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ABSTRACT

MYHY-related disease (MYH9-RD) is an autosomal dominant disease
characterized by congenital thrombocytopenia with large platelets, aggregates
in neutrophils, progressive deafness, cataract and nephropathy. MYH9-RD is
caused by mutations in MYH9, the gene encoding for the heavy chain of non-
muscle myosin A of class II (myosin-9). The pathogenetic mechanisms
leading to this disease are still not clearly identified and their study is
complicated by the absence of appropriate cellular and animal models.

The purpose of this project was to generate an in vitro model to investigate the
function of myosin-9 and the role of two Myh9 mutations, R702C and
R1933X, which are associated with severe and mild phenotype, respectively.
For this reason, it has been chosen to manipulate the murine embryonic stem
(ES) cells, which are pluripotent and can be differentiated in several lineages,
including the megakaryocytic one. To engineer these cells at high efficiency,
we have set up a strategy known as recombinase-mediated cassette exchange
(RMCE). After the integration of an appropriate FRT (flippase recognition
target) cassette into the locus of interest by homologous recombination, the
system allowed us to exchange sequences of DNA flanked by the same FRT
set, using the flippase enzyme. Therefore, the first coding exon of Myh9 locus
was tagged with a cassette containing the beta-galactosidase reporter gene and
flanked by two FRT sites. Then, we exchanged this cassette with other three
carrying Myh9 wild-type and mutated cDNAs, generating ES clones
expressing the exogenous sequences under the control of the endogenous
Myh9 promoter.

Characterization of these ES clones at RNA and protein level led us to
determine that mutant and wild-type alleles were expressed at the same levels,
suggesting that the genetic manipulations did not interfere with the correct
physiological transcriptional and translational mechanisms of Myh9 gene.
However, Western Blot analysis showed that the myosin-9 protein was
expressed at lower level in the mutant clones compared with the wild-type
clones. Immunofluorescence analysis to investigate the presence of myosin-9

aggregates, which are always present in neutrophils of patients, did not detect



any alteration in myosin-9 distribution, except for a lower signal intensity.
Taken together these results indicate that, despite normal expression level of
its engineered allele, the mutated protein seems to be degraded determining a
haploinsufficiency effect of R702C and R1933X mutations, at least in murine
ES cells.

To ascertain their pluripotency, the ES clones were differentiated into
embryoid bodies and cardiomyocytes, without revealing any alteration
between mutants and wild-type. Since a congenital feature of MYH9-RD is
macrothrombocytopenia, we are developing protocols to differentiate the
mutant ES clones into megakaryocytes to investigate how MYH9 mutations
lead to improper platelet production.

In conclusion, to study the MYH9-RD we have developed a strategy that
allowed us to express in ES cells different DNAs of interest under the control
of the Myh9 promoter. Therefore, differentiating in vitro these cells, we will
be able to study their effect during megakaryopoiesis. Since the ES cells can
be also used to generate mouse models, this strategy will be suitable to test

pathogenetic hypothesis in vitro, before turning to in vivo studies.
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1. Introduction



1.1 MYHY9-related disease
The MYHY-related disease (MYH9-RD) is an autosomal dominant disorder
characterized by congenital thrombocytopenia with large platelets and
aggregates in neuthrophils (Kunishima et al., 2001a; Heath et al., 2001). This
disease is considered very rare: the prevalence in Italy is at least 1.7 person per
million, but is expected to be higher because the severe forms are often
misdiagnosed and the mild ones are discovered only accidentally (Balduini et
al., 2004). The giant platelets are present in all the patients; on average, 60% of
the platelets are larger than 4 um (the normal percent of platelets of this size is
4%) and 7% are even larger than 8 um (Balduini et al., 2004). The platelets
count in MYH9-RD patients varies from 30,000/uL to 100,000/uL, when
normal range is 150,000/uL to 400,000/uL (Althaus et al., 2009). A careful
evaluation of platelet and granulocyte morphology is important for the
laboratory diagnosis of MYH9 disorders. All modern particle counters
determine the mean platelet volume and most machines also generate a
histogram showing size distribution of platelets. For clinical management of
individuals with MYH9 disorder it is important to be aware of the risk of
obtaining a low platelet count by standard automatic particle counters, as the
large platelets are often counted as red
blood cells or leukocytes (Fig.1a)
(Althaus et al., 2009). The inclusion in

neutrophils are revealed by May-
Griinwald-Giemsa (MGGQG) staining of
fresh peripheral blood films (Fig.1b) or
by immunofluorescence analysis

(Fig.1¢) (Seri et al., 2003).

Fig.1 Platelets and neutrophils of MYH9-RD
patients. In the peripheral blood of patients are
detected platelets larger than red blood cells (a);
inclusion bodies (arrows) in neutrophils stained
with May-Griinwald Giemsa (b) and with
immunofluorescence using an anti-myosin-9
antibody (c). (Image kindly provided by Dr.
Pecci).




During youth or adult life MYH9-RD patients could also risk to develop
presenile cataract, progressive high frequency sensorineural hearing loss and/or
nephropathy, that often leads to end-stage renal disease (Heath et al., 2001; Seri
et al., 2003; Kunishima et al., 2001b).

The MYH9-RD includes syndromes previously known as May-Hegglin
anomaly and Sebastian, Epstein or Fechtner syndromes, which were thought to
be distinct disorders, prior to the understanding that they were all due to
mutations in MYH9 (Balduini et al., 2002; Seri et al., 2003; Balduini et al.,
2004), the gene encoding for the non-muscle myosin heavy chain of class IIA
(myosin-9).

The MYH9 gene consists of 40 coding exons and 44 mutations have been

identified in 13 different exons (Fig.2a, Personal communication of Prof.
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Fig.2 Representation of MYH9 mutations identified in 222 unrelated probands (a) and
schematic illustration of myosin-9 structure (b). The chart bars indicate the frequency of
mutations in the MYH9-RD patients: each residue substituted in the same position is indicated
with a different color. 5 hot spot of mutations are identified in exon 16, 26, 30, 38, 40. Top:
reported deletions, duplications, frameshift mutations. Of note there are 2 mutations in exon
16, that cause only deafness and 220 that correspond to the classic MYH9-RD phenotype;
bottom: reported missense and non sense mutations (a). In bold different mutations identified
in the same position of the gene are reported. It is interesting to observe that all the non sense
and frameshift mutations are in exon 40 (a). Reported MYH9 gene structure with the myosin-9
regions coding for the different exons. Exon 40 encodes for the non-helical region, shared with
the other myosins of class II (b).



There are five hot spots of mutations, at residues 702, 1165, 1424, 1841 and
1933, accounting for approximately the 75% of MYH9-RD affected families
(Pecci et al., 2008). The 80% of MYHY mutations consists of single amino acid
substitutions affecting only a few residues of the 1960 amino acids: S96 (exon
1), R702 (exon 16), R1165 (exon 26), D1424 (exon 30) and E1841 (exon 38)
(Fig.2a). Non sense or frameshift mutations are all localized in the last coding
exon (Heath et al., 2001; Kunishima et al., 2001b; Pecci et al., 2008). In
addition, a few in frame deletions and insertions affect exons 24 and 25
(Kunishima et al., 2008b; De Rocco et al., 2009; Seri et al., 2003). (Fig.2a).

In approximately 30% of cases, patients present sporadic mutations caused by
de novo events, some of them may be explained by somatic or germinal
mosaicisms (Kunishima et al., 2005; Kunishima et al., 2009). In particular,
80% of the R702 mutations is associated with sporadic occurrence (Pecci et al.,

2008; Kunishima et al., 2007; Sekine et al., 2010).

1.2 Myosin II structure and function

Myosins of class II are part of a superfamily consisting of 18 distinct classes of
proteins (Berg et al., 2001). Myosins II are hexameric enzymes composed of
two heavy chains (each of 220kDa) and two pairs of light chains (17 kDa and
15 kDa) (Fig.3). The heavy chain dimers include a head, a neck and a tail
(Fig.2b). The head consists of two globular heads (motor domain) that interact
with actin and hydrolyze ATP. The neck domain binds to the myosin light
chains (MLC), which are responsible for acto-myosin contractile response.
After the phosphorylation of MLC, myosin becomes activated and can interact
with actin filaments (Berg et al., 2001). The tail domain consists of two coiled-
coil alpha helix structure (Fig.3), which allows the polymerization of the
molecules into bipolar filaments in both muscles and non-muscle cells (Sellers,
2000); and of a short C-terminal, non helical region (Fig.2b) (Althaus et al.,
2009).

The coding region of exons 1 to 18 translates for the globular head, exon 19 for

the neck, and exons 20 to 39 for the coiled coil domain. The last 34 amino acid



residues of the non helical tail are encoded by exon 40 (Fig.2b) (Althaus et al.,
2009).

COOH
@. COOH
Motor domain ‘ Rod domain

Fig.3 Schematic representation of myosin-9 structure.

Myosin is an hexameric enzymes composed of two heavy chains and two pair of light chains.
The N-terminus of the protein forms the motor domain composed of two globular heads; while
the C-terminus forms the rod domain, which allows the molecules to polymerize into bipolar
filaments. To create highly ordered structures, the dimers are then associated laterally each
other to compose the functional filament of myosin (in blue color the heads and in red the rod
domain as on the top of the picture).

Besides a well-characterized role of class I myosins in contraction and force
production in muscles, little is known about the specific functional role of non-
muscle myosins. Several evidence indicate that the non-muscle isoforms are
involved in different cell functions like cell mobility, cytokinesis,
phagocytosis, maintenance of shape, and organelle/particle trafficking (Sellers,
2000). The role of myosin-9 has been investigated in HeLa cells expressing a
truncated form of the protein, lacking the first 591 amino acids (Wei et al.,
2000). The expression of this protein induced cell rounding with rearrangement
of actin filaments and disappearance of focal adhesion, suggesting that myosin-
9 is important in maintaining the normal cell morphology (Wei et al., 2000).
When the MYH9 gene was silenced, cells showed alterations in shape,
disruption of actin cytoskeleton, loss of focal adhesion and of the motor

function (Li et al., 2008).

1.3 Myosin II isoforms and functional compensation
In addition to myosin-9, the non-muscle myosins of class II consist of other two

isoforms: myosin-10 and myosin-14, which are encoded by MYHI0 and



MYH]14 genes, respectively (Buxton et al., 2003; Leal et al., 2003; Simons et
al., 1991). The three non-muscle heavy chains share a high degree of amino
acid similarities, 90-92% among the motor domains and 75-77% among tails
(Leal et al., 2003). Furthermore, the non-muscle myosin heavy chain genes
share the same genomic structure, suggesting that they originated from a single
ancestral gene. However, the expression patterns are peculiar among the three
isoforms. In hematopoietic lineages, myosin-9 is the predominant mRNA,
while myosin-10 is weakly transcribed only in bone marrow and myosin-14 is
not detectable in any cells (Marigo et al., 2004). Interestingly, since myosin-9 is
the only protein expressed in the megakaryocytic and granulocytic lineages, its
exclusive presence in these tissues could correlate with the congenital
hematological features of MYH9-RD patients. The myosin-9 transcript is also
revealed in kidney, eye and ear, where MYH9-RD clinical manifestations have
a late onset; in these organs, myosin-10 and myosin-14 are weakly expressed,
leading to hypothesize that myosin isoforms could partially compensate each
other (Marigo et al., 2004). Moreover, high levels of myosin-9 are also detected
in the epithelium of palate shelves and in the endothelial cells of vessels, as
well as in epithelial derivatives of hair follicles, teeth and lacrimal gland, which
are apparently not affected in patients. In these tissues myosin-14 is highly
expressed (Marigo et al., 2004), consistent with the hypothesis that myosins-10
and myosin-14 might functionally compensate for defective myosin-9. Thus,
learning whether myosin isoforms compensate one for another when co-
expressed in the same cells, will be fundamental to explain the MYH9-RD
phenotype. Evidence supporting functional compensation among non-muscle
myosin isoforms comes also from siRNA experiments in COS7 cells. The
silencing of MYHIO reveals a defect in the cytokinesis but not in the
karyokinesis, thus the number of cells decreases while the multinucleation
increases. This defect is partially rescued by the exogenous expression of
MYHY and MYH14, which decreases the multinucleated cells from 66% to 30%
(Bao et al., 2005).

Moreover, ablation of both mouse Myhl( alleles results in cardiac and brain

defects, which are lethal during embryonic development between E14.5 and



birth. Indeed, Myhl10 is required for normal migration and cell-cell interaction,
playing an active role in the transmission of force to maintain: myocyte
integrity during and after contraction and migration of neural cells out of the
ventricular zone (Uren et al., 2000).

