs (CD34*CD38*) [7], the proportion of CD34*CD38" cells
found in the CD34* Mito“°* population is higher than that found in the CD34* Mito"ie"
population, supporting the concept that CD34* Mito"*" cells are enriched in HSC
function. Along this line, Simsek et al. [54] described that Meisl regulates HSC
metabolism through transcriptional activation of Hif-1. HIF-1 is essential for the

cellular and systemic response to reduced oxygen availability [61], and is highly

VI

expressed and critical in LT-HSCs [54, 60, 61, 63]. Consistent with these findings, we
found that the expression of HIF-/a and MEIS1 was higher in CD34* Mito-°" cells than

in CD34* Mito™ie" cells.

Studies in vitro showed that CD34* Mito-*" cells differentiated slower than CD34*
MitoHie" cells, as revealed by a delayed kinetic of CD34 reduction. By day 15, all CD34*
cells had differentiated irrespective of mitochondrial mass and the expansion of CD34*-

derivatives was largely boosted, especially the derivatives of CD34* Mito"*" cells.
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These results support the higher engraftment exhibited by CD34* Mito"°" cells because
in vivo hematopoietic reconstitution is strictly regulated by a balance between self-
renewal and differentiation and a fast progenitor expansion at the moment of CD34
antigen loss. An increase in mitochondrial biogenesis and function during stem cell
differentiation has been reported previously [208] and is linked to higher ATP
synthesis, which is necessary to maintain tissue/cell homeostasis. In line with this,
following 15 days of expansion CD34* Mito-" cells achieved mitochondrial adaptation
and increased their ATP levels with subsequent up-regulation of the expression of the
mitochondrial genes ND1 and COX2. This mitochondrial adaptation seems to occur

through an increase in oxidative stress following the increase in ETC activity [109].

Various studies link ROS levels to preservation of stem cell function, suggesting that
high ROS levels are implicated in low HSC function. As expected, ROS levels were
lower in the CD34* Mito~®" population than in CD34* Mito™9" cells, indicating that
CD34* Mitot" cells are enriched in HSC function while the CD34* Mito"9" are
enriched in progenitor function. This confirms that CD34* Mito-*" cells mainly use

glycolytic metabolism rather than OXPHOS as a mechanism to reduce the negative

VI

impact of the ROS production, which can lead to genomic instability [51]. Cancer cells
evolved similarly to stem cells, adopting the Warburg effect, which prevents ROS
generation and oxidative damage in aerobic conditions as an evolutionary adaptation

advantage of cancer cells to their microenvironment [95, 96].

Mutations in genes involved in cellular metabolism and epigenetic regulation are
implicated in the pathogenesis of hematopoietic malignancies via metabolic

dysregulation [216, 217]. HIF-1 is required for maintenance of HSCs and cancer stem
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cells, which share many functional and phenotype characteristics [218]. In cancer cells,
HIF-1 seems to be the inductor of the Warburg effect [219] and recent studies have
demonstrated that BCR-ABL positive cells and multiple myeloma cells display an up-
regulation of HIF-1, together with increased ROS generation and expression of glucose
metabolism genes [220-223]. Although leukemic cells are highly glycolytic and release
85% of glucose carbon as lactate, pyruvate and glutamine are important metabolic
substrates, which are catabolized by pyruvate dehydrogenase (PDH) and glutamate
dehydrogenase, respectively, allowing the utilization of glutamine-derived o-
ketoglutarate in mitochondria via the a-ketoglutarate dehydrogenase (KDH) complex
[223]. Interestingly, cytoplasmic isocitrate dehydrogenase 1 (IDH1) and mitochondrial
IDH2 are mutated in 15-20% of patients with acute myeloid leukemia, affecting redox
metabolism, methylation and differentiation, among others. These data suggest that
several targets involved in glycolytic metabolism, including HIF-1, PDH, KDH, IDH1
and IDH2, could become therapeutic options to treat some hematopoietic malignances.
Indeed, several leukemic cell lines have been treated with mitochondrial/OXPHOS

inhibitors [224]. The study of leukemic cell metabolism is an important and promising

VI

area of research, but before any potential clinical translation it would be key to
determine which specific group of patients would benefit from metabolic targeting

therapies [223].

Over the last 20 years, umbilical CB has become an important source of HSCs both for
research and clinical transplantation. However, in vitro and ex vivo expansion protocols
for CB-derived HSC have been less than successful [211, 225, 226]. LT-HSCs mainly
reside within the BM in specific niches that are physiologically hypoxic or anoxic as a

result of low levels of glucose and oxygen [57, 58]. Metabolically controlled HSC
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expansion may therefore rely on cell survival signals derived from the niche, such as
RET signaling [227]. It has also been reported that BM-derived cells cultured in
hypoxia had a superior repopulation activity than those cultured under normoxic
conditions [212]. This therefore begs the question of whether we are using the most
suitable in vitro conditions to expand CD34* cells while also ensuring their genomic
stability and function. For example, whereas HSCs reside in a hypoxic niche in vivo
(<1% of oxygen), they are routinely maintained under normoxic conditions. As
mentioned, HIF-1 is a key player in HSC metabolism and is essential for cellular and
systemic responses to low oxygen availability and it seems to be crucial for the balance
between self-renewal and differentiation of HSCs [51, 61, 228]. Under normoxic
conditions, HIF-1 levels are reduced through oxygen-mediated degradation. HSCs
increase their ROS generation by OXPHOS under normoxia and are forced to exit
hypoxia-dependent quiescence [55, 59, 229]. ROS are also required for recovery after
BM injury, increasing the expansion of committed progenitors [230]. These data
support the notion that the BM niche, OXPHOS and ROS are linked to control

proliferation, self-renewal and differentiation of HSCs.

VI

An interesting and open question currently is why HSCs are routinely maintained in the
laboratory (worldwide) using high glucose-containing medium when by default they
reside in low-glucose/glucose starvation conditions. In the BM niche, LT-HSCs are
deprived of nutrients such as oxygen and glucose, which is the main carbon source of
the cell to synthesize ATP and the key substrate for the proliferative PI3K-AKT-mTOR
pathway [231]. The constitutive activation of AKT in HSCs causes accelerated
proliferation/differentiation and depletion of HSCs [232, 233]. Moreover, genetic

deletion of PTEN induces the constitutive activation of PI3K-AKT signaling, resulting

- Ea



Mitochondria and stem cell function:
from somatic cells to iPSC-based disease modeling

in increased proliferation, ultimately leading to HSC exhaustion [59]. Using nutrient-
sensing pathways, stem cells maintain energy production by collectively inhibiting key
demanding processes including OXPHOS and promoting glycolysis. This interplay is
key for the maintenance of stem cells in various tissues [59, 234, 235]. Taken together,
it would be desirable to test for the most appropriate culture conditions to maintain

HSCs in vitro and in vivo.

. A disease-specific iPSC model for CoQ1o deficiency: metabolic and
developmental impact of a COQ4 mutation during differentiation of

iPSCs into tissues affected by the disease.

