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Abstract

Meier-Gorlin syndrome (MGS) is an autosomal recessive disorder characterized by microtia,
primordial dwarfism, small ears, and skeletal abnormalities. Patients with MGS often carry
mutations in the genes encoding the components of the pre-replicative complex such as Origin
Recognition Complex (ORC) subunits Orc1, Orc4, Orc6, and helicase loaders Cdtl and Cdcé.
Orc6 is an important component of ORC and has functions in both DNA replication and
cytokinesis. Mutation in conserved C-terminal motif of Orc6 associated with MGS impedes the
interaction of Orc6 with core ORC. In order to study the effects of MGS mutation in an animal
model system we introduced MGS mutation in Orc6 and established Drosophila model of MGS.
Mutant flies die at third instar larval stage with abnormal chromosomes and DNA replication
defects. The lethality can be rescued by elevated expression of mutant Orc6 protein. Rescued MGS
flies are unable to fly and display multiple planar cell polarity defects.
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INTRODUCTION

Meier-Gorlin syndrome (MGS) is an autosomal recessive disorder comprising primordial
dwarfism, small ears and aplastic or hypoplastic patella. Recently, mutations in genes
encoding the members of the pre-replication complex (pre-RC) such as Orc1, Orc4, Orc6,
Cdc6, and Cdt1 were identified in many MGS patients [Bicknell et al., 2011a,b; Guernsey et
al., 2011]. Since observed mutations cluster in pre-RC components, it has been suggested
that the clinical phenotype is caused by defects in DNA replication initiation. The pre-RC
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complex is essential for DNA replication and mutations in its components are expected to
impair cell proliferation and to reduce growth.

The Origin Recognition Complex (ORC) plays a central role in the initiation of DNA
replication but is also involved in non-replicative functions [Bell and Stillman, 1992; Bell,
2002; Chesnokov, 2007; Sasaki and Gilbert, 2007]. Orc6 protein, the smallest subunit of
ORC, is important for DNA replication in all species [Lee and Bell, 1997; Chesnokov et al.,
2001, 2003; Semple et al., 2006; Chen et al., 2007; Balasov et al., 2007, 2009]. Orc6 is also
essential for cytokinesis in Drosophila and human cells [Prasanth et al., 2002; Chesnhokov et
al., 2003]. In Drosophila, Orc6 stimulates septin complex GTPase activity and
polymerization during filament assembly through protein—protein interactions [Huijbregts et
al., 2009; Akhmetova et al., 2015]. Metazoan Orc6 proteins consist of two functional
domains: a larger N-terminal domain important for binding of DNA and smaller C-terminal
domain important for protein-protein interactions [Chesnokov et al., 2003; Balasov et al.,
2007; Duncker et al., 2009; Bleichert et al., 2013]. It has been shown that in metazoan
species N-terminal domain of Orc6 carries a structural homology with TFIIB transcription
factor [Chesnokov et al., 2003; Balasov et al., 2007; Liu et al., 2011]. The conserved motif
in C-terminus of Orc6 is responsible for the interaction with Orc3 subunit of ORC [Bleichert
et al., 2013] and tyrosine 232 to serine mutation in this region of the protein is linked to the
MGS in humans [Bicknell et al., 2011a; de Munnik et al., 2012].

In order to study the effects of MGS mutation in animal model system we introduced MGS
mutation in Drosophila Orc6 and established fruit fly model of MGS. Our findings support
the hypothesis that impaired DNA replication underlies the developmental defects
characteristic of this disorder. The Drosophila model of MGS will be useful to uncover
molecular mechanisms of MGS and provide number of insights into disease origin and
development.

MATERIALS AND METHODS

Site-Directed Mutagenesis

The amino acid substitution mutants Orc6-W228A/K229A, Orc6-D224A/Y225A, Orc6-
Y225F, and Orc6-Y225S were generated following the Stratagene site-directed mutagenesis
protocol (http://www.chem.agilent.com/Library/usermanuals/Public/200518.pdf). The
deletion Orc6-200 mutant was created by PCR [Balasov et al., 2007].

Rescue of the orc6 Mutant

The orcé6 native promoter was cloned upstream of GAL4 inducible UAS promoter into a
PUAST vector. Both promoters were able to drive expression of the GFP-Orc6 fused
proteins (wild-type and mutants). All constructs were injected into Drosophila embryos and
individual transgenic strains were set up. Expression of transgenic proteins was verified by
Western blots. In the rescue experiments with native promoter, progeny from heterozygo us
Aorc6/Cy; GFP-orc6 was analyzed for the presence of Aorc6/Aorc6,; GFP-orc6 adult flies,
where Aorcé represents orcé6 deletion [Balasov et al., 2009]. The UAS promoter was
activated by the expression of GAL4 with a strong constitutive tubulin promoter. In this
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experiment, females of the genotype Aorc6/Cy; GFP-orc6 were crossed to males Aorc6/
Cy