Replacing Myhl0 gene with Myh9 expressed under the control of Myhl0
endogenous promoter, was observed a rescue of embryonic lethality and
hydrocephalus, a defect in cell-cell adhesion complex of neuroepitelial cells
that causes their protrusion into the spinal canal, obstructing it (Bao et al.,
2007). On the other hand, Myh9 did not rescue the impaired migration of the
facial and pontine neurons; the cardiac structural abnormalities and also the
cardiac myocyte tissue resulted decreased of 70% compared with controls (Bao
et al., 2007). Hence, Myhl0 plays an isoform-specific role in normal migration

of specific group of neuronal cells and during cytokinesis of cardiac myocytes.

1.4 Pathogenetic mechanisms leading to MYH9-RD

The role of mutations in the pathogenetic mechanisms leading to MYH9-RD is
still unclear, as different studies have brought to contrasting conclusions.

As mentioned above, the assembly of non-muscle myosin II involves the
dimerization of two alpha-helices to form the coiled-coil rod structure that
laterally associates to form the functional filaments (Fig.3). Defects in either
steps could result in the inability to form functional myosin-9 bipolar elements.
The mutations in MYHY rod domain impair myosin-9 dimerization and/or the
lateral associations of dimers and seem to result in the aggregation and
accumulation of myosin-9 in inclusion bodies (Franke et al., 2005). In
particular, in vitro studies show that wild-type molecules associate in
paracrystal structure, whereas mutants (R1165C, D1424N, E1841K, R1933X)
form aberrant aggregates. Inability of these proteins to correctly assemble
suggests that the tail domain is required for the correct self-assembling and
alignment of myosin molecules into functional filaments (Franke et al., 2005).
MYH9-RD is an autosomal dominant condition in which one allele is wild-type
and the other carries the mutation. Since myosin consists of two heavy chains,

its assembly could generate a mixture of wild-type homodimers, mutant



homodimers and heterodimers consisting of one mutant and one wild-type
molecule. If the expression of wild-type and mutant myosin-9 is equal and their
association occurs randomly, 50% of the myosin molecules are heterodimers
and 50% homodimers, thus 75% of which are defective. Therefore, co-
polymerization into filaments of normal and defective molecules could impair
function and localization of myosin-9, exerting a dominant-negative effect
(Kunishima et al., 2007). There are several data supporting this hypothesis. In
order to investigate the effect of MYH9 D1424H mutation, mutated cDNA was
transfected, with and without wild-type cDNA, in COS7 and HeLa cells. The
presence of protein aggregates, similar to those observed in patients
neutrophils, demonstrated that mutant myosin-9 interacts with wild-type
protein (Panza et al., 2008). Moreover, in the neutrophils of either R1933X or
E1945X patients, only a 32% of residual myosin-9 protein, all wild-type, was
revealed (Pecci et al., 2005). It was hypothesized that normal and mutant
myosin-9 molecules were associated within inclusions, depleting cells of
functional protein (Pecci et al., 2005). These observations supported the
prediction that in the inclusion bodies there was a 75% of mutant myosin-9
protein (Kunishima et al., 2007).

In platelets of patients carrying a mutation in rod domain a decreased amount
of total myosin-9 was observed (Deutsch et al., 2003; Pecci et al., 2005). In
particular, patients carrying mutation D1424N showed reduced, but normally
distributed protein, in platelets and in megakaryocytes (MKs), suggesting a
mechanism of haploinsufficiency (Deutsch et al., 2003). A 50% reduction in
the expression of myosin-9 was observed, suggesting that only wild-type
protein and not mutant form was present. The immunoblot analysis on MKs of
the same patients confirmed the 50% of protein reduction compared with
controls, demonstrating that reduced amount of protein in platelets derives
from a defect in MKs. These investigations on MYH9-RD patients MKs and
platelets made the authors to suggest that mutant myosin-9 could not be
revealed in these cells because degraded (Pecci et al., 2005). Taken together

these results indicate that mutations could exert different effect in different



cells: dominant negative effect in neutrophils and haploinsufficiency in
platelets (Deutsch et al., 2003; Pecci et al., 2005).

On the other hand, mutations localized in motor domain correlate with a
reduction of enzymatic activities of myosin head without disturbing the
dimerization and assembly of thick myosin filaments (Hu et al., 2002). It is
known that the enzymatic activity of myosin-9 is regulated by light chain
phosphorylation. Thus, low ATPase activity and less efficiency in moving actin
of the mutant protein, could be due to the inability to induce phosphorylation of
the light chains. It is also possible that an insufficient amount of functional
wild-type filaments could impair contractility and cellular dynamics (Hu et al.,

2002).

1.5 Megakaryopoiesis and platelets production

Since the common feature among MYH9-RD patients is thrombocytopenia with
giant platelets, many physiopathological studies were aimed at understanding
the molecular mechanisms of this defect. Megakaryopoiesis is a complex
process in which thrombopoietin and other cytokines induce commitment and
differentiation of pluripotential marrow stem cells into small, immature MKs.
At the end of megakaryocytic differentiation, mitosis stops and an unusual
process of polyploidization, called endomitosis, starts so that MKs increase
their size to a diameter of 100 pum with a DNA content up to 128 N (Patel et
al., 2005). Their cytoplasm undergoes a maturation process with intense
synthesis of proteins, formation of granules and synthesis of plasma membrane
with the formation of a membranous network of cisternae and tubules, called
demarcation membrane system. These membranes are in continuity with the
plasma membrane and have the primarily function of reservoir for proplatelets
formation (Patel et al., 2005).

The platelets biogenesis starts when mature MKs migrate from the osteoblastic
niche of the bone marrow to the vascular space. The MKs interact with the
endothelial cells of bone marrow vessels converting the bulk of their cytoplasm
into multiple long protrusions, called proplatelets. These 100 um- to 500 pm-

long, thin and branch protrusions generate platelets and release them directly as



small sub-cellular fragments into the intravascular sinusoidal spaces (Patel et
al., 2005; Junt et al., 2007).

There are evidences that proplatelets arise from the unfolding of the
demarcation membrane system and that microtubule cytoskeleton provides the
sliding power for reorganization and extension of the proplatelets (Patel et al.,
2005). At this stage, myosin-9 seems to be down-regulated to allow
microtubule expansion, and indeed, it has been found that either elevation of
myosin-9 activity by exogenous expression or mimicking of constitutive
phosphorylation of its regulatory myosin light chain, significantly attenuates
proplatelets formation (Chen et al. 2007).

It has been also reported that proplatelets elongation is regulated by
microtubules, whereas actin is involved in the branching structures that lead to
amplification and more efficient shedding of the platelets (Chang et al., 2007).
The microtubules extensions are under the control of cytoskeleton
reorganizations which play an important role in elongation and amplification of
proplatelets and in platelets release. The aggregates of actin filament occur
periodically along the proplatelets shaft and appear to be used as “muscles” to
bend the microtubules (Italiano et al., 2007). Moreover, proplatelets formation
is blocked when actin polymerization is inhibited. Taken together all these data
suggest that actin is involved in proplatelets formation (Sabri et al., 2004).
Other reports have shown that proplatelets formation is inhibited in MKs
adherent onto collagen I through the Rho/ROCK pathway (Chang et al., 2007).
ROCK is a key effector of Rho. The major role of Rho/ROCK pathway is to
regulate actin-myosin motor by modifying myosin light chains (MLC)
phosphorylation (Chang et al., 2007). MLC phosphorylation is necessary for
actin-myosin motor activation, to provide essential contractile force for many
cellular processes, such as cell contraction, cytokinesis, cell migration and
membrane blebbing (Kureishi et al., 1997). Myosin-9 motor activity and
binding to actin filaments are mainly determined by the phosphorylation of its
regulatory light chains. Rho/ROCK pathway acts as negative regulator of
proplatelets formation, in particular it stimulates myosin-9 to inhibit platelets

production (Chang et al., 2007). Rho/ROCK pathway plays also a major role in
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cytokinesis by regulating actin polymerization and activity of class II myosins
(Lordier et al., 2008). Indeed, the absence of myosin in the contractile ring
during MKs mitosis or endomitosis causes a failure in cytokinesis. The defect
in myosins of class Il markedly decreases the constriction forces of acto-
myosin ring, thus daughter cells remain connected by a cytoplasm bridge under
the polar traction forces and are then reunified by a backward movement

(Lordier et al., 2008).

1.6 Mouse and cellular models of MYH9-RD

In mice the ortholog gene to human MYH9 gene is localized on chromosome
15 and mouse myosin-9 shows a 98% homology to the human protein.
Different mouse models of MYH9-RD have been generated in recent years.
Three MYHY9-RD knock-out models show the same phenotype: the
heterozygous Myh9 +/- mice are alive without any manifestation of the disease,
whereas the double null Myh9 -/- mice are lethal during embryogenesis and
thus useless for future studies (Conti et al., 2004; Matsushita et al., 2004;
Parker et al., 2006; Mhatre et al. 2007). Indeed, the dissection of embryos of
various stage of development determine that the Myh9 -/- mice are lethal at
E7.5. In these embryos, the cell layers are disorganized and cells retain
cuboidal shape, while those of normal mice develop a polarized columnar
morphology. The expression of B-catenin and E-cadherin are mislocalized,
their amount are decreased in cell membrane and instead diffusely distributed
within cell plasma membrane (Conti et al., 2004). Myh9 -/- ES cells derived
from these embryos lose their round shape and the embryoid bodies produced,
flatten and shed cells in the medium. These data suggest that myosin-9 is
required for embryonic development of mice, in particular in maintaining cell-
cell adhesion and in the formation of polarized visceral endoderm (Conti et al.,
2004). Moreover, the absence of myosin-9 also results in defects in cellular
contractility, focal adhesions, actin stress fiber organization and tail retraction,
consistent with the classic role of myosin-9 (Even-Ram et al., 2007).

In another transgenic mouse model, Myh9 gene is knocked out only in the

megakaryocytic lineage, generating a mouse that develops trombocytopenia
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but, unlike patients, it also manifests severe bleeding episodes (Leon et al.,
2007). More specifically, these mice exhibit a 70% decrease in circulating
platelets, a strong increase in bleeding time, impaired thrombus growth and
disorganization under flow conditions. Myh9 -/- platelets are not able to change
their shape and to form stress fiber-like structure; platelets are not tightly
packed after aggregation, but are flat with a spread morphology and the clot
retraction is impaired. Despite to the increase in bleeding time, in vitro platelet
aggregation in response to ATP, thrombin and collagen, remained in normal
range, suggesting that myosin does not play a crucial role in these functions
(Leon et al., 2007). Moreover, Myh9 -/- MKs are significantly increased in
number compared with wild-type; they are also heterogenous in size, shape and
content of rough endoplasmic reticulum, representing a mixed population of
elliptical and spheroid cells (Eckly et al., 2009). Their cytoplasms are totally
disorganized with absence of peripheral zone.

The observation that these MKs have an increased capacity to extend
proplatelets in vitro suggests that peripheral zone forms a barrier that prevents
premature extension of proplatelets until MKs are fully mature and correctly
located to release platelets (Eckly et al., 2009). Therefore, deficiency of
myosin-9 accelerates proplatelets formation, leading apparently to premature
release of platelets, before MKs have completely synthesized and organized all
the necessary components (Chen et al., 2007). Treating these MKs with
blebbistatin, a selective antagonist of myosin-9 ATPase activity, proplatelets
formation frequency is substantially increased again supporting an inhibitory
role for myosin-9 (Chen et al., 2007). Thus, myosin-9 exerts an inhibitory
effect rather than inducing proplatelets formation in mice. Myosin-9 is a
critical element in a pathway that restrains thrombopoiesis until MKs
accumulate sufficient quantity of material required to optimally assemble
platelets (Chen et al., 2007).

Since bone marrow MK content and platelet survival time are normal in
MYH9-RD patients, the thrombocytopenia is likely caused by a defect of
platelet release into bone marrow vessels as hypothesized by the observations

in mice (Balduini et al.,, 2004; Sabri et al., 2006). Consistent with this
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pathogenetic mechanism, MKs of patients carrying the R1933X or D1424N
mutations lose the physiologic inhibition of proplatelets extension exerted by
the interaction with type I collagen (Pecci et al., 2009). Produced proplatelets
show a significantly reduced number of bifurcations in secondary processes
despite a normal length of the individual proplatelet shafts, thus indicating a
defect in proplatelet branching (Pecci et al., 2009). In fact the number of tips
per MKs is reduced and the tips have a larger size than controls. Since
proplatelet branching is a mechanism to amplify the number of proplatelet tips
of a single MK and the consequent number of released platelets, the defective
branching of MYH9-RD MKs could further contribute to the pathogenesis of

thrombocytopenia.