CoQqo is a lipid-soluble molecule ubiquitous to cellular membranes that has essential
functions in many cellular processes including energy/ATP production, where it
shuttles electrons from CI and CII to CIll in the ETC [146, 150]. CoQ1o levels below
50% of standard values are indicative of CoQio deficiency, which is a rare and
heterogeneous group of metabolic/mitochondrial disorders (OMIM #607426)

associated with a broad variety of genetic and clinical manifestation usually detected in

VI

the early years of life [157, 179]. CoQ1o deficiencies are commonly classified as either
primary or secondary. Primary CoQ1o deficiency is an autosomal recessive syndrome
that originates from mutations in genes responsible for CoQio biosynthesis (COQ genes
or regulatory genes). The pathogenesis of secondary CoQz1o deficiency is less well
studied but seems linked to assembly defects in OXPHOS complexes/metabolic
pathways [157]. Primary CoQ1o deficiency usually affects the ETC due to the central
role of CoQio as a mobile electron carrier between CI+I1l and ClI+lll, causing a

mitochondrial phenotype. Given the high energy demand of neurons and muscle and
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their dependence on OXPHOS, it is not surprising that mitochondrial diseases are
commonly devastating to CNS and SkM as they are unable to synthesize sufficient
quantities of ATP for completing physiological processes [154, 173, 174]. The only
current treatment for this condition is the oral supplementation of CoQio; however,
there is a variable response to exogenous treatment and almost 50% of patients fail to

respond to exogenous oral administration of CoQ1o [173, 236].

CoQ1o biosynthesis involves at least 15 COQ and regulator genes in a multienzymatic
complex where COQ4 plays a central structural role [145]. Although several mutations
have been identified in numerous genes involved in CoQ1o biosynthesis, there is no
clear association between the genotype and the phenotype. That is, mutations in
different genes may render the same clinical phenotype while distinct mutations in the
same gene may render different phenotypes [153, 177]. It has been suggested that
COQ4 mutations or haploinsuficiency causes CoQ1o deficiency associated with a broad
phenotypic spectrum including encephalomyopathy, cerebellar atrophy, hypotonia,

respiratory distress and neurological deterioration [175, 178].

VI

We identified a 4-year-old girl with the missense point mutation (c.483G>C; E161D)
in COQ4 who displayed mitochondrial deficits affecting SKM with subsequent fatal
rhabdomyolysis. This mutation was associated with low levels of CoQ1o and impaired
biosynthesis and also ETC dysfunction. Mutant COQ4 fibroblasts presented a reduction
in proliferative capacity linked to high levels of senescence-associated -galactosidase
activity, reflecting the involvement of CoQio in pyrimidine synthesis and ETC
dysfunction, which can produce ROS-mediated, oxidative damage/cellular senescence

[129-131, 150, 158].
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Since their discovery in 1998, hESCs have been the PSCs of choice in stem cell research
for applications such as cell therapy and disease modeling due to their potency and
long-term proliferation potential. Nevertheless, they have been associated with ethical
issues due to their prenatal/embryonic origin [24]. Since 2006, iPSCs represent a unique
alternative to model human disease since they share similar properties to hESCs, such
as pluripotency and infinite lifespan, while being free from ethical issues since
embryonic tissue is not involved. iPSCs are particularly useful to study rare diseases
with a known genetic alteration since the low prevalence of the disease challenges the
recapitulation of a disease phenotype using primary cells from the patient. Our patient
developed CoQio deficiency with fatal rhabdomyolysis associated with the E161D
mutation in COQ4. Interestingly, a few years later the patient’s sibling developed a
similar but weaker muscle phenotype (she ultimately died because of vascular cardiac
failure) without mutations in genes involved in CoQio biosynthesis or CoQqo
deficiency. To harness the full potential of patient-specific iPSCs, it would be crucial
to unravel to what extent the specific genomic mutation is the sole pathogenic driver

(or genomic modifier) contributing to the genotype-phenotype of the disease. A large
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number of studies have reported strategies to model disease phenotypes using iPSCs,
including monogenic diseases and complex disorders such as Rett syndrome, Parkinson
disease, cancer, Fanconi anemia, Huntington disease and Hutchinson-Gilford progeria
syndrome, among others [1, 5, 15-17, 24, 89, 92, 186, 188-191, 194, 203]. One example
of such an approach was recently reported for ALS [237]. Researchers discovered that
iPSC-derived MN from an ALS patient displayed hyperexcitability with reduced
survival, and that this phenotype could be corrected by a potassium channel agonist

[237]. Another example was reported for Néstor-Guillermo progeria syndrome
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(NGPS), where it has been demonstrated that NF-«B activation blocks iPSC generation.
Accordingly, genetic and pharmacological NF-kB inhibition increases the
reprogramming efficiency from premature-aged NGPS cells [193]. To the best of our

knowledge, our work is the first to describe an iPSC-based model for CoQjo deficiency.

The CRISPR/Cas9 adaptive bacterial immunity system is a simple and versatile
approach to engineer the eukaryote genome. It has successfully been used to
modify/edit genes in monogenic disorders using patient-specific iPSCs [202-204, 206].
Here, we harnessed CRISPR/Cas9 technology to edit/correct a patient-derived iPSC
line for the c483 G>C mutation in COQ4. The generation of isogenic cell lines allows
the drawing of conclusions circumventing genetic and epigenetic variability. While the
generation of off-target effects could be a side-effect of the CRISPR/Cas9 system,
because it may generate a DSB in the DNA in an undesired region [201, 238], we
verified the genome stability and the absence of off-target generation in our edited iPSC

line without gross genetic aberrations.

Levels of CoQio are usually measured as a diagnostic test in fibroblasts and muscle

[171]; however, the levels of CoQio and its biosynthesis have not been reported in

VI

human PSCs. Here, we measured for the first time the levels of CoQio in PSC lines
(iPSC/ESC). We characterized a range between ~150 and ~75 pmol of CoQio/mg
protein using a battery of control/healthy PSCs. These reference values allowed us to
distinguish iPSCs with low levels of CoQ10, which could explain the key role of CoQ1o
in cellular/metabolic homeostasis. We observed that CoQ1o levels and biosynthesis in
CQ4-iPSCs were lower than in Ctrl- and CQ4%-iPSCs, demonstrating the cause-effect

of the ¢.483 G>C mutation in CoQ1o biosynthesis. Interestingly, cell reprogramming
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failed to re-establish CoQio levels/biosynthesis in CQ4-iPSCs, highlighting the
evolutionary conserved role of CoQio in cellular homeostasis involving nucleotide
synthesis and OXPHOS regulation. Moreover, in order to synthesize an equivalent
amount of ATP, CQ4-iPSCs required 2-fold higher levels of OCR and ECAR rates as
an indirect measure of OXPHOS and glycolysis, respectively. This increase in energetic
metabolism is likely related to the electron leak due to the reduction of CoQyo in the
ETC, which causes a mitochondrial dysfunction. Leaking of protons, which were
observed in the OCR, is an indirect measure related to electron leak [239]. Overall,
these data suggest an altered metabolism in patient iPSCs, where COQ1o plays a central
role stabilizing electrons and its deficiency impairs the proper functioning of the ETC.