1.7 Kidney, ear, and lens: pathogenetic mechanisms

Pathogenesis of cataracts and hearing loss in MYH9-RD are completely
unknown, and only limited informations on the mechanisms of kidney damage
have been gained. In kidney myosin-9 is express in both fetal and mature
tissues, such as glomeruli, podocytes, arteriolar and peritubular capillary
endotelial cells (Arrondel et al., 2002). Non-muscle myosin-9 seems to be a
major component of the actin-myosin contractile apparatus in the podocyte foot
process and is thought to play a role in maintaining capillary wall integrity
against hydraulic pressure and therefore in glomerular filtration (Arrondel et
al., 2002; Matsushita et al., 2004). Therefore mutated myosin-9 would lead to
proteinuria, glomerular basement membrane lesions and glomerulosclerosis.
Consistent with this hypothesis, myosin-9 is revealed as abnormally distributed
or decreased in mesangial cells, tubular cells and podocytes of MYHY9-RD
patients (Sekine et al. 2010).

1.8 Genotype/phenotype relationship in MYH9-RD

According to the different positions of MYH9 mutations, phenotypes show a
variable expressivity.

Most of the patients carrying mutations in the motor domain of myosin-9 (such

as R702C or R702H) have a severe thrombocytopenia (platelets count usually
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lower than 40,000/uL) and a higher risk of developing glomerulonephritis and
deafness before the age of 40 (Pecci et al., 2008). In this domain, the most
frequent mutations are those affecting residue 702 (R702C, R702H). Studies
based on the crystal structure of homologous smooth muscle myosins locate
this residue in SH1 helix, a segment critical for the hydrolysis of ATP and
conserved in the conventional myosins of class II (Dominguez et al., 1998). In
order to convert chemical energy into force production, myosins amplify the
conformational changes of their motor domain, thanks to a lever arm composed
of a converter sub-domain, followed by a C-terminal elongated region of the
myosin head. The first part of the coiled-coil domain allows the two myosin
heads to be connected to the thick filament. The SH1 helix is the joint between
the converter sub-domain and the other region of the myosin motor domain
(Pylypenko et al., 2011). Within the SH1 helix side chain of arginine 702 forms
a hydrogen bond with Q706, which is situated at the end of the helix. Thus the
R702C, R702H and Q706E mutations affect the association of these residues
and result in the destabilization of SH1 helix. Furthermore, molecular modeling
shows that mutations at residue 702 result in conformational changes of the
globular head of the protein. These modifications impair myosin-ATPase
system, reducing MgATPase activity to 25% of the normal (Hu et al., 2002).

On the other hand, patients carrying mutations in the tail domain have a mild
phenotype characterized by moderate macrothrombocytopenia and a lower risk
of later onset manifestations. In particular patients with R1933X, a frequent
mutation replacing arginine 1933 with a stop codon, have no risk for non-
haematological manifestations (Pecci et al., 2008). Another example is the
amino acid position 1424, which, if mutated, is associated with an intermediate
phenotype with no risk of nephropathy but a higher risk of developing cataracts
and sensorineural hearing loss after the age of 60, compared with the

unaffected population (Pecci et al., 2008).
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1.9 Diagnosis and inclusion bodies

A revolution in diagnosis of MYH9-RD disorders has been the observation that
patients have abnormal myosin-9 protein accumulation in the cytoplasm of
neutrophils (Kunishima et al., 2001; Kunishima et al., 2003; Kunishima et al.,
2008). Identification of myosin-9 aggregates in neutrophils is predictive for the
presence of MYHY9 mutations whereas a normal myosin-9 localization can
exclude the diagnosis of MYH9-RD (Savoia et al., 2010).

Moreover, a correlation between type of inclusions and causative mutations has
been identified (Savoia et al., 2010). The abnormal localization pattern has
been classified into types I, II and III, according to number, size and shape of
accumulated myosin-9 granules. In type I localization neutrophils contain one
or two large, intensely stained, oval to spindle shaped cytoplasmic myosin-9
positive granules. Type I large foci are revealed in neutrophils of patients with
mutations in exons 24, 38 or 40 (Pecci et al., 2010). Type II localization
comprises 3 to 20 small circular to oval shaped cytoplasmic spots and it is
associated to patients with missense mutations in exons 1, 16, 26 and 30.
Instead, the type III localization is characterized by a speckled pattern or small
dots, scattered throughout the cytoplasm of neutrophils. This localization is
associated with missense mutation leading to amino acid substitution N93K and
S96L (Kunishima et al., 2003).

The neutrophils inclusions are described as ribonucleoprotein complex
containing abnormally accumulated myosin-9 protein, RNA and clusters of
ribosomes. By in situ hybridization, to locate RNA, and immunofluorescence
analysis, to reveal the myosin-9 protein, it has been observed that RNA is
present in the inclusion bodies and is co-localized with myosin-9 (Kunishima et
al., 2007). In particular, the RNA content in neutrophils inclusion bodies of
patients with R702C mutation is less than those of patients carrying other
mutations. Thus, MYH9 mRNA content, and not myosin-9 protein
accumulation, seemed to be responsible for morphological appearance and/or
sustainability of aggregates on stained blood smears (Kunishima et al., 2007;

Kunishima et al., 2008a).
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2. Aim of the Study
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Since the pathogenetic mechanisms responsible for MYH9-related disease are
poorly understood, it is necessary to improve knowledge on how MYHY
mutations bring to the development of this disorder in patients. These
mutations are in most cases missense substitutions occurring in few
nucleotides, well conserved in evolution, but located in regions that lack
known functional significance.

Moreover, myosin-9 is widely expressed but only few tissues show a
pathological phenotype. Regarding this aspect, it has been hypothesized that
the non-muscle myosins of class II have redundant functions: when co-
expressed in the same cells, they can substitute each other and compensate
defective isoform. Therefore, it is possible that if myosin-9 is the only non-
muscle myosin expressed in cells, this could lead to an altered phenotype.

To study myosin-9 functions we decided to develop a strategy to express Myh9
cDNA under the control of its endogenous regulatory sequences. For this
purpose, a suitable technique is homologous recombination, which allows
stable and locus-specific integration. However, it requires sophisticated
selection schemes of hundreds of clones, as well as the manipulation of large
vectors, which is technically daunting and economically impractical if different
hypotheses have to be tested. An alternative strategy is recombinase-mediate
cassette exchange (RMCE), which allows the insertion of an unlimited number
of exogenous DNA in a specific locus. The locus of interest is tagged with
heterospecific recombination target sites through homologous recombination
and then the resulting genomic modification permits the insertion into the
tagged locus of different exogenous DNA sequences. Being integrated in the
same locus, genes of interest are under the control of the same cis-acting
regulatory sequences, allowing a more rigorous comparison than that provided

by classical transfection procedures.

The specific aim of this thesis was to generate cellular models to test the
pathogenetic mechanisms of MYH9 mutations using the RMCE strategy. We
decided to start analyzing two of the most frequent mutations found in patients,

R702C and R1933X, selected because they correlate with a severe and a mild
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form of the disease, respectively. To reach this aim, we decided to manipulate
mouse embryonic stem (ES) cells, which being pluripotent can be both injected
in blastocyst to generate mouse models (Fig.4c) or differentiated in vitro in
several lineages (Fig.4d).

A cassette was inserted into the first coding exon of Myh9 through homologous
recombination (Fig.4a) and then exchanged with others to express the wild-
type and the two mutant Myh9 cDNAs under the control of Myh9 endogenous
promoter (Fig.4b). Since the only congenital feature of MYH9-RD patients is
thrombocytopenia, we have been developing protocols to generate
megakaryocytes in vitro from engineered ES cells and study the effect of

mutations on megakaryopoiesis and/or platelets release in vitro.
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Fig.4 Schematic representation of ES clones generated. Wild-type ES cells Myh9 +/+ were
manipulated by homologous recombination to knock out one Myh9 allele using a targeting
vector carrying B-galactosidase (Gal) and neomycin (Neo) genes, generating the (-gal/+ ES
cells, that express B-galactosidase gene under the control of Myh9 endogenous promoter (a).
These cells were then co-electroporated with three different exchange constructs (containing
the wild-type or R1933X or R702C mutated Myh9 cDNAs), in presence of flippase
recombinase enzyme vector. Heterozygous ES clones, isolated because resistant to puromycin
(Puro), express Myh9 cDNA under the control of the endogenous promoter (b). These
engineered ES cells can be injected into blastocysts to generate mouse models of MYH9-RD (c)
or be differentiated into MKSs to determine the role of mutations on affecting megakaryopoiesis
and proplatelets production (d).
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3. Materials and Methods
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3.1. Generation of the targeting vector

The generation of targeting vector and ES clones obtained by homologous
recombination event, were performed before this work become my PhD
project. For the comprehension of the RMCE strategy, I describe briefly the
technical procedures used to generate the knockout monoallelic ES clones. To
perform the homologous recombination, the vector pBluescript/GalNeo,
containing the Beta-galactosidase gene, the neomycin resistance, the long and
short arms of homology, was generated.

The plasmid was developed by PCR amplification and cloning of several
elements and confirmed by restriction enzyme digestions in combination with
DNA sequencing. The 4.8 kb long arm fragment was obtained using the
primers P1 and P2 (Tab.1), binding one in a region upstream the first coding
exon and one in exon 1 of Myh9 gene. The 3 kb short arm DNA segment was
amplified using the primers P3 and P4 (Tab.1), covering the region between the
last 49 bp of exon 1 and part of intron +1 of Myh9 gene. The long and short
arms were then validated by sequence and cloned respectively in the Notl and
Clal sites of the pBluescript SK (+/-) vector (Fig.5).
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Fig.5 Schematic representation of the targeting vector GalNeo. The cassette, expressing the -
gal gene and flanked by FRT sites, was inserted within Myh9 exon 1 by homologous
recombination. Outside the homology regions was introduced the DTA gene for negative
selection.

The GalNeo cassette was derived from the "144B-GalNeo" vector, kindly
provided by Dr. G. Diez Roux at the Telethon Institute for Genetic and
Medicine, Naples, and inserted between the homology arms. The cassette
consisted of two heterospecific FRT sites flanking the open reading frame of
the Beta-galactosidase (3-gal) gene followed by the SV40 PolyA, which were

placed between the internal ribosome entry site (IRES) and the neomycin
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(Neo) gene (Fig.5). The Neo gene, inserted as positive selector, was under the
control of a herpes simplex virus thymidin kinase (HSV-tk) promoter and has a
polyadenylation sequence of HSV-tk origin. Instead the IRES sequence was
introduced to guarantee the translation of the B-gal gene. After digestion with
BamHI, the cassette was purified and cloned into the pBluescript vector. The
diphtheria toxin A gene (DTA) was inserted as negative selection marker,
outside the region of homology: it was amplified with the primers P5 and P6
(Tab.1) and cloned into the Xhol site of the pBluescript vector, generating the
final costruct pBluescript/GalNeo. The GalNeo cassette was placed in the first
exon of Myh9 gene, so that the B-gal gene was expressed under the

transcriptional control of the endogenous Myh9 promoter (Fig.5).

Tab. 1 | Primer name Primers (written 5-3')

Pl LONG F Notl ataagaatgcggccGCAGTGAGTGTTGTTCTGCC

P2 LONG R Eagl tattcggcCGTCCTTGTTCACC

P3 Short F EcoRI cggaaITTCGGTGCTGCACAACCTCA

P4 Short R Clal ccatcgATTACTCTATTCTCAAGGGACC

P5 DTA F Xhol ctcgagCCCCAGCTGGTTCTTTCCGC

P6 DTA R Sall ctcgacGGTATCGATAAGCTTGATA

P7 Probe 3°F CATGTAGCTCCTGGCTTGCA

P8 Probe 3’R CGATGCGCATACATAGGCTC

P9 Probe 5°F AGGAGGCATCCTCCTGTCTG

P10 Probe 5’R TTCAACCCAGAACGCAATCC

P11 6R Myh9 GGATGCTAACAGAGGCTCTG

P12 Neo F CTCGACGTTGTCACTGAAG

P13 Long 1F GCAGTGAGTGTTGTTCTGCC

P14 IRES R TTATCATCGTGTTTTTCAAAGG

P15 2F Kpnl/Xhol ggtaccgetegagtGCAAGTCACCATG

P16 2R Myh9 CTCGAAGGAGTTCAGATC

P17 LF Myh9 GCTCTGGACAAGACCAAGAGG

P18 IR Myh9 TCTTGAGCTTGGCCAGGCTC

P19 8F Myh9 TGCAAACTGGCCAAGGAGAAG

P20 Notl Rev geggecgCAGAGCCGTTTGTCCATCC

P21 IF Myh9 mut R702C GTCCTTGAGGGCATCTGCATCTGCCGCCAGGGC
P22 IR Myh9 mut R702C GCCCTGGCGGCAGATGCAGATGCCCTCAAGGAC
P23 IF Myh9 mut R1933X | CATTTGTCGTGACTCGCTGAATTGTTCGGAAAGGCAC
P24 IR Myh9 mut R1933X | GTGCCTTTCCGAACAATTCAGCGAGTCACGACAAATGG
P25 FRT IF Kpnl 2etaccGAAGTTCCTATACTTTCTAGAG

P26 FRT IR Sacl 2agctcGAAGTTCCTATTCCGAAGTTCC

P27 Lox 1F Xhol ctcgagCGGAACCCTTAATATAACTTC

P28 Lox 1R Xhol ctcgagCGAGGGACCTAATAACTTCG

P29 IRES 3F Xhol/BamHI | ctcgaggatCCCCTCTCCCTCCCCCCCCCCTAA

P30 IRES 4R Clal/Sall gtcgacatcgat TATCATCGTGTTTTTCAAAGG

P31 SV40 1F Sall/Notl gtegacgeggecgcCATGTCTGCCCGTATTTC

P32 SV40 1R BamHI/Xhol | ggatccctcgagGCGGCCTTAATTAAATTT

P33 PURO IF Xhol ctcgagCCGAATTAGATCCAGACATG

P34 PURO 1R Xhol ctcgagAACGGAAGAAAAGCTGGGTG

Tab. 1 Primer used for the generation of the targeting and RMCE constructs
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3.2. Cells culture

3.2.1. Embryonic stem cells culture

Murine embryonic stem cells (ES), described for the first time in 1981, are
derived from the inner cell mass of a 3.5-days post-coitum mouse embryo
(Evans et al.,1981; Martin, 1981). Studies on chimeras generated with ES
clones demonstrated that these cells can give origin to all tissues of an adult
mouse and have the potential to contribute to the germline (Bradley et al.,
1984). Later on, it was also discovered that an individual gene can be repaired
in ES cells using homologous recombination (Thomas et al., 1987). The
generation of mice carrying targeted mutations has grown exponentially and
this technology has been used to produce mice harboring mutations in
thousands of different genes (Thomas et al., 1990; Kumagai et al., 2010).

In this study we used the TBV2 embryonic stem (ES) cells (Hill, Wurst, 1993),
derived from 129S2 mouse blastocyst inner cell mass and we cultured them in
gelatin-coated tissue culture dishes on a layer of mouse embryonic fibroblasts
(MEFs). To maintain ES cells in an undifferentiated state we used Dulbecco
modified Eagle medium (DMEM, Invitrogen) added with 1000 U/mL leukemia
inhibitory factor (Millipore) resuspended in Phosphate Buffered Saline (PBS,
GIBCO), 15% fetal calf serum tested for ES cells (HyClone), 2 mM glutamine
(GIBCO), 1 mM Sodium pyruvate (Invitrogen), 0.1 mM B-mercaptoethanol
(Invitrogen), 50 U/mL penicillin and 50 pg/mL streptomycin (Sigma).

3.2.2. The mouse embryonic fibroblasts (MEFs) cells

The primary mouse embryonic fibroblasts (MEFs, cells collection ATCC), are
usually used as substrate of ES cells and prevent their differentiation. The
MEFs cells were cultured in a Dulbecco modified Eagle medium (DMEM,
Invitrogen), 10% fetal calf serum (Euroclone), 2 mM glutamine (GIBCO), 1
mM  Sodium pyruvate (Invitrogen), 0.1 mM nonessential amino acid
(Invitrogen), 50 U/mL penicillin and 50 pg/mL streptomycin (Sigma).

The MEFs established in culture were treated when at confluence with
mitomycin C to stop their proliferation, so they cannot overgrow ES cells. We

used neomycin (Neo) and puromycin (Puro) resistant MEFs, isolated from Neo
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and Puro resistant 13.5 days mouse embryos. The Neo resistant MEFs were
used to culture the clones obtained from the homologous recombination event,
while the Puro resistant type was employed to maintain the ES clones resulted

from the RMCE events.

3.3. Homologous recombination electroporation

7x10° logarithmic growing semiconfluent ES cells were electroporated with 30
ng of targeting vector linearized with Notl. After 14 days of selection 200 ES
cell colonies were picked and screened by Southern blot and -gal assay. The

positive ES clones were called B-gal/+.

3.4. Characterization of the B3-gal/+ ES clones

3.4.1. Preparation of total genomic DNA and Southern blot analysis

The total genomic DNA was extracted using a lysis buffer containing: 10 mM
Tris pH 7.5, 10 mM EDTA, 10 mM NaCl, 0.5% SDS and 1 mg/ml proteinase
K, at 60°C overnight and then precipitated with 75 mM NaCl in EtOH. Total
DNA (10 pg) was digested at 37°C with EcoRI and 10 mg/ml RNAse, after an
hour 4 mM spermidine was added and left overnight. The DNA was separated
in a 0.8% agarose gel in 1X TAE at 80 volt, blotted onto positively charged
nylon membrane Hybond-N (Amersham, UK) using the capillary transfer
method in SSC pH 7.0 (150 mM NaCl, 15 mM sodium citrate) and
immobilised by UV irradiation.

To amplify the 500 bp DNA probe template, at the 3' end were used the
primers P7 and P8 (Tab.1), and at the 5’ probe the primers P9 and P10 (Tab.1).
The probes (25 ng) were radiolabelled with [32P]-dCTP, using the Rediprime
IT Random Prime Labelling system (Amersham, UK) and purified using the
Microspin G-50 columns (Amersham). The blot was pre-hybridized with the
"Church buffer" (7% SDS, 1% BSA, ImM EDTA pH 8.0, 250mM NaPO4 pH
7.2), added with 70 pg/ml of salmon sperm. Then the probes were hybridized
to the blot in a buffer containing: 3X SSC, 0.5% SDS, 2X Denhardt (0.04%
Ficoll, 0.04% polyvinylpyrrolidone, 0.04% BSA) at 65 °C. The filters were
washed using 2X SSC and 0.1% SDS at 65 °C, exposed in a Molecular
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Dynamics Exposition Cassette (Amersham, UK) and scanned with Phosphor-
Imager (Molecular Dynamics). The EcoRI fragments expected at the 3° end
were 14 kb for wild-type allele and 6 kb fragment for recombinant allele
(Fig.10, Results and Discussion). The membrane was then stripped and re-
hybridized with the 5’ probe, that gives a 14 kb fragment for the wild-type
allele and a 8 kb for the recombinant allele. Of the 200 Neo resistent clones
that were picked, 68 ES clones gave the expected bands (6 kb and 8 kb) of
targeted allele by Southern Blot analysis.

3.4.2. Beta-galactosidase assay

The Beta-galactosidase assay was performed to confirm the correct integration
of the B-gal cassette under the control of the endogenous promoter of Myh9 and
to verify the functionality to express the Beta-galactosidase gene of this
promoter. All the B-gal/+ ES clones tested for Southern Blot were also stained
with the Beta-Gal Staining Kit (Mirus Bio, TEMA Ricerca), following the
manufacturer instructions. The ES clones were washed twice with PBS, fixed
with the fixative working solution and incubated at room temperature. After
removing the fixative, the cells were completely covered with the staining
working solution and incubated overnight at 37°C. The day after, we checked
the colour of the cells to confirm the expression of the Beta-galactosidase gene.
The ES clones, with a single genomic integration site (controlled by Southern
blot) and B-gal positive, were further characterized before selecting the B-gal/+
clone to be used for the RMCE strategy.

3.4.3. PCR amplifications

To further verify the targeting events of the B-gal/+ clones, some PCR
amplifications were performed on the genomic DNA of these clones. To
amplify the long template was used the TakaRa LA Taq enzyme (Lonza),
according to the manufacturer manual. The genomic DNA was extract from
10" ES cells as described above and used immediately for PCR amplifications.
To check the sites of integration were used a primer annealing outside the

homology region and one inside the B-gal cassette: for the 3' end the P11 and
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P12 primers (Tab.1), and for the 5’ integration, the P13 and P14 primers
(Tab.1). The PCR products, corresponding to the recombination junctions,
gave the expected fragments, confirming the correct integration of the GalNeo

cassette into the Myh9 locus.

3.4.4 Karyotype

The 68 ES clones were pretreated for 20 minute with a hypotonic solution
(0.07 M KCl), which swelled them and spreaded the chromosomes; then they
were exposed for 45 minute to a solution of 0.04 % colcemid, to arrest the
mitosis in metaphase. The cell suspension was fixed with several changes of
glacial acetic acid:methanol in the ratio of 1 to 3; then small drops of cells were
placed on the coverslips and air dried. These preparations were stained with
Giemsa solution, washed and mounted. The karyotype of 40 metaphase were
prepared and observed to select the best B-gal/+ clone to perform the RMCE

electroporations.

3.5. Generation of the exchange vectors

3.5.1. Amplification and cloning strategy of cDNA Myh9

The 5.8 kb Myh9 cDNA full length was obtained with three separate PCR
amplification, each fragment was inserted in the "TOPO TA cloning" vector
(Invitrogen) and then the entire Myh9 open reading frame was reconstructed
taking advantage of unique restriction sites. In fact, the primers used to amplify
the three Myh9 fragments were modified inserting restriction enzyme
sequences in the 5” end of the primers. The primers P15 and P16 (Tab. 1) were
used to amplify the 5° end of the gene, adding a Kpnl/Xhol sequence and a
BamHI restriction enzyme sequence at the ends of the fragment; the primers
P17 and P18 were employed to obtain the central region, which contains the
restriction site sequences for BamHI and EcoRI enzyme; then the P19 and P20
were used to amplify the 3’ end of the Myh9 gene adding the EcoRI and Notl
restriction enzyme site sequences. These PCR reactions were performed with a
mix of two DNA polymerase: AmpliTaq Gold (Applied Biosystem) and Pfu
Turbo (Promega) to obtain respectively high efficiency and high fidelity PCR
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products. Each PCR product was inserted in a "TOPO TA cloning" vector, then
the three fragments were digested and ligated together in the "pcDNA3.1
FLAG" vector, in frame with the TAG, to obtain a construct expressing the

Myh9 full length cDNA (Fig.6, Top).

3.5.2. Site-Directed Mutagenesis

The site-directed mutagenesis was used to insert a point mutation in the Myh9
cDNA to obtain the R1933X mutation and to change two nucleotides in the
mouse cDNA to mimic the amino acids substitution present in R702C human
protein. The directed mutagenesis method was performed using a Pfu Turbo
DNA polymerase (Promega) that replicates both the plasmid strands with high
fidelity and without displacing the mutant oligonucleotides primers. The
primers, each complementary to a strand of the vector, were extended and its
incorporation generated a mutated plasmid containing staggered nicks.

The "TOPO TA cloning" vector containing the central fragment of the Myh9
cDNA was used as template (Fig.6, bottom left), to obtain the R702C mutation,
with the primer P21 and P22 (Tab.1). Instead, the R1933X mutation was
generated using as template the "TOPO TA cloning" vector carrying the third
Myh9 cDNA fragment (Fig.6, bottom right) and the PCR was carried out with
the P23 and P24 primers (Tab.1). The PCR products were then treated with the
restriction endonuclease Dpnl to digest the parental DNA template and select
the one containing the mutation.

The "TOPO TA cloning" vector with the central fragment mutated R702C was
digested and cloned into BamHI/EcoRI, to substitute the central wild-type
fragment in the "pcDNA3.1 FLAG"; the third fragment with the R1933X
mutation contained in the "TOPO TA cloning" vector, was digested and cloned
EcoRI/Notl, replacing the wild-type Myh9 fragment in the "pcDNA3.1 FLAG"
vector (Fig.6).
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Fig.6 Generation of pcDNA3.1 FLAG expression vectors carrying Myh9 mutant cDNAs.
We obtained the mutations R702C and R1933X by site-directed mutagenesis in "TOPO TA
cloning" vectors carrying the second Myh9 fragment using the primers P21, P22 and the third
Myh9 fragment using P23, P24, respectively (Tab. 1). Then we substituted the two mutant

fragments in the "pcDNA3.1 FLAG-Myh9" to obtain the "pcDNA3.1 FLAG-Myh9 R702C"
(left) and "pcDNA3.1 FLAG-Myh9 R1933X" (right).

3.5.3. Generation of the RMCE vectors

Briefly, the RMCE 1is based on the Flippase Recognition Target

cassette/flippase recombinase enzyme system. The flippase recombinase (FLP)
from Saccharomyces cerevisiae can be transfected into animal cells to perform
site-specific recombination (Bode et al., 2000). In fact, this enzyme can induce
excision or translocation or inversion of any piece of DNA that is flanked by
two identical FRT sites (Schlake et al., 1994; Seibler et al., 1998).