This dysfunction was reversed after the correction of the ¢.483 G>C mutation.

Neurological manifestations are very common in CoQio-deficient patients [157, 172].
We therefore differentiated iPSCs towards the neural lineage using well-established
protocols for DAns [27] and MNs [29]. We induced neural differentiation of iPSCs
using dual SMAD inhibition, which allows differentiation into early neuroectoderm by

blockage of ALKs signaling pathways of BMP (LDN193189) and TGFf (SB431542),

VI

reducing the complexity of neural differentiation [82, 240]. We obtained between 15—
25% of TUJ* neurons and less than 10% of these showed a DANn or MN phenotype.
Although, our data revealed a high percentage of neural differentiation, current
neuronal differentiation protocols need to be largely improved to attain a higher
proportion of differentiated cells, which would allow functional electrophysiological
and metabolic assays on iPSC-neural derivatives. The fact the iPSC-derived neurons
failed to reveal a phenotype when compared with control iPSCs is in line with the

patient phenotype, which was free from severe neurological symptoms. These data
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further validate our iPSC model as a bona fide system to reproduce the main features

of a given disease.

Fatal rhabdomyolysis was the main clinical alteration in our patient. Because of this,
we differentiated iPSCs into SkM following the protocol based on PAX7-mediated
differentiation published by the Perlingeiro laboratory [89]. We first generated
transgenic iPSC lines by lentiviral transduction with the inducible PAX7-GFP plasmid.
Myogenesis was then induced by doxycycline induction of PAX7. After embryoid body
differentiation, PAX7* myogenic progenitors were sorted based on the expression of
GFP and cultured under myogenic conditions to further promote muscle myogenic
maturation. CQ4-PAX7* myogenic precursors had high levels of ROS, possibly
underlying the increased senescence and the reduced/impaired proliferation potential
of these cells versus their edited counterparts. SkKM maturation was assessed by
analyzing the percentage of MYHL1* cells and measuring creatine kinase activity, which
are both specific markers of SkM cells. We found that CQ4-PAX7* progenitors
displayed a lower capacity of SkM maturation than their edited counterparts, which was

accompanied by a dysregulated expression of myogenic differentiation markers

VI

implying a possible blockage of differentiation. We therefore assessed mitochondrial
dysfunction in iPSC-derived muscle progenitors by examining mitochondrial dynamics
and ETC activity. These studies confirmed a reduction in CI+III activity and also
abnormalities in mitochondrial morphology. Collectively, these results establish the
utility of an iPSC-based disease model to study genotype-phenotype association,
wherein the ¢.483 G>C mutation faithfully reproduces disease-associated SkM
functional and metabolic defects. The combination of altered mitochondrial dynamics

and reduced ETC may contribute to the vulnerability of muscle maturation.
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In summary, we demonstrate that iPSCs generated from our patient differentiate
normally into DAn and MNs using well-established protocols [27, 29], while
differentiation to SkM was compromised. Patient-specific iPSCs also reproduced the
metabolic defects observed in the COQ4 mutated cells, and these metabolic and
phenotypic defects were reversed when the COQ4 mutation was genetically corrected.
The CoQ1o deficiency model here established represents a unique system for studying
CoQ1o pathogenesis, which we believe will facilitate the discovery of novel therapeutic
drugs and will provide valuable information about the molecular/genetic basis of

responsiveness to CoQqo treatment.

Human PSCs represent a unique tool for cell therapy strategies and disease modeling
because of their ability for self-renewal and differentiation into any tissue of the three
embryonic germ layers. The robustness of this system is demonstrated by the use of
PSC-derived cells in several clinical applications [33], listed in Table 1. For example,
in 2014 the first ever clinical trial to test a PSC-based treatment for type 1 diabetes
mellitus was initiated. A subcutaneous implantable device containing hESC-derived

pancreatic endoderm cells was explored for treatment of diabetes [241-243].

VI

Nevertheless, the most common type of clinical trial (currently standing at nine) testing
PSC-based therapies predominantly focuses on a therapeutic window for retinal
generation. The eye has many characteristics that make it an attractive organ for clinical
trials: it has an immunoprivileged nature, it represents an isolated environment where
the transplanted cells are restrained, it is accessible for injection and it can be non-
invasively monitored by visualization for the detection of internal tissue. The
generation of retinal pigment cells from PSCs may soon be a treatment for the

degeneration of light-sensing photoreceptor cells and the retinal pigment epithelium in
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the eye, and is being explored in several clinical trials [244-246]. As another example,
grafts of PSC-derived cardiac cells may also provide functional restoration of areas of
weakened or ischemic heart tissue. Preclinical studies demonstrated that the
administration of hESC-derived cardiac progenitors improves overall cardiac function,
however, the engrafted cells were undetectable after four months, suggesting that their
role in improving cardiac function may have been to enhance the endogenous repair
processes [31, 247]. In addition, a clinical trial using hESC-derived oligodendrocytes
was initially launched early in 2009 to treat spinal cord injuries, which consisted in the
administration of oligodendrocyte progenitor cells to enhance remyelination and
improve motor function. The trial was abandoned in 2011, although a new clinical trial
was subsequently initiated [248]. Patients with hematopoietic disorders or suffering
blood loss require continual transfusions but, unfortunately, blood derivatives obtained
from donors are only accessible in limited quantities and have a very short half-life.
The generation of a donor-independent system capable of providing constant and
sufficiently large numbers of functional cells would therefore be an important step

forward in transfusion medicine. Red blood cells and platelets can be generated from

VI

hESC/iPSCs, but this is currently an inefficient process [249-255]. Other blood cell
types including T cells, HSCs and dendritic cells have yet to be successfully generated
[25, 256-258]. Establishing and improving protocols to differentiate these cell types
from PSCs may become a future therapeutic option for treating blood disorders.
Notwithstanding these challenges, current clinical trials have demonstrated the
feasibility of PSC-based cell therapies, although more work on differentiation,
molecular and genetic mechanisms are needed to deliver specific and homogeneous cell

populations with fully functionality in vivo.
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Table 1. hESC and iPSC-based products in clinical trials

Cell type Trial location  Disease Reference
hESC-derived RPE USA Dry AMD NCT01344993
hESC-derived RPE USA Stargard NCT01345006
hESC-derived RPE UK Stargard NCT01469832
hESC-derived RPE Korea Dry AMD NCT01674829
hESC-derived RPE Korea Stargard NCT01625559
hESC-derived RPE USA MMD NCT02122159
hiPSC-derived RPE Japan Wet AMD [244]
hESC-derived RPE UK Wet AMD NCT01691261
hESC-derived RPE Israel Dry AMD NCT02286089
hESC-derived CD15+ISL-1+ Severe heart

cardiac progenitors France failure NCT02057900
hESC-derived pancreatic .

endoderm USA Type | diabetes NCT02239354
hESC-derived oligodendrocyte Spinal cord

progenitors e injury [248]

AMD: age-related macular degeneration; ISL-1: Islet-1; MMD: myopic macular
degeneration; RPE: retinal pigment epithelium.
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Regarding the first part of the PhD thesis, we conclude that:

1. There is a strong correlation between mitochondrial mass and mitochondrial
function in cord blood-derived CD34* cells.