Instead to allow the exchange of the cassettes, two non identical FRT sites
(Fig.8) need to cloned into the RMCE vectors (Baer et al., 2001). Therefore,

the RMCE vectors were generated cloning different elements in the

pBluescript vector (Fig.7).
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Fig.7 Schematic representation of the generation of the RMCE constructs. The following
sequence were inserted into pBluescript vector: two non identical FRT sites (a), two LoxP sites (b),
the IRES sequence (c), the SV40 PolyA (d), the puromycin resistance with its own promoter and
PolyA (e) and the Myh9 wild-type or R702C or R1933X mutant cDNAs (f).

The two FRT sites, mutated and wild-type, were amplified with the primers
P25 and P26 (Tab.1) from the pUC19-FRTs vector, kindly provided by Dr. G.
Cobellis at the Telethon Institute for Genetic and Medicine, Naples, and cloned
into Kpnl, Sacl and Sall restriction enzymes inserted by the primers (Fig.7a).
The FRT sites are sequences of 48 bp that consists of three symmetric elements
of 13 bp (Fig.8). The '1' and 2' elements are in inverted orientation while the '2'
and '3' elements are in direct orientation. The '1' and '2' elements are separated
by an 8 bp asymmetric core region (lower case letters), across which the
recombination event takes place. The FRT wild-type (FRT wt) and mutated
(FRT*) differ for these asymmetric core sequences (Fig.8).
Two LoxP sites, with the same direction, were amplified with the primers P27
and P28 from the "pFlox" vector, kindly provided by Dr. M. Studer at the

University of Nice. The fragment was amplified with a pair of primers which

added the Xhol restriction site sequences (Fig.7b).
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I
FRT wt GAAGTTCCTATAC ttctagaGAATAGGAACTTCGGAATAGGAACTTC

- + +
>

FRT* GAAGTTCCTATAC cttttgaaGAATAGGAACTTCGGAATAGGAACTTC

4
- 4
> +* B

Fig.8 Sequences of the FRT sites wild-type and mutant. These elements are both composed of
three identical repeated regions (horizontal arrows: 1, 2, 3) and differ for 8 nucleotides (written in
lower case)

At the same time the IRES sequence was obtained from the pIRES-hrGFP
vector (Startagene) with the primers P29 and P30 (Tab.1), carrying respectively
the restriction Xhol/BamHI and Clal/Sall sites and then it was cloned into the
Sall restriction enzyme of the pBluescript-FRT vector (Fig.7¢).

The SV40 PolyA sequence was amplified from the "144B-GalNeo" vector with
the P31 and P32 primers (Tab.1) carrying the Sall/Notl and the BamHI/Xhol
restriction enzyme sequences, respectively and cloned into the unique Sall
restriction site of the pBluescript/FRT/IRES plasmid (Fig.7d).

The IRES/SV40 PolyA sequence was cloned into the BamHI site of the vector
carrying the LoxP and the FRT sites (Fig.7b), generating the
pBluescript/FRT/Lox/IRES/SV40 PolyA vector (Fig.7e).

When this strategy was designed, the idea was to work without positive
selection to integrate only the Myh9 cDNAs, without introducing exogenous
sequences in the ES cell genome. Therefore the exchange cassette
recombination without positive selection gave no ES clones after
electroporation and so we decided to insert the puromycin resistence gene in
the exchange vectors. Thus, the BamHI site was changed in Xhol restriction
target sequence. The puromycin resistence gene, driven by a PGK promoter
and a SV40 PolyA, was amplified with the primers P33 and P34 (Tab.1), from
"Pallino" vector, kindly provided by Dr. S. Filosa at the Institute of Genetics
and Biophysics, Naples, and cloned into the Xhol site. Then the cDNA full
length of Myh9 wt, R702C and R1933X were cloned using the Xhol and Notl

sites, into the Sall and Notl restriction sites of the final exchange vector

(Fig.7f).
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3.6. RMCE electroporations

Many different electroporation conditions and parameters, such as number of
cells and amount of plasmidic DNA have been published in literature (Tompers
et al., 2004). Therefore in order to set the best parameters of voltage, number,
duration of the pulse in the EasyjeT Optima device (Equibio), we tried to
transfect 10° to 10’ TBV2 ES cells with 30 pg of a vector encoding for the
green fluorescent protein (pmaxGFP, Amaxa-Lonza). However, since the
RMCE event requires the co-electroporation of both flippase enzyme (FLP)
and exchange vectors, we had to set up other parameters in order to find the
best conditions for our ES cell strain. We electroporated two different FLP
recombinase expression vectors: the plasmid pOG44 (Invitrogen) and the
plasmid "pCAGGS-FLPe", kindly provided by Dr. G. Cobellis at the Telethon
Institute for Genetic and Medicine, Naples and several concentration of FLP
and exchange vectors.

The co-electroporation of 25 pg of exchange vector and 5 pg of FLP
recombinase plasmid gave 27 puromycin resistent ES clones, none of them 8-
gal negative. The pOG44 FLP plasmid was abandoned, because it killed almost
all the electroporated ES cells.

Furthermore, the number of clones obtained was still very low even increasing
the concentrations of RMCE vector and FLP recombinase vectors to 30 pug and
20 ng, respectively. Finally we obtained a suitable number of ES clones to be
picked and characterized by electroporating 7x10° ES cells at 230 Volt and
500uF with 25 pg of exchange and 100 pg of FLP recombinase vectors.
However, electroporations of DNA precipitated with phenol/chloroform (Tab.
2, ES clones carrying R702C or R1933X Myh9 cDNAs), still gave very low
recombinase efficiency compared to the RMCE efficiency reported in literature
(Cobellis et al., 2005; Toledo et al., 2006).

In order to increase the RMCE we thus tried to electroporate plasmidic DNAs

precipitated with isopropanol/ethanol, obtaining unsatisfying results as well.
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Tab. 2 Summary of ES clones

Clones  |survived [B-gal neg |PCR |RMCE eff. |growth |karyotype

R1933X/+ obtained by RMCE
77 77 4|sE 5% [+++  [38/40 .
8A + 36/40 electroporations. In columns are
3B +H 32/40
9B +++  |38/40 reported: number of ES clones
R702C/+ picked from the plate after
22 22 2|p6 9%[+++  |36/40 . . .
F6 + 38/40 electroporation; clones survived in
Wi puromycin; clones that lose the 3-
44 35 12|A1 34%[++ 34/40 .
= = gal gene, acquiring the Myh9
F1 + .
% v T cassette; name of each ES clone
g = analyzed by PCR to check the sites
% = 34/40 of integration; exchange efficiency
gi = | (considered as the percentage of B-
Fd = al negative "correct" clones on
B6 +++  |32/40 g g
= 7 e T puromycin  survived  clones);
‘é‘; — quality of growth rate and
D& tit 3440 karyotype of 40 metaphases of the
B7 ++ 40/40

ES clones.

We thus performed the electroporation with non-precipitated plasmidic DNA
and finally obtained a considerably higher recombinase efficiency compared to
the previous electroporations (Tab. 2, ES clones carrying the wild-type Myh9
cDNA).

After electroporations the ES cells were cultured without antibiotic selection
for 2 days, to facilitate the recombination events and then we selected them
with puromycin.

To fix the correct concentration of antibiotic for the selection of the exchanged
clones we performed an antibiotic kill curve on the B-gal ES clones by using
concentration of puromycin ranging from 0.5 pg/ml to 3 pg/ml for a week. We
found that the best concentration was 1.5 png/ml which killed all the clones not
carrying the resistance.

It is crucial that the feeder cells used during the selection were resistant to the
antibiotic of choice, thus we used puromycin resistant MEF cells for the ES

clones obtained from the RMCE events.
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3.7. Characterization of the ES cells

As well as for their morphology, the ES clones were also tested for their
karyotype and also for B-gal staining, as described above. Of note, the time
needed to obtained these ES clones by electroporation was quite long but the
selection to finally identify the positive one was easier thanks to the B-
galactosidase gene presence. Indeed the B-gal assay allowed us, by a simple
colorimetric test, to measure the gene activity of the ES lysates by using a

spectrophotometer at absorbances of 405 nm.

3.7.1. Total RNA Extraction

The total RNA was extracted from the ES cells by standard protocol using the
TRIZOL Reagent (Invitrogen). We added chloroform in the cells resuspended
before in TRIZOL, centrifuged, removed supernatant, precipitated with
isopropanol. RNA was treated with DNase enzyme (Roche) to avoid the
presence of genomic DNA and of the plasmid used for the electroporation,
which would interfere with the subsequent PCR amplification experiments.
The integrity of RNA samples was verified by standard agarose gel

electrophoresis and spectrophotometer quantification.

3.7.2. Reverse transcription

The total mouse ES RNA was reverse transcribed with the Transcriptor First
Strand cDNA Synthesis Kit (Roche) following the manufacturer instructions.
We used a combination of Anchored-oligo(dT) primer and Random Hexamer

primer to increase the sensitivity for long template.

3.7.3. PCR amplification

The PCR amplifications to check the regions of the integration of the cassette
were carried out first using the genomic DNA as template. The 5' end was
amplified with the primers P35 and P36 (Tab. 3 and Fig.12, Results and
Discussion), which annealed at the long homology arm and at the IRES
element of the exchange cassette, respectively. The amplification of the 3' end

was done using the primers P37 and P38, which annealed to the short
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homology arm and to the puromycin gene, contained in the exchange cassette,
respectively (Fig.12, Results and Discussion).

The PCR amplifications in the regions of integration were then sequenced.

The sequences of the wild-type and of the two mutations inserted (Fig.13,
Results and Discussion), were obtained using as template the cDNAs, obtained
by reverse transcription of RNA treated with DNAse. We performed the PCR
amplifications with the primers P39 and P20 that anneal in exon 40 to amplify
the R1933X mutation; to sequence the R702C region, we used the primers P40
and P41 annealing in exon 16 (Tab. 3).

Tab. 3 Primer name Primers (written 5-3))

P35 5F LONG GGCCATTGTAGAGCTGGTAG
P36 2R IRES TACACGTGGCTTTTGGCCG
P37 5R SHORT AGACAGTGGGATAAAGAGACTC
P38 PURO 7R CATGTCTGGATCTAATTCGGC
P39 11F Myh9 TGGAGGCCAAAATTGCACAG
P40 18F Myh9 AGACAGCACTACCTGGTGCC
P41 18R Myh9 CTCCTGGAAGACCACCCTG
P42 17F Myh9 CGAGAAAGTCCACTCGGAAG
P43 Neo 7 GCGATGCCTGCTTGCCGAATA
P44 17R Myh9 TGTACATCTCCACGATCTTCC
P45 GAPDH 1F GGCATTGTGGAAGGGCTCAT
P46 GAPDH IR ATCACGCCACAGCTTTCCAG
P47 Myh9 15 F CGTCCTTGAGGGCATCCGG
P48 Myh9 15 F mut CGTCCTTGAGGGCATCTGC
P49 Myh9 15 R TGGAGTTGGGGGTGAGGATC
P50 Myh9 17 F GCCATTTGTCGTGACTCGCC
P51 Myh9 17 F mut GCCATTTGTCGTGACTCGGT
P52 Myh9 17 R TTCAGCTGCCTTGGCATCGG

Tab. 3 Primer used for the characterization of the ES clones

To verify whether the homologous recombination and the exchange cassettes
allowed the correct splicing between the noncoding exon -1 and the coding
exon 1, and between exon 1 and exon 2 of Myh9 cDNA, we performed further
PCR amplifications on the cDNA. For all the ES clones we used the primers
P42 and P36 (Tab. 3; Fig.12, Results and Discussion) that annealed in the
noncoding exon -1 and in the IRES element of both the cassettes, respectively
(Fig.14, Results and Discussion). To check the splicing mechanism in the 3'

region of the B-gal/+ clones we used the primers P43 and P44 (Tab. 3) that
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annealed in the neomycin resistance and in exon 2. To amplify the 3' end
region of the exchanged clones we performed the PCR with the primers P38
and P44 (Tab.3; Fig.12, Results and Discussion), annealing in the puromycin
resistance and in exon 2. Then we verified that there were not mRNAs
composed of either Myh9 and puromycin sequence or B-gal and neomicin
gene. Since after B-gal gene, Myh9 cDNAs and the two resistance genes was
cloned a polyadenylation sequence (Fig.12, Results and Discussion), 3' end
PCR amplifications did not give any product (data not shown). Moreover we
observed that the transcription stopped downstream the resistance gene and
therefore, as desired, the cassette insertion disrupted the Myh9 coding sequence

on the tagged allele.

3.7.4. Real-time PCR amplification

Before performing the quantitative Real time PCR we designed the primers of
20 bases length, with a melting temperature between 62°C and 64°C.
Moreover, to increase the annealing specificity of the primers, we changed also
the nucleotide before the mutation and, since short sequences are amplified
more efficiently, we decided to obtain an amplification sequence of 100 bp
using the Myh9 cDNA as template. Thus we performed the Real-Time PCR
using three pair of primers: two in common for wild-type and mutant cDNAs,
two specific for the wild-type and two for the mutants alleles. To verify the
specificity of the different primers, we started making some PCR
amplifications using as template the plasmidic DNA containing the nucleotide
sequence of interest at concentrations between 0.46 ng and 0.00046 ng. We
also confirmed that the different primers worked well together performing
some PCR amplifications on 200 ng of genomic DNA. We confirmed that the
primers designed for the mutant alleles did not anneal to wild-type sequence
and therefore that the plasmid carrying the wild-type cDNA was not amplified
with these primers. However the same primers were able to amplify the
plasmids carrying the mutation. All the primers tested on the plasmids turned
out specific also for genomic DNA.

We adjusted the concentration of the cDNA samples to 100 ng/ul and we used

34



three different concentration of cDNA for the experiments. Each analysis was
carried out with three dilution of the cDNA samples (starting concentration:
500 ng, diluition 1:4 and 1:16 thus 125 ng and 31.25 ng) and repeated in
triplicate for each dilution.

The mRNA levels of mutant and wild-type allele were measured with the 7900
HT Fast Real-Time system (Applied Biosystem), using the SYBR Green
Master mix (Applied Biosystem) as detector, following the manufacturer
instructions (Fig.15, Results and Discussion).

To assess the variability between plates, the RNA expression of the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (P45 and P46,
Tab. 3) was also considered as internal standard to normalize the quantity of
cDNA used. To discriminate from the wild-type allele and the allele carrying
the mutation R702C, we used the primers P47, P48 and P49 (Tab.3): the first
one was specific for the wild-type allele, the second was designed to anneal
only to the mutant allele and the third one was a forward primer in common for
both the wild-type and mutant sequences. The same primer strategy was done
to distinguish the wild-type allele from the one carrying the mutation R1933X;
these PCR amplifications were performed with the P50, P51 and P52 primers
(Tab.3). The threshold cycle (Ct) values were determined using the SDS 2.3
software (Applied Biosystem).

3.8. Preparation of protein extract and Western Blot analysis

The ES cells were lysed with the Mammalian Protein Extraction Reagent
(Thermo Scientific) added with the Protease Inhibitor Cocktail kit (Sigma).
The protein concentrations were determined using the Pierce BCA protein
assay kit (Thermo Scientific) as reported in the manufacturer manual. We used
30 to 80 png of proteins, we boiled the samples in 5X loading buffer (10% SDS,
10mM beta-mercapto-ethanol, 20% glycerol, 0.2 Tris-HCI pH 6.8 and 0.05%
Bromophenolblue). We separated the proteins on a 8% SDS-PAGE gel
(standard recipe of Maniatis manual) in 1X running buffer (25 mM Tris-HCI,
200 mM Glycine and 0.1% SDS) and left running in a Mini-Protean (BioRad)

for 4 hours at 100 volt. Then proteins were transferred onto a Polyvinylidene
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fluoride membrane in 1X transfer buffer (25 mM Tris Hel,192 mM glycine,
10% methanol, 0.1% SDS) in a Mini Trans-Blot (BioRad) at 30 volt, overnight.
The membrane was blocked for 1 hour with 5% non-fat dry milk in TBS (50
mM Tris HCI, 150 mM NaCl) added with 0.1% Tween20 (TBST), washed
three times with TBST and then incubated for one hour with the primary
antibody resuspended in blocking solution. We used the monoclonal anti-beta-
actin antibody (Santa Cruz) diluted 1:4000, as loading control of the protein,
and two polyclonal anti-myosin-9 antibodies diluted both 1:1500. One antibody
recognizes the last 12 amino acids of the C-terminal portion of myosin-9 (PRB-
440P, Covance, Princeton, New Jersey, USA) while the other one, kindly
provided by B. Adelstein at the NHLBI, Bethesda, recognizes the N-terminus
region of the protein (Fig.16 and Fig.17, Results and Discussion).

After the primary antibody, the membrane was washed three times with TBST
and incubated for one hour with the secondary antibodies: the horseradish
peroxidase-conjugated goat anti-mouse IgG or anti-rabbit IgG (Santa Cruz),
diluted at 1:2000 in blocking solution. After three washes with the TBST, the
membrane was incubated with the Supersignal West Pico Chemiluminescent
substrate (Thermo Scientific) and acquired with the ChemiDoc XRS system
(BioRad). The bands were then densitometric quantified with the ImageJ (NIH)
and Image Lab (BioRad) softwares. The beta-actin signal of each sample was
used to normalize the difference between the proteins loaded in the gel.

To perform another western blot analysis (Fig.11, Results and Discussion) we
used the primary polyclonal antibody anti-FLAG (Sigma) diluted 1:4000, then
we removed it from the membrane with a stripping solution (100 mM beta-
mercapto-ethanol, 2% SDS, 62 mM Tris-HCI pH 6.8) and incubated it with the

anti-myosin-9 antibody.

3.9. Immunofluorescence

10* ES cells were grown on a glass coverslips for one day, then the coverslips
were transferred into a multi-well plate, so that the ES cells could be treated.
The ES cells were washed in PBS and fixed in 4% PFA for 20 minutes. After

two washes in PBS, they were permeabilized for 30 minute in 0.2% Triton in
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PBS and then incubated for three hours in blocking solution. The blocking
solution used to saturate the nonspecific sites, has a composition that change on
the bases of the antibody used, for the anti-myosin-9 was composed of: 1X
PBS, 10% pig serum and 1% Tween20. The anti-myosin-9 primary antibody
(Covance, Princeton, New Jersey, USA) was diluted at 1:500 in PBT (PBS 1X
and 0.1% Tween20) and incubated for two hours. Before adding the secondary
antibody we performed five washes with PBT and then incubated with the
secondary antibody diluted 1:150 in PBT for an hour in dark room. The
secondary antibody used for the anti-myosin-9 was the polyclonal anti-rabbit
coniugated TRITC. After the secondary antibody incubation, we washed five
times in PBT, one in PBS and then we mounted the slides by adding a drop of
VECTASHIELD with 1.5 pg/ml of DAPI (Vector Laboratories). The slides
were then analyzed on a fluorescence microscope (Fig.18 and Fig.19, Results

and Discussion).

3.10. Differentiation

3.10.1. Embryoid bodies production

The embryoid bodies (EBs) culture was used to examine the differentiation
potential of the ES cell line. When cultured in suspension without Leukemia
Inhibitor Factor-LIF, an anti-differentiation factor, the ES cells spontaneously
differentiate and form three-dimensional multicellular aggregates, called EBs.
The quality heterogeneity of the EBs may have detrimental effects on the
synchronism of differentiation. Therefore, to guarantee the homogeneity of
EBs we chose the hanging drops method, a reliable and reproducible
procedure. This protocol is designed to produce structures homogenous in size
and shape. We made drops containing each 400 ES cells and we left them one
close to each other for two days hanging inverted on the cover of a culture dish.
The drops were then collected and grown onto low-attachment dishes in the
presence of complete growth medium lacking LIF. We analyzed the
morphologies of the EBs from the first day to the seventh of culture (Fig.20,

Results and Discussion).
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3.10.2. Cardiomyocyte production

As done for the EBs differentiation, after two days into drops we transferred
the EBs onto low-attachment dishes in the presence of complete growth
medium lacking LIF. At day 4 the EBs were collected and placed onto a
culture dish coated with 0.1% porcine gelatine, to make them adhere at the
plate, the main condition for the formation of cardiomyocytes. Indeed, there are
several parameters that specifically influence the differentiation potency of ES
cells to form cardiomyocytes in culture, for example the starting number of
cells and the plating duration of the EBs culture. For these reasons a precise
number of ES cells had to be taken two days into drops, before there is the
formation of EBs and of the connections necessary to the cells for beating. We

observed beating cells from the fourth until the twenty-fifth day.

3.10.3. Platelets production

To differentiate the ES cells into MK, 10* cells were seeded in a culture dish,
dissociated and then passed onto confluent OP9 stromal cells, which are
derived from the calvaria of newborn M-CSF-deficient mice. After five days,
the ES cells differentiated into mesodermal cells, were passed onto fresh OP9,
in a medium added with 20 ng/mL murine thrombopoietin (TPO, PeproTech).
At day eight, non-adherent and adherent cells were reseeded onto a new OP9
layer in a medium added with 10 ng/mL of TPO and cultured for four more
days. After twelve days, large cells expressing lineage-restricted markers (data
not shown) appeared detached and exhibited morphological features of mature
MKs (Fig.21b, Results and Discussion) that then started to extend proplatelets
(Fig.21c-d, Results and Discussion).
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4. Results and Discussion
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4. 1. RMCE strategy and generation of the target vector

The goal of this project was to study the pathogenetic mechanism leading to
MYH9-related disease (MYH9-RD), using a physiological and flexible system.
For this reason, we developed the recombinase-mediated cassette exchange
(RMCE) strategy to genetically manipulate mouse embryonic stem cells (ES)
(Schlake et al., 1994; Bouhassira et al., 1997; Seibler et al., 1998).

In the RMCE system when two sequences of DNA are each flanked by two
heterospecific FRTs, a double-reciprocal crossover event occurs, allowing the
exchange of exogenous DNAs into the tagged locus (Baer et al., 2001). Thus,
the RMCE is an excellent approach to study MYH9-RD, in which the effects of
several mutations, as well as the functional compensation hypothesis, can be
tested (Bao et al., 2005; Bao et al., 2007). Therefore, with this system different
sequences can be inserted multiple times into the tagged locus, so that
exogenous DNAs are under the transcriptional regulation of endogenous
promoters.

To develop the RMCE strategy for MYH9-RD study, the Myh9 locus was first
tagged by homologous recombination with a vector carrying a two
heterospecific FRT sites flanked cassette, which was subsequently exchanged
with other three cassettes, thanks to the flippase enzyme (Fig.4a-b, Aims;
Fig.9). The targeting cassette contained the open reading frame of the Beta-
galactosidase gene (Beta-gal), which is downstream to the internal ribosome
entry site (IRES) and upstream to the Simian virus 40 (SV40) Polyadenylation
signal (PolyA). The neomycin (Neo) gene, under the control of a herpes
simplex virus thymidine kinase (HSV-tk) promoter, was also included for
positively selecting the ES cells with the correct targeting event (Fig.9a).

We will refer to this homologous recombination construct as GalNeo cassette

(Fig.4a; Fig.9a).
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Fig.9 RMCE strategy permits to integrate exogenous DNAs within the Myh9 locus and
express them under the control of the endogenous Myh9 promoter. (a) The targeting vector
contains the GalNeo cassette flanked by FRTwt and FRTm (wild-type and mutated FRT) sites.
(b) The GalNeo cassette is inserted into the Myh9 exon 1 by homologous recombination, thus
generating a knock-out Myh9 allele. (c) The flippase enzyme mediates the crossing-over events
between FRT sites and allows the exchanges between the GalNeo cassette and the wild-type,
R702C or R1933X mutated Myh9 cDNAs cassettes (RMCE). The allele expressing wild-type
cDNA is produced as a control, whereas the mutant alleles are generated to study MYH9-RD
pathogenetic mechanisms.

The targeting construct was generated amplifying all the elements by PCR,
using primers with cleavage restriction sites at the ends of the fragments that
were cloned together.

Since an essential requirement of our strategy was to express the sequence of
interest under the control of the endogenous Myh9 promoter, it was decided to
insert the GalNeo cassette within the first coding exon. Therefore, a long and a
short recombination arm were amplified. To obtain the long arm one primer
annealing upstream of the first coding exon and one binding in the 5' end of this
exon were used; whereas the short arm was composed of the 3' end of the first
exon and part of the first intron (Fig.S, Materials and Methods). Then the long
and the short arms were cloned upstream and downstream of the GalNeo

cassette, respectively. The diptheria toxin A (DTA) gene was also inserted in
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the targeting construct, outside the region of homology, as a negative selection
marker (Fig.5, Material and Methods; Fig.9a). It is important to note that the
site-specific integration of the GalNeo cassette in the first exon of Myh9
generates a knockout allele, which expresses the Beta-galactosidase gene

instead of the Myh9 gene (Fig.9b).