2. The CD34* MitoM9" fraction is enriched in progenitor function, as revealed by
higher clonogenic capacity.

3. The CD34* Mito™*" fraction is enriched in stem cell function, as revealed by

an increased in vivo hematopoietic reconstitution.

Regarding the second part of the thesis, we conclude that:

4. Induced pluripotent stem cells from a CoQio deficient patient harboring a
COQ4 mutation have been generated, characterized and CRISPR/Cas9 edited.

5. The COQ4 mutation directly influences CoQ1o biosynthesis and concentration
causing a mitochondrial dysfunction in CQ4-iPSC.

6. The COQ4 mutation does not impair the in vitro differentiation of CQ4-iPSCs
into either midbrain dopaminergic neurons or spinal motor neurons.

7. The COQ4 mutation negatively alters the differentiation towards skeletal
muscle linked to decreased mitochondrial and metabolic function as revealed

by a reduced ETC activity and mitochondrial dynamics.
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LETTER TO THE EDITOR

Intrahepatic transplantation of cord blood CD34 + cells
into newborn NOD/SCID-IL2Ry ™! mice allows
efficient multi-organ and multi-lineage hematopoietic
engraftment without accessory cells

To the Editor:

Advancing the current understanding in experimental and
developmental hematopoiesis, hematopoietic transplanta-
tion, graft-versus-host-disease (GvHD) and graft-versus-
leukemia, immune system, leukemogenic processes as well
as testing in pre-clinical models novel cell- and drug-based
therapeutic approaches demand the use of xenotransplant
systems [1]. Upon discovery of the scid mutation, the
immune-deficient non-obese diabetic NOD/SCID mouse was
developed, and rapidly became the standard model for
hematopoietic xenotransplantation. Several NOD/SCID gen-
erations have evolved over the last decade [2,3]. Recently,
the NOD/SCID-IL2Ry™! strain (NSG) has been developed
which allows higher engraftment levels and does not develop
thymic lymphoma therefore displaying a longer lifespan [4,5].

Co-transplantation of inactivated accessory cells togeth-
er with CD34+ hematopoietic stem/progenitor cells (HSPCs)
has long been associated with enhanced and more stable
hematopoietic reconstitution upon xeno-transplantation
[4,5]. In a clinical setting, despite that CD34+ cell-selected
HSPCs have been used worldwide in allogeneic transplanta-
tion in an attempt to deplete immune cells thus reducing the
risk of GvHD [6], it is now considered that accessory-
depleted transplants are associated to an increased risk of
opportunistic infections, secondary malignancies related to
long-term immunosuppression and, more importantly, graft
failure [7-9]. In such a context, it has been reported that
increasing numbers of T-cells in the graft associates to
decreasing graft failure rates [10].

Several experimental scenarios may require HSC or leu-
kemic cell transplantation into newborn mice. For instance,

* Authorship contributions:

0O.N.-M., D.R.-M., R.M.: conception and experimental design,
collection and/or assembly data, data analysis, interpretation.
P.J.R., C.B.: data analysis and interpretation. P.M.: conception and
design, financial support, data analysis and interpretation and
manuscript writing.

The manuscript has been seen and approved by all authors.

1521-6616/S - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.clim.2012.08.001

hematopoietic reconstitution with ontogenically early HSCs
such as hematopoietic cells derived from human embryonic
stem cells (hESCs), human fetal liver or cord blood (CB)
may be more efficient if cells are transplanted into an
ontogenically-matched organ such as newborn liver which
may provide a more permissive immune—hematopoietic
milieu. In addition, successful de novo development of
functional components of the human adaptive immune
system as a pre-clinical model to evaluate in vivo immune
responses, for example, to vaccines or live infectious
pathogens may benefit from cell transplantation into a
newborn hematopoietic microenvironment [11].

Here, we analyzed for the first time the ability of
CB-derived CD34+ HSCs to reconstitute the hematopoiesis
of a newborn NSG mice strain upon intrahepatic transplan-
tation. We compared side-by-side the engraftment efficien-
cy of CB-derived CD34+ cells transplanted alone or in
combination with irradiated accessory cells. CB samples
from healthy newborns were obtained from local hospitals
upon approval by our local ethics and biohazard board
committee. CB samples were pooled to reduce variability
between individual CB units. Mononuclear cells were
isolated using Ficoll-Hypaque density gradient. After red
blood lysis, CD34+ cells were purified by magnetic bead
separation using a human CD34 MicroBead Kit (Miltenyi
Biotec) and an AutoMACS Pro-separator following the man-
ufacturer's instructions. Purity was consistently higher than
95% (data not shown). 3x10% CD34+ cells alone or together
with 5x 104 irradiated (15 Gy) CD34-Lineage + accessory cells
were transplanted intrahepatically in 1-2 day old newborn
mice (n=20) within 12 h of irradiation (1 Gy). Mice were
sacrificed 6 weeks after transplantation and BM was
flushed. Peripheral blood, spleen and liver were also
collected and analyzed for human chimerism. Human chime-
rism was determined by flow cytometry using anti-CD45
and anti-HLA-ABC (Fig. 1A). All engrafted mice were assessed
for multilineage reconstitution using anti-CD19 (B-cell),
anti-CD33 (myeloid) and anti-CD34 (immature cells) (Fig. 1A).

All (100%) mice transplanted with 3x104 CD34+ cells
without accessory cells showed human engraftment in all
organs analyzed (Fig. 1B, left panel). However, 2 out of 10
(20%) mice transplanted with CD34+ cells together with
accessory cells failed to engraft (Fig. 1B, left panel).
Furthermore, the levels of engraftment were significantly
higher in those mice transplanted without accessory cells:
BM (36%+2.3% vs 24%+7.3%), PB (6.1%+1.3% vs 5%+ 1.8%),
liver (6%+1% vs 2%+ 1%) and spleen (17%+2% vs 13%+4.6%).
We next characterized the engraftment composition and found
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FLT3 activation cooperates with MLL-AF4 fusion protein to abrogate
the hematopoietic specification of human ESCs

Clara Bueno," Verénica Aylién,' Rosa Montes,' Oscar Navarro-Montero,' Verénica Ramos-Mejia,' Pedro J. Real,’

Damia Romero-Moya,' Marcos J. Aratizo-Bravo,? and Pablo Menendez'

"Centre for Genomics and Oncological Research, Pfizer-University of Granada-Andalusian Regional Government, Granada, Spain; *Max Planck Institute for
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* FLT3 activation cooperates
with the MLL-AF4 fusion gene
to fully abolish blood
formation from hESCs.