4.2. Homologous recombination and generation of 3-gal/+ ES clones

The targeting vector GalNeo was electroporated into TBV2 ES cells to obtain
B-gal/+ cells, containing a null Myh9 allele (Fig.4a, Aims; Fig.9b). After
electroporation and selection with G418 antibiotic, 200 ES clones were picked
and grew; first were screened by B-gal staining, since the gene, if correctly
integrated, was expected to be under the control of the endogenous Myh9
promoter (Fig.9b). Of the survived ES clones, 68 clones resulted 3-gal positive,
suggesting that the cassette carrying the Beta-galactosidase gene was correctly
expressed.

Then, it was verified whether the GalNeo cassette was specifically integrated in
the Myh9 locus. Southern blot analysis was performed at both integration sites
of the cassette. All the 68 B-gal positive clones carried the GalNeo cassette
correctly integrated, as demonstrated by the presence of both 8 kb and 6 kb
fragments, identified by specific probes (Fig.10).

Therefore, there was a perfect correlation between the site-specific integration
of the GalNeo cassette and the Beta-galactosidase activity, indicating that the
expression of the B-gal gene was supported at transcriptional level by Myh9
endogenous promoter. Moreover, the integration of the GalNeo cassette
occurred through homologous recombination in 30% of the ES clones, a higher

efficiency than expected.
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Fig.10 Southern blot analysis. We digested the genomic DNA of the clones with the
restriction enzyme EcoRI that cuts four times in the sequence containing the GalNeo cassette
and two times in the sequence without the cassette. First we hybridized the transferred
membrane with a probe specific for the 3' integration arm that gives a pattern of two bands: 14
kb, specific for the wild-type sequence and 6 kb, specific for the DNA containing the GalNeo
cassette. Then the membrane was stripped and hybridized with a probe that binds a sequence in
the 5' end of the integration arm and gives two bands: one of 14 kb, specific for the wild-type
sequence and one of 8 kb, specific for the DNA containing the GalNeo cassette.

As next step, we evaluated the replication rate of the B-gal/+ clones by passing
each plate at the same time and comparing the time needed to reach confluence
of each ES clone. Then we selected those with the best morphology, reducing
the number of ES clones from 68 to 16 and verified their genomic integrity
performing karyotype analysis on 40 metaphases. Since in 10 ES clones we
detected aneuploids, the remaining 6 3-gal/+ clones resulted suitable for further
manipulations.

To evaluate the correct integration site of the GalNeo cassette, we also set up a
series of PCR reactions. Two pairs of primers were designed to amplify the 5'
and 3' end integration sites, confirming site-specific integration (data not
shown). Since upstream to the first coding exon 1 there is a noncoding exon -1,

we determined whether the insertion of the cassette carrying the B-gal gene had
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affected the splicing process. Thus, direct sequencing analysis of the reverse
transcribed PCR showed that the intron between the two exons was correctly
removed, indicating that the integration of the GalNeo cassette did not interfere

with the correct recognition of the acceptor and donor splicing sites.

4.3. Generation of the exchange vectors

In order to produce ES clones expressing the mutant myosin-9 forms, we
generated exchange vectors containing Myh9 cDNAs flanked by the FRT sites.
The mouse Myh9 cDNA was first cloned into a "TOPO TA cloning" vector,
directly mutagenized to generate R702C and R1933X mutations and then
cloned into a "pcDNA3.1" expression vector, fused to a FLAG epitope (See
Materials and Methods). The constructs, carrying the two mutations as well as
the wild-type cDNAs, were transfected into Hek293 cell line to assess the
correct expression of the myosin-9 proteins. By Western Blot analysis we
revealed the correct expression of proteins firstly with an antibody against the
FLAG epitope and then against the myosin-9 protein, which is endogenously
expressed in Hek293 cell line. We observed that the two antibodies signals
overlapped, indicating that wild-type and mutant myosin proteins were

correctly expressed (Fig.11).
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To generate the exchange vectors, the Myh9 cDNAs were transferred between
an IRES and an SV40 PolyA element, flanked by heterospecific FRT sites. The
gene conferring resistance to puromycin (Puro), as positive selection marker,
was cloned downstream the PolyA signal (Fig.8¢).

We also introduced two LoxP sites so that, if necessary, the cDNA could be
excided to obtain conditional knockout models, by mating mice carrying this

construct with mice expressing a tissue-specific Cre-recombinase enzyme.

4.4. Set up of RMCE conditions

During the development of the RMCE strategy a major difficulty we had to
face with, was to set up the conditions for the cassette exchange efficiency. In
literature it is reported that electroporation is the method of choice to transfer
DNA into embryonic stem cells. However, different electroporation conditions
have been published for successful DNA transfer into mouse ES cells (Tompers
et al., 2004).

First of all, we had to select the best parameters (voltage, number and duration)
of the pulse, for our ES cells strain. Moreover, we tested different quantities of
cells using as control 30 ng of a green fluorescent protein vector. We obtained
the best efficiency electroporating 7 million of cells with the EasyjeT Optima
device, setting one pulse at 250 V and 500 pF.

In the RMCE system it is necessary to perform a co-electroporation of
exchange and flippase enzyme vectors. Thus, we tested different amounts of
exchange vector and of two different plasmids carrying flippase enzyme gene.
These flippase vectors differ for the presence of either a CMV promoter or a
hybrid CMV enhancer/chicken B-actin promoter.

We used 5 to 25 pg of exchange vector and 10 to 100 pg of flippase plasmids.
Transfection of a large amount of plasmid carrying the CMV promoter resulted
to be toxic for cells, as seen by the high mortality of the ES cells. Using other
plasmids, we obtained the best exchange efficiency with the highest
concentration of vectors.

The success of the electroporations also depended on the purity of the plasmid

solution, especially on its salt content. Solutions with high salt concentrations
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might cause an electrical discharge, which often reduces the viability of the
electroporated cells. We prepared DNAs for the electroporations with
commercial extraction kits and then, to make them cleaner and free from
organic compounds and salt, we purified them with phenol/chloroform or

isopropanol/ethanol.

Seven million of B-gal/+ ES cells were co-electroporated with 100 and 25 pg of
vectors containing flippase enzyme and the three Myh9 cDNAs, respectively.
Transfecting R702C and R1933X cDNA constructs, we isolated 22 and 77
clones after selection in puromycin. In these indipendent electroporations, only
2 out of 22 and 4 out of 77 ES clones were -gal negative, as expected from a
correct cassette exchange event (Tab. 2, Materials and Methods). Since RMCE
efficiency (non-expressing B-gal gene clones over survived ones) was
significantly lower than reported in literature (75-83%, Cobellis et al., 2005;
Toledo et al., 2006), we tried to improve our protocol focusing on DNA
purification. Therefore, we electroporated DNA treated and untreated with
phenol/chloroform or isopropanol/ethanol. We noticed that the transfections of
DNA without purification gave the best efficiency, suggesting that traces of
substances we used for purification could be toxic, reducing the exchange
efficiency.

Transfecting a non purified plasmid carrying wild-type Myh9 cDNA, we
obtained 35 ES clones after selection in puromycin, 12 of which were negative
for the B-gal assay and therefore were possible positive clones. Another
electroporation of the same DNA confirmed this data, since we obtained 17
puromycin resistant clones, 5 of which were negative to B-gal assay. Though
only few experiments were performed, they led us to improve the efficiency of
RMCE from approximately 10 to 32%.

Although the obtained exchange cassette efficiency is lower than reported in
literature (Cobellis et al., 2005; Toledo et al., 2006), RMCE remains a powerful
system for site-specific integration of any exogenous DNA. We could take
advantage of the engineered Myh9 locus to express other mutations identified

in MYH9-RD patients and test whether other non-muscle myosin isoforms
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might functionally compensate the absence of myosin-9. Indeed, an additional
source of complexity in terms of pathogenesis is that the molecular mechanism
leading to MYH9-RD could also depend on myosin-10 and myosin-14 ability to

compensate, at least partially, myosin-9 defect (Marigo et al., 2004; Bao et al.,
2005; Bao et al., 2007).

4.5. Analysis of the ES clones obtained from RMCE

All the ES clones negative for Beta-gal assay were also sensitive to G418,
confirming that the GalNeo cassette was removed and replaced by the
exchange cassette. We evaluated first their growth rate (Tab.2, Materials and
Methods) and then the karyotypes of 6 wt/+, 2 R702C/+ and 4 R1933X/+
clones. Thus we selected the best two ES clones of each type and we analyzed
them to determine the correct integration at the 5' and 3' ends using their

genomic DNA as template (Fig.12).
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P36
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R1933X+ R702CH+_wt/+  B-gall+ ++

R1933X/+ R702C/H _wi/+ B-gal+ ++

5’ end PCR: primers P35/P36 (Tab. 3, M&NM) 3’ end PCR: primers P37/P38 (Tab. 3, M&N)

Fig.12 Schematic representation of the RMCE event and genomic DNA amplification of the
5' and 3' sites of integration with the primers P35/P36 and P37/P38, respectively (Tab. 3,
Materials and Methods). Primer P36 anneals to both the targeting and the exchange cassette; P38
anneals only to the exchange cassette. The positive control at the 5' end integration region is the
targeting vector (plasmid GalNeo) used for the homologous recombination. No positive control
was instead available at the 3' integration site. For both the PCR amplifications we used as
negative controls the +/+ and the vector used for the RMCE event (plasmid R1933X).
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Using a pair of primers annealing at the homology arms (P35 and P37, Tab. 3,
Materials and Methods) and other two annealing inside the cassettes (P36 and
P38), we amplified the regions surrounding the integration (Fig.12) and directly
sequenced the PCR products. The 5' end region of the exchanged ES clones
differs from the sequence of the B-gal/+ clones for the presence of a LoxP site
(Fig.12, top). Whereas at the 3' end, the exchanged ES clones present the
puromycin gene (Fig.12) and thus the B-gal/+ clones were not amplified with
the primers used (Tab.3, Materials and Methods). The PCR sequences
confirmed that in all clones the cassette was correctly integrated, indicating the

success of the RMCE event (data not shown).

4.6. Expression of the exogenous myosin-9

We characterized the ES clones at RNA and protein levels, since the aim of the
project was to understand the effect of Myh9 mutations on gene products.
Direct sequencing of reverse transcribed PCR products confirmed the presence

of the mutations, suggesting a stable expression of wild-type and mutant alleles
(Fig.13).
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Fig.13 Sequences of the mutated cDNA regions. The peaks of wild-type and mutant alleles
are both present and overlap. To obtain the R702C mutation we had to change two nucleotides
in the mouse cDNA to mimic the amino acids substitution present in the human mutation
identified in patients.
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The intron between exons -1 and 1 was correctly spliced in the exchanged

clones, as already confirmed in B-gal/+ ES clones too (Fig.14).

We also determined whether the polyadenylation sequence was correctly
recognized. No RT-PCR product was detected using primer P44 (Tab. 3,
Materials and Methods), designed on exon 2, and primers P38 and P43,

annealing on the resistance genes (data not shown).

The overlap of the peaks, corresponding to wild-type and mutant sequences of
reverse transcribed PCR products, indicate an equal expression level of both
Myh9 alleles (Fig.13). To confirm this hypothesis, we performed Real-Time
analysis using primers specifically recognizing the wild-type or the mutant
cDNAs (Tab. 3, Materials and Methods). Wild-type and mutant RNA were
expressed at the same levels, suggesting that the genetic manipulations did not
interfere with correct physiological transcriptional mechanisms of the
integrated sequence, controlled by Myh9 endogenous promoter (Fig.15).

In fact, in the mutant ES clones the curves of fluorescence corresponding to
wild-type and mutant alleles grew exponentially in an identical way and

crossed the threshold at the same cycle of amplification (Fig.15).
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Fig.14 Sequence of the 5' end integration site. Upstream of the first coding exon there is the
noncoding exon -1 without intron. Since homology arms and cassette regions are wide, it is
very important to check the splicing mechanism and control that RNA maturation is not
modified by the presence of these exogenous sequences. We confirmed that downstream of the
5" end of the first coding exon, the 5' end of the cassette starts: the mutant FRT site, the LoxP
site and part of the IRES element can be seen.
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Fig.15 Real-Time graphic. The cycle number is shown along the x-axis and arbitrary
fluorescence units (expressed as fold increase over background fluorescence) are shown on the
y-axis. We measured the cycle number at which the increase in fluorescence (and therefore of
cDNA) was exponential and we observed the expression levels of wild-type and mutant alleles
of each ES clone type.

Therefore, we concluded that the genetic manipulations performed in the
coding exon 1 did not interfere with the physiological processes of splicing and
transcription of the mutant allele, which are controlled by the Myh9
endogenous promoter. Moreover, the observation that mutant mRNA was
expressed at the same level as wild-type, was consistent with the data derived
from MYH9-RD patients, in which a normal amount of mutant MYH9 mRNA
was detected in cells from peripheral blood (Deutsch et al., 2003).

In order to evaluate the effect of mutations on protein level, we performed
Western Blot analysis. The +/+ and wt/+ ES clones showed comparable
myosin-9 protein expression levels, confirming that the wt/+ clones were
properly genetically manipulated. However, when the analysis was carried out
on R1933X/+ and R702C/+ mutant clones, we observed a lower expression
level of myosin-9 in comparison with +/+ ES clones. Analysis of the protein
band densities indicates that in R1933X/+ and R702C/+ clones, myosin-9
levels were reduced of 45% and 60%, respectively, when compared to +/+

(Fig.16).
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Fig.16 Western Blot analysis. Characterization of the expression levels of myosin-9 in ES
clones carrying the exchanged Myh9 cDNAs wt (wt/+) compared with non-manipulated TBV2
ES clones (+/+); ES clones carrying the exchanged Myh9 cDNAs R702C (R702C/+) compared
with +/+; ES clones carrying the exchanged Myh9 cDNAs R1933X compared with +/+. The
antibodies used were anti-myosin-9 and anti-B-actin.

In order to more deeply study this aspect, we investigated the level of myosin-9
in the R1933X/+ ES clones, in which we could indirectly discriminate between
wild-type and mutant protein using two antibodies. Indeed, one antibody does
not recognize the mutant protein since it is direct against a region of the C-
terminus not present in the truncated R1933X protein. The other one, which is
against an epitope of N-terminus, detects both wild-type and mutant proteins.
Regardless of the antibody used, the intensities of the myosin-9 bands were
comparable and always lower than the one detected in control clones (Fig.17).
Since the antibodies recognizing the R702C mutant protein were not available,

we could not perform the same analysis in R702C/+ clones.
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Taken together these results suggest that despite the normal expression level of
its mRNA, the mutant protein fails to be revealed, most likely because it is
degraded. Indeed, consistent with these observations, it is reported in literature
that platelets and MKs of patients carrying the R1933X or E1945X mutations
have a reduced amount of myosin-9 protein (Deutsch et al., 2003; Pecci et al.,
2005). Furthermore, in these cells only the wild-type form of myosin-9 can be
detected because, as suggested by the authors, the mutated form seems to be
degraded (Pecci et al., 2005). However, as discussed in Introduction, we cannot
exclude that in other cells, such as in neuthrophils, the mutated myosin-9 is
expressed and aggregates into cytoplasmic inclusions, together with the wild-

type protein (Panza et al., 2008; Pecci et al., 2005; Kunishima et al., 2007).

4.7. Cellular myosin-9 distribution

We began to investigate the pathogenetic mechanisms responsible for MYH9-
related disease by studying the localization of myosin-9 in the ES clones.

In normal cells, this protein has a diffuse and homogeneous cytoplasmic
distribution, whereas in few patients cells it appears trapped in aggregates of
various number and size, scattered throughout the cytoplasm (See
Introduction). These inclusions, containing both wild-type and mutant protein,
are always revealed in the neutrophils of MYH9-RD patients (Kunishima 2003;
Kunishima 2001, Kunishima 2008).

Therefore, to investigate the presence of myosin-9 aggregates we performed an
immunofluorescence analysis of the generated ES clones. We failed to detect
aggregates in all ES clones analyzed (Fig.19). Although this analysis is not
quantitative, the fluorescence intensity was lower in the mutant than in wild-
type ES cells (Fig.18), which is consistent with the reduction of protein
expression detected by Western Blot (Fig.16 and Fig.17).
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R1933X/+

Fig.18 Immunofluorescence of the generated ES clones. We used the antibody that
recognizes the C-terminus of the protein, since the one that recognizes the N-terminus of
myosin-9 did not work well in immunofluorescence. The R1933X/+ clones gave half of the
signal compared with the +/+ and the wt/+ ES clones, since the antibody against myosin-9 C-
terminus does not recognize R1933X mutant protein that lack the last 27 amino acids. A
reduced signal is also revealed in the R702C/+ clones. Scale bar 50 pm.

R1933X/+

Fig.19 Immunofluorescence at 100X microscope magnification. We observed a normal
cytoplasmic distribution of myosin-9 in all ES clones. We revealed the protein with the
antibody against the myosin-9 C-terminus. Scale bar 50 pm.
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4.8. Differentiation potential of the ES cells

Murine Myh9 -/- ES cells differentiate into defective embryoid bodies due to
impaired cell-cell adhesion mechanism. Indeed, embryoid bodies are flattened
and shed cells in the medium (Conti et al., 2004). Therefore, we started to
investigate the mutant ES cells phenotype by differentiating them into
embryoid bodies (EBs) and observing their morphology over a seven-day
culture period (Fig.20).
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Fig.20 Embryoid bodies differentiation of +/+, B-gal/+ and wt/+ ES clones, as controls. The
goal was to test if R702C/+ and R1933X/+ ES clones produced defective EBs. There were no
morphology changes in different EBs obtained from several ES clones.

In the first three days of culture, EBs were bright, clear and grew in suspension
without alterations between mutant and wild-type ES clones. Furthermore, all
the mouse ES cells gradually formed multilayer compact colonies as a result of
rapid cell division: in the same plate we observed the generation of some
perfectly rounded clones but also of others with irregular shape. Even at the

seventh day of culture we did not reveal significant differences between mutant
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and controls ES clones. Although we observed some loose and disrupted EBs
shedding cells, similar to those differentiated from Myh9 -/- ES cells (Conti et
al., 2004), these features were present even in controls. Moreover, as days
passed by, clones grew in size and became darker in the center. As described in
literature, the cores of some EBs underwent tissue disintegration due to

accumulation of dead cells (Fig.20).

To check their potential, EBs were also differentiated in cardiomyocytes,
which are easily identifiable because they start to spontaneously contract
within one to four days after plating. Furthermore, as differentiation went
forward, the number of beating foci increased and almost all the clones
contained localized beating cells at day fourteen. The rate of contraction within
each beating area rapidly increased with differentiation, followed by a
decreased in average beating rate at day twenty to twenty-five. As we did not
observed any alteration among the different EBs, by the same way there were
not significant changes in morphology or beating of cardiomyocytes within the
same EBs (data not shown). Therefore, we conclude that the different ES
clones we generated maintained their potential of being differentiated in

different lineages.

Since a congenital feature of MYH9-RD is macrothrombocytopenia, our
interest is to differentiate the ES clones into MKs and investigate how the
MYHY9 mutations lead to an improper platelet production.

The rationale for this application is that ES Myh9 +/- cells differentiate into
MKs as wild-type +/+ ES cells (Chen et al., 2007). Moreover, Myh9 +/- mice
have neither MYH9-RD features nor other manifestations, suggesting that one
functional allele is sufficient for the normal development of a mouse (Conti et
al., 2004; Matsushita et al., 2004; Parker et al., 2006; Mhatre et al. 2007).

In collaboration with Dr. Leavitt at UCSF, San Francisco, we are
differentiating the wild-type ES cells according to protocols described in
literature. As shown by our preliminary results, TBV2 +/+ ES cells are capable

to generate MKs and proplatelets. The differentiation into MKs takes place
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when ES cells are seeded onto OP9 stromal cells and stimulated with
thrombopoietin. As shown in Fig.21, after twelve days of culture, large cells
start to detach. They express lineage-restricted markers (data not shown) and
exhibit morphological features of mature MKs, including extension of
proplatelets.

Using the same protocols that we have set up, we will differentiate mutant ES
clones to determine whether there will be any defect during MKs

differentiation and proplatelets production.

Fig.21 Megakaryocytic differentiation of ES cells on OP9 cells. As shown by arrow heads,
after five days of co-culture between the ES cells and the MEFs visible hematopoietic clusters
are present (A), after ten days they differentiate in MKs (B) and after twelve days the MKs
form the first proplatelets (C and D). Scale bar 20 pm.
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The differentiation of the generated ES clones in MKs will be done both in
suspension and in adhesion to several extracellular matrix substrates.

We will examine the subcellular localization of myosin-9, in particular we will
observe the formation of any myosin aggregate by immunofluorescence, as
previously verified in the ES clones.

Furthermore, the phenotypic characteristics of the MKs, such as morphological
features (size, membrane demarcation system, nucleus), polyploidization and
distribution of platelet components will be also examined. As in ES clones,
even in differentiated MKs we will determine the expression levels of both
mRNA and protein molecules to assess whether variations during
differentiation occur. We will also analyze the formation of the proplatelets
from the megakaryocytes: their morphology, the formation of the stress fiber,
their ability to adhere on extracellular matrix substrates or to respond to
specifically signalling pathways. The percentage of bearing proplatelets MKs,
number and architecture of proplatelets will be also quantified.

To mimic potential interactions and determine which pathway is potentially
defective, we will also allow the MKs to adhere to different molecules of the
extracellular matrix and to respond to chemo-attractants. Thus, a quantitative
and qualitative analysis of adhesion and spreading in wild-type and mutated

myosins-9 expressing cells, will be performed.
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5. Conclusions



During these three years, we have been able to develop a model based on
murine ES cells suitable to recapitulate megakaryopoiesis in vitro. First of all,
we engineered the Myh9 locus using the RMCE strategy, which allows to
integrate and physiologically express an unlimited number of exogenous
cDNAs under the control of Myh9 endogenous promoter. We carried out
genetic manipulations in mouse ES cells generating three types of clones
expressing myosin-9 wild-type, R702C or R1933X mutant forms. We
generated heterozygous knock-in cells that mimic the same genetic status as

MYHY9-RD patients, in which only one Myh9 mutant sequence is expressed.

We characterized the ES clones carrying the correct integration, at RNA and
protein levels for the presence of wild-type and mutant forms. We showed that
the genetic manipulations in the first coding Myh9 exon did not interfere with
transcriptional, as well as splicing, mechanisms. Indeed, Real-Time PCR
analysis detected similar expression of both wild-type and mutant RNAs.
However, Western Blot analysis revealed a reduction of approximately 50% of
myosin-9 expression levels in mutant ES compared with +/+ clones.
Furthermore, at least in R1933X/+ clones, we demonstrated that most of the
detectable myosin-9 is wild-type form, suggesting that mutant protein is likely
to be rapidly degraded. We also excluded any aggregation of myosin-9 in

cytoplasmic inclusions, as revealed in few cells MYH9-RD patients.

Taken together, these data led us to hypothesize that, at least in murine ES
cells, R702C and R1933X mutations do not exert a dominant negative effect.
However, issue on the mechanisms leading to MYH9-RD remains still open. As
discussed in Introduction, the pathogenesis is complex: both haploinsufficiency
and dominant negative effect of mutant allele could contribute to the
development of the clinical picture in MYH9-RD patients (Deutsch et al., 2003;
Pecci et al., 2005; Kunishima et al. 2007).

On the other hand, no specific phenotype has been recognized neither in our ES
clones expressing reduced levels of myosin-9 nor in other differentiated cells,

such as embryoid bodies and cardiomyocytes.
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Therefore, we can conclude that the isolated ES cells maintain their
differentiative potential despite the genetic manipulations. Furthermore, a
halved amount of expressed myosin-9 seems to be sufficient product at least in

the analyzed cells.

Since the congenital feature of all MYH9-RD patients is thrombocytopenia,
we are now focusing our attention on this aspect. In fact the ES clones can be
differentiated into the megakaryocytic lineage to develop in vitro models for
physiopathological studies. We have settled a MKs differentiation protocol
and demonstrated that our +/+ ES cells generate MKs, which are able to
produce proplatelets in vitro. Therefore we are now going to differentiate our
mutant ES clones to understand at which level MKs maturation and/or

proplatelet production are defective.

Being myosin-9 the unique myosin II isoform in MKs (Marigo et al., 2004), it
would be interesting to test whether replacement of myosin-9 with other two
myosins might rescue any phenotype during megakaryopoiesis in vitro.
Furthermore, the RMCE system we developed, and in particular the B-gal/+ ES
clones we isolated, can be used to express any exogenous DNAs under the
control of the endogenous Myh9 regulatory sequences, avoiding the use of
strong viral promoters.

Since myosin-9 is widely distributed in tissues and its expression levels are
high during different cell functions, the Myh9 promoter should be able to

sustain relatively high levels of any exogenous gene.

Finally, the ES cells generated by RMCE can also be injected to generate in
vivo models. Therefore, our approach to study MYH9-RD is a suitable system
to test any pathogenetic hypothesis in vitro and eventually in vivo by

developing mouse models.
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