* FLT3 activation does not
cooperate with the MLL-AF4
fusion oncogene to transform
hESCs or hESC-derived
hematopoietic progeny.

Mixed-lineage leukemia (MLL)-AF4 fusion arises prenatally in high-risk infant acute pro-B-
lymphoblastic leukemia (pro-B-ALL). In human embryonic stem cells (hRESCs), MLL-AF4
skewed hematoendothelial specification but was insufficient for transformation, suggest-
ing that additional oncogenic insults seem required for MLL-AF4-mediated transforma-
tmn MLL -AF4+ pro-B-ALL expresses enorrncus levels of FLT3, occasionally because of
thus rep a event in MLL-AF4+ pro-
B-ALL. Here we explored the developmental impact of FLT.’:I activation alone, or together
with MLL-AF4, in the hematopoietic fate of hESCs. FLT3 activation does not affect
specification of hemogenic precursors but significantly enhances the formation of CD45"
blood cells, and CD45*CD34" blood prog with clonog Hi
overexpression of FLT3 mutations or W|Id -type FLT3 (FLT3WT) nnmplelely abrogahes
hematopoietic differentiation from MLL-AF4-expressing hESCs, indicating that FLT3 acti-
vation with MLL-AF4 to inhibit human embryonic hematopoiesis. Cell cycle/
apoptnsls analyses suggest that FLT3 activation direr:tly affects hESC specification rather than proliferation or survival of hESC-
emerg| a T.a.-o»- p | profiling of hESC-derived CD45™ cells supports the FLT3-mediated inhibition of
F is in MLL -AF4 g hESCs, which is associated with large transcriptional changes and downregulation of genes
d in system 1t and Importantly, FLT3 activation does not cooperate with MLL-AF4 to
immortalize/transform hESC-derived hematopoietic cells, suggesting the need of alternative (epi)-genetic cooperating hits. (Blood.
2013;121(19):3867-3878)

Introduction

Newbom cancer is progressively seen as a developmental biology
disease.' An intriguing newborn cancer is the infant pro-B/monocyte
acute lymphoblastic leukemia (ALL) characterized by the hallmark
genetic abnormality t(4;11) encoding the fusion mixed-lineage
leukemia (MLL)-AF4, which is associated with a dismal prognosis
and very brief latency, raising the question of how this disease
evolves so quickly.” Compelling evidence indicates that MLL-AF4
arises prenatally during embryonic/fetal hematopoiesis. ™ To
understanding the develof | impact of MLL-AF4, we first need
to elucidate which is the target cell for transformation and the
mechanisms underlying MLL-AF4—mediated transformation.
MLL-AF4-induced leukemogenesis has been difficult to
model, and bona fide MLL-AF4 disease models do not exist.” '
Our understanding of MLL fusions comes from murine models,
which do not recapitulate the human disease faithfully, suggesting
that these mouse models may be missing essential components
of leukemogenesis during early human development. It could be

argued that the lack of an MLL-AF4 model may be because (1)
a cell in a wrong developmental stage was targeted in the mouse;
(2) the impact of other secondary hits has not been properly
addressed; (3) MLL-AF4 requires the reciprocal AF4-MLL fusion
protein to cause pro-B ALL as shown in the mouse; and (4) MLL-
AF4 exerts its transforming function preferentially in human cells,
indicating that the MLL-AF4 function has to be addressed using
ontogenically primitive human stem cells. Among these, neonatal
(cord blood [CBl-derived) CD34™ hematopoietic stem/progenitor
cells (HSPCs) or prenatal (fetal- or embryonic-derived) cells
represent ontogenically early candidate target cells. Thus, human
embryonic stem cell (hESC)—derived hematopoietic differentiation
constitutes a robust human-specific strategy to study the onset of
hematopoiesis, representing a promising tool for modeling de-
velopmental mechanisms of human disease and lineage specifica-
tion that cannot be addressed with patient samples or mouse
models.""-'2

27, 2012; February 27, 2013. Prepublished
online as Blood First Edition paper, March 11, 2013; DOI 10.1182/blood-2012-
11-470146.
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Ligand-independent FLT3 activation does not cooperate with
MLL-AF4 to immortalize/transform cord blood CD34 + cells

R Montes', V Ayllén’, € Prieto’?, A Bursen®, C Prelle’, D Romero-Moya'?, PJ Real’, O Navarro-Montero', C Chillén®, R Marschalek?,
C Bueno'? and P Menendez'**

MLL-AF4 fusion is hallmark in high-risk infant pro-B-acute lymphoblastic leukemia (pro-B-ALL). Our limited understanding of
MLL-AF4-mediated transformation reflects the absence of human models reproducing this leukemia. Hematopoietic stem/
progenitor cells (HSPCs) constitute likely targets for transformation. We previously reported that MLL-AF4 enhanced hematopoietic
engraftment and clonogenic potential in cord blood (CB)-derived CD34 + HSPCs but was not sufficient for leukemogenesis,
suggesting that additional oncogenic lesions are required for MLL-AF4-mediated transformation. MLL-AF4 + pro-B-ALL display
enormous levels of FLT3, and occasionally FLT3-activating mutations, thus representing a candidate cooperating event in
MLL-AF4 + pro-B-ALL. We have explored whether FLT3.TKD (tyrosine kinase domain) mutation or increased expression of FLT3.WT
(wild type) cooperates with MLL-AF4 to immortalize/transform CB-CD34 + HSPCs. In vivo, FLT3.TKD/FLT3.WT alone, or in
combination with MLL-AF4, enhances hematopoietic repopulating function of CB-CD34 | HSPCs without impairing migration or
hematopoietic differentiation. None of the animals transplanted with MLL-AF4 4 FLT3.TKD/WT-CD34 -+ HSPCs showed any sign of
disease after 16 weeks. in vitro, enforced expression of FLT3.TKD/FLT3.WT conveys a transient overexpansion of MLL-AF4-expressing
CD34 + HSPCs associated to higher proportion of cycling cells coupled to lower apoptotic levels, but does not augment clonogenic
potential nor confer stable replating. Together, FLT3 activation does not suffice to immortalize/transform MLL-AF4-expressing

CB-CD34 + HSPCs, suggesting the need of alternative (epi)-genetic cooperating oncogenic lesions.

Leukemia (2014) 28, 666-674; doi:10.1038/leu.2013.346

Keywords: MLL-AF4; FLT3.TKD; FLT3.WT; CB-CD34 + HSPCs; leukemogenesis

INTRODUCTION

The translocation t(4;11)(q21;q23) encodes the fusion protein MLL-
AF4, which is the hallmark genetic abnormality associated to
infant pro-B/monocyte acute lymphoblastic leukemia (ALL). This
newborn pro-B-ALL is characterized by its dismal prognosis and
very brief latency, raising the question of how this disease evolves
so quickly.”™ Compelling evidence indicates that MLL-AF4
arises prenatally during embryonic/fetal hematopoiesis.”®
To understand the developmental impact of MLL-AF4, we first
need to elucidate which is the target cell for transformation, and
the cooperating oncogenic lesions underlying MLL-AF4-mediated
transformation,”®'®

MLL-AF4-induced leukemogenesis has been difficult to model,
and bona fide MLL-AF4 disease models do not exist.''™'" Our
understanding of MLL fusions comes from murine models that do
not recapitulate the human disease faithfully, suggesting that
these mouse models may be missing essential components
of leukemogenesis during early human development. It could
be argued that the lack of a MLL-AF4 model may be because of
(i) a cell in a wrong developmental stage was targeted in the
mouse; (i) the impact of other secondary hits has not been
properly addressed; or (iii) MLL-AF4 exerts its transforming
function preferentially in human cells, indicating that the MLL-AF4

function has to be addressed using ontogenically primitive human
stem cells. Among these, neonatal (cord blood (CB)-derived)
CD34+ hematopoietic stem/progenitor cells (HSPCs) or prenatal
(fetal- or embryonic-derived) cells represent ontogenically early
candidate target cells.

We have recently reported that the exPression of MLL-AF4 has a
functional impact in CB-CD34 + HSPCs'® and human embryonic
stem cell (hESC)-derived hematopoietic cells."® In CB-CD34 +
HSPCs, MLL-AF4 enhanced hematopoietic engraftment and
clonogenic potential but was not sufficient for leukemogenesis.'®
In hESCs, MLL-AF4 altered the developmental cell fate, skewing the
early hemato—endothelial specification of hESCs,'® but was also
unable to transform hESCs or hESC blood derivatives. Considering
these data, we hypothesize that the inability to develop a MLL-AF4
model might not be due to the human cell context or cell type
targeted, but rather that additional oncogenic lesions are required
for leukemogenesis.

Gene expression profiling showed that FLT3 is highly expressed
in MLL-AF4 + pro-B-ALL. Moreover, it was shown that other MLL-
rearranged leukemias display FLT3.TKD (tyrosine kinase domain)
mutations in up to 20% of the cases, suggesting that they may
represent candidate cooperating events,'”'®  Accordingly,
Yamaguchi et al.'® have reported that FLT3.TKD cooperates with

'GENYO, Centre for Genomics and Oncological Research: Pfizer, University of Granada, Andalusian Regional Government, Granada, Spain; “Faculty of Medicine, Department of
Stem Cells, Development and Cancer, Cell Therapy Program of the University of Barcelona, Josep Carreras Leukemia Research Institute, Barcelona, Spain; “Institute of
Pharmaceutical Biology/ZAFES/DCAL, Goethe-University of Frankfurt, Biocenter, Frankfurt, Germany; *Hospital Universitario de Salamanca, Servicio de Hematologfa, Salamanca,
Spain and ®Institucio Catalana de Reserca i Estudis Avangats (ICREA). Correspondence: Dr C Bueno or Dr P Menendez, Faculty of Medicine, Department of Stem Cells,
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Bone marrow mesenchymal stem cells from patients with aplastic
anemia maintain functional and immune properties and do not
contribute to the pathogenesis of the disease
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ABSTRACT

Aplastic anemia is a life-threatening bone marrow failure disorder characterized by peripheral pancytopenia and
marrow hypoplasia. The majority of cases of aplastic anemia remain idiopathic, although hematopoietic stem cell
deficiency and impaired immune responses are hallmarks underlying the bone marrow failure in this condition.
Mesenchymal stem/stromal cells constitute an essential component of the bone marrow hematopoietic microenvi-
ronment because of their immunomodulatory Eroperties and their ability to support hematopoiesis, and they have

been invelved in the pathogenesis of several
mesenchymal stem cells contribute, directly or indirect!

EmatoloF

ic malignancies. We mvasti?ated whether bone marrow
, to the pathogenesis of aplastic anemia. We found that

mesenchymal stem cell cultures can be established from the bone marrow of aplastic anemia patients and display
the same phenotype and differentiation potential as their counterparts from normal bone marrow. Mesenchymal
stem cells from aplastic anemia patients support the in virro homeostasis and the i vivo repopulating function of
CD34' cells, and maintain their immunosuppressive and anti-inflammatory properties. These data demonstrate that
bone marrow mesenchymal stem cells from patients with aplastic anemia do not have impaired functional and
immunological properties, suggesting that they do not contribute to the pathogenesis of the disease.

Introduction

Aplastic anemia (AA) is a rare and life-threatening hetero-
geneous bone marrow (BM) failure disorder characterized by
peripheral pancytopenia and marrow hypoplasia.”” The
majority of AA cases are idiopathic with an unknown pri-
mary etiology.* In some patients, a drug or infection is impli-
cated in the etiology of AA although it is unclear why only
some individuals are susceptible.’” In ~15% of patients the
disease is inherited or congenital, for example Fanconi ane-
mia."”” The main suggested underlying mechanism in AA is a
primary hematopoietic stem cell (HSC) deficiency or a sec-
ondary HSC defect due to an abnormal balance between
HSC death and differentiation.” Importantly, pathological
autoimmune responses also seem to be involved in AA BM
failure, given the good responses to immunosuppressive
treatments."”

Mesenchymal stem/stromal cells (MSC) are rare BM multi-
potent cells that constitute a source of progenitors for meso-

dermal tissues."” MSC have emerged as excellent candidates
for clinical applications thanks to their immunomodulatory
properties and their ability to support hematopoiesis.'™
Importantly, MSC are an essential component of the BM
hematopoietic microenvironment. The BM hematopoietic
microenvironment  regulates the homeostasis  of
hematopoiesis through the production and secretion of
cytokines and extracellular matrix molecules," Furthermore,
the BM hematopoietic microenvironment plays a role in the
pathogenesis of a variety of hematologic malignances includ-
ing acute lymphoblastic” and myeloblastic leukemias," mul-
tiple myeloma,” lymphomas,” chronic myeloid leukemia”
and myelodysplastic syndromes.'*

Because HSC failure and impaired immune responses
underlie the pathogenesis of AA, it is plausible that BM-MSC
may also contribute, directly or indirectly, to the pathogenesis
of AA. However, there is almost no information on whether
the functional and immunological properties of BM-MSC are
impaired in AA patients or on the potential contribution of
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Reprogramming human B cells into induced pluripotent stem

cells and its enhancement by C/EBPa

C Bueno™'’, JL Sardina®'", B Di Stefano®, D Romero-Moya', A Mufioz-Lépez', L Ariza', MC Chillon®, A Balanzategui®, J Castano’,
A Herreros®, MF Fraga®, A Fernandez’, | Granada'®, O Quintana-Bustamante’, JC Segovia’, K Nishimura®, M Ohtaka®, M Nakanishi®,
T Graf? and P Menendez''°

B cells have been shown to be refractory to reprogramming and B-cell-derived induced pluripotent stem cells (iPSC) have only
been generated from murine B cells engineered to carry doxycycline-inducible Oct4, Sox2, KIf4 and Myc (OSKM) cassette in every
tissue and from EBV/SV40LT-immortalized lymphoblastoid cell lines. Here, we show for the first time that freshly isolated
non-cultured human cord blood (CB)- and peripheral blood (PB)-derived CD19+CD20+ B cells can be reprogrammed to iPSCs
carrying complete VDJH immunoglobulin (Ig) gene monoclonal rearrangements using non-integrative tetracistronic, but not
monocistronic, OSKM-expressing Sendai Virus. Co-expression of C/EBPa with OSKM facilitates iPSC generation from both CB-
and PB-derived B cells. We also demonstrate that myeloid cells are much easier to reprogram than B and T lymphocytes.
Differentiation potential back into the cell type of their origin of B-cell-, T-cell-, myeloid- and fibroblast-iPSCs is not skewed,
suggesting that their differentiation does not seem influenced by ‘epigenetic memory’. Our data reflect the actual cell-
autonomous reprogramming capacity of human primary B cells because biased reprogramming was avoided by using freshly
isolated primary cells, not exposed to cytokine cocktails favoring proliferation, differentiation or survival. The ability to reprogram
CB/PB-derived primary human B cells offers an unprecedented opportunity for studying developmental B lymphopoiesis and
modeling B-cell malignancies.

Leukemia (2016) 30, 674-682; doi:10.1038/leu.2015.294

INTRODUCTION

Induced pluripotent stem cells (iPSCs) provide a unique platform
to explore donor/patient-specific somatic cells for regenerative
medicine, drug screening and disease modeling.' Although the
most common source for human iPSC derivation is skin dermal
fibroblasts, human iPSCs have been generated from a variety of
somatic tissues including keratinocytes,” mesenchymal stem cells®
and hematopoietic stem/progenitor cells.*” Generation of iPSC
from human hematopoietic cells is an attractive option because
they can be generated from peripheral blood (PB) cells, which are
easily accessible through noninvasive methods, and from cord
blood (CB) cells, which are young cells carrying minimal somatic
mutations stored as large collections in public CB banks.® To date,
human iPSCs have been generated from CD34+ hematopoietic
stem/progenitor cells**® and also from T cells and myeloid
cells®'® However, whether iPSCs may be induced from human
normal or leukemic B cells remains a mystery.'" Reprogramming
CB/PB-derived B cells to pluripotency (iPSCs) will offer a valuable
in vitro system to study cellular, molecular and epigenetic events
underlying the physiology of B-cell lymphopoiesis and the
pathogenesis of B-cell malignancies. B cells have been shown to

be refractory to reprogramming,”'®'* and B-cell-derived iPSCs
have only been generated from B cells of mice engineered to carry
doxycycline-inducible Oct4, Sox2, KIf4 and Myc (OSKM) lenti-
viruses in every tissue,'* and from EBV/SV40LT-transformed
lymphoblastoid cell lines.'"'* Importantly, recent work has
revealed that mouse B cells can be reprogrammed into
iPSCs with high efficiency when the cells were pulsed with the
CCAAT/enhancer binding protein-a (C/EBPa) before of their
exposure to the reprogramming factors OSKM.'® This strongly
suggests that biological rather than technical barriers underlie the
inability to reprogram B cells to pluripotency. Here, we show for
the first time that freshly isolated non-cultured human B cells,
derived from both CB and PB, can be reprogrammed into iPSCs
carrying complete VDJH immunoglobulin (lg) gene monoclonal
rearrangements, using non-integrative polycistronic Sendai Virus
(SeV)."”™"® We also demonstrate that transient co-expression
of C/EBPa with OSKM increases B-cell iPSC generation. Differentia-
tion of B-cell-, T-cell- myeloid- and fibroblast-iPSCs into B-cell,
T-cell and myeloid cell fate revealed that iPSC differentiation
potential does not seem influenced by the residual ‘epigenetic
memory’ of the cell type of origin.
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Intra-Bone Marrow Transplantation Confers Superior
Multilineage Engraftment of Murine Aorta-Gonad
Mesonephros Cells Over Intravenous Transplantation

Alejandra Sanjuan-Pla; Damia Romero-Moya,' Cristina Prigto,
Clara Bueno,' Anna Bigas? and Pablo Menendez'*

Hematopoietic stem cell (HSC) engraftment has been achieved using single-cell transplantation of prospec-
tively highly purified adult HSC populations. However, bulk transplants are still performed when assessing the
HSC potential of early embryonic hematopoietic tissues such as the aorta-gonad mesonephros (AGM) due to
very low HSC activity content early in development. Intra-bone marrow transplantation (IBMT) has emerged as
a superior administration route over intravenous (IV) transplantation for assessing the reconstituting ability of
human HSCs in the xenotransplant setting since it bypasses the requirement for homing to the BM. In this study,
we compared the ability of IBMT and IV administration of embryonic day 11.5 AGM-derived cells to re-
constitute the hematopoietic system of myeloablated recipients. IBMT resulted in higher levels of AGM HSC
long-term multilineage engraftment in the peripheral blood, BM, spleen, and thymus of primary and secondary
recipients, and in limiting dilution experiments. The administration route did not skew the multilineage con-
tribution pattern, but IBMT conferred higher Lincage Sca-17c-kit" long-term engraftment, in line with the
superior IBMT reconstitution. Therefore, IBMT represents a superior administration route to detect HSC

activity from developmentally early sources with limited HSC activity content, such as the AGM.

Introduction

EMATOPOIESIS ALLOWS THE FORMATION of blood cells

from a hematopoietic stem cell (HSC) through a step-
wise process and occurs at different sites through ontogeny in
mice and humans [1]. During mouse embryogenesis, defini-
tive HSCs capable of reconstituting adult irradiated recipi-
ents are generated at embryonic day (E) 10.5-E11.5 from the
ventral wall of the dorsal aorta within the aorta-gonad
mesonephros (AGM) [2], from the umbilical vein [3] and
from the placenta [4]. Due to the constant migration of HSCs
through blood circulation during development, an incomplete
picture remains regarding which locations constitute de novo
HSC production sites and which are pre-HSC-to-HSC mat-
uration sites. At ~E12.5, HSCs colonize the fetal liver (FL)
to further migrate to the bone marrow (BM) where they reside
for the life span of the organism [1].

In the murine and human settings, the transplantation assay is
the in vivo gold standard test to study HSC function. HSC
transplantation is widely used in experimental and clinical
hematology, and refinement of HSC transplantation assays has

resulted in improved HSC engraftment/readout. For instance,
murine HSC transplantation is now optimized to be performed
at the single-cell level and has been crucial in revealing the
functional heterogeneity of murine and human HSC compart-
ments. In the mouse, HSC transplantation assays are mainly
performed by intravenous (IV) administration due to the in-
trinsic circulatory properties of hematopoietic cells. Successful
engraftment then requires blood circulation and migration of
HSCs into the BM, which offers a supportive niche. Alter-
natively, direct injection of cells within the BM has been suc-
cessfully used to engraft human HSCs [5-8], leukemia cells
[9,10], and mesenchymal sarcoma cells [11,12] in immuno-
deficient mice. Intra-BM transplantation (IBMT) has shed light
on the homing and repopulation properties of human HSCs and
has been shown to result in higher levels of multilineage long-
term reconstitution than IV injection. IBMT also allows de-
tection of HSC potential from nonhematopoietic tissues, such
as the liver, muscle, and human pluripotent stem cells. Inter-
estingly, IBMT has also been used with whole murine BM cells
[13.14]; however, in one study TBMT did not result in an en-
hanced engraftment compared with the IV technique [15].
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ABSTRACT

Although B cells have been shown to be refractory to reprogramming into pluripotency, induced
pluripotent stem cells (iPSCs) have been very recently generated, at very low efficiency, from
human cord blood (CB)- and peripheral blood (PB)-derived CD19+CD20 + B cells using noninte-
grative tetracistronic OSKM-expressing Sendai Virus (SeV). Here, we addressed whether cell
ontogeny and hierarchy influence the reprogramming efficiency of the B-cell compartment. We
demonstrate that human fetal liver (FL)-derived CD19 + B cells are 110-fold easier to reprogram
into iPSCs than those from CB/PB. Similarly, FL-derived CD34+CD19 + B progenitors are reprog-
rammed much easier than mature B cells {0.46% vs. 0.11%). All FL B-cell iPSCs carry complete
VDIH rearrangements while 55% and 45% of the FL B-progenitor iPSCs carry |ncomplete and
pl VDJH rear respectively, reflecting the rep Y

different B progenitors (pro-B vs. pre-B) within a continuous differentiation process. Flnally, uur
data suggest that successful B-:ell reprogramming ri on active cell proliferation, and it is
MYC-d o as id ive polycistronic SeV lacking MYC (OSKL or OSKLN) fail
to reprogram B cells. The ability to efficiently reprogram human fetal primary B cells and B pre-
cursors offers an unprecedented opportunity for 1tal B-lymp is and
modeling B-cell malignances. STEM CELLS 2016;34: 581—587
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mental ontogeny and cellular hierarchy largely influences the reprogramming efficiency of
human B cells into iPSCs. We also show that Ig/VDIH rearrangements do not constitute a
reprogramming barrier and that B-cell reprogramming seems to rely on cell proliferation and it
is cMYC-dependent. The ability to efficiently reprogram human fetal primary B cells and B pre-
cursors offers an unprecedented opportunity for studying developmental B-lymphopoiesis and
modeling B-cell malignances.
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breakthrough advance since human B cells

INTRODUCTION had been shown previously to be refractory

Induced pluripotent stem cells (iPSCs) hold tre-  to  reprogramming into pluripotency [11].

mendous potential to explore donor/patient-
specific somatic cells for regenerative medi-
cine, compound screening, tissue develop-
ment, and disease modeling [1]. Human iPSCs
have been generated from many tissues
including fibroblasts, keratinocytes [2], mesen-
chymal stem cells [3], nasal epithelial cells [4],
and several blood cell populations such as
hematopoietic stem/progenitor cells (HSPCs)
[5-8], T cells [8-10], and myeloid cells [8-10].
Very recently, iPSCs were generated at very
low efficiency from cord blood (CB) and
peripheral blood (PB) B cells representing a

§ 2016;34:581-587 www.StemCells.com

Reprogramming B cells will offer a valuable in
vitro system to study the mechanisms underly-
ing the physiology and development of B lym-
phopoiesis and the pathogenesis of B-cell
malignancies.
Several lines
reprogramming of tissue stem cells is more
efficient than reprogramming their differenti-
ated progeny [12, 13]. First, studies on nuclear
transfer have revealed that stem/progenitor
cells are more amenable to reprogramming
[14]. Second, reprogramming neural stem cells
proved to be very efficient and achievable

of evidence indicate that

©AlphaMed Press 2016
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SUMMARY

Tnduced pluripotent stem cells (iPSCs) are a powerful tool for disease modeling. They are routinely generated from healthy donors and
patients from multiple cell types at different developmental stages. However, reprogramming leukemias is an extremely inefficient
process. Few studies generated iPSCs from primary chronic myeloid leukemias, but iPSC generation from acute myeloid or lymphoid leu-
kemias (ALL) has not been achieved. We attempted to generate iPSCs from different subtypes of B-ALL to address the developmental
impact of leukemic fusion genes. OKSM(L)-expressing mona/polycistronic-, retroviral/lentiviral/episomal-, and Sendai virus vector-based
reprogramming strategies failed to render iPSCs in vitro and in vivo. Addition of transcriptomic-epigenetic reprogramming “boosters” also
failed to generate iPSCs from B cell blasts and B-ALL lines, and when iPSCs emerged they lacked leukemic fusion genes, demonstrating
non-leukemic myeloid origin. Conversely, MLL-AF4-overexpressing hematopoietic stem cells/B progenitors were successfully reprog-
rammed, indicating that B cell origin and leukemic fusion gene were not reprogramming barriers. Global transcriptome/DNA methylome
profiling suggested a developmental/differentiation refractoriness of MLI-rearranged B-ALL to reprogramming into pluripotency.

INTRODUCTION

Leukemia is generally studied once the full transformation
events have already occurred and, therefore, the mecha-
nisms by which leukemia-specific mutations transform to
a pre-leukemic state followed by rapid transition to overt
leukemia are not amenable to analysis with patient samples
(Ramos-Mejia et al., 2012c). Therefore, it is imperative to
develop effective disease models to study the develop-
mental impact of leukemia-specific genetic aberrations on
human stem cell fate. Induced pluripotent stem cells
(iPSCs) are a powerful tool for modeling different aspects
of human disease that cannot otherwise be addressed by
patient sample analyses or animal models (Menendez
et al., 2006; Wu and Hochedlinger, 2011). Because leuke-

mia manifests as a developmental cell blockage, the gener-
ation and differentiation of leukemia-specific iPSCs offers a
promising strategy to study the earliest events leading to
the specification of both normal and abnormal hemato-
poietic tissue, thus illuminating molecular mechanisms
underlying the pathogenesis of human leukemia,

iPSCs are routinely generated from tissues obtained from
healthy donors and patients and cell types at different
developmental stages. Reprogramming human primary
cancer cells, however, remains challenging. Despite signif-
icant interest in generating iPSCs from leukemia cells
(Curry et al., 2015; Ramos-Mejia et al., 2012¢; Yilmazer
etal.,, 2015), only a few reports have demonstrated success-
ful reprogramming and, unfortunately, only seven of these
studies reprogrammed human primary leukemias (the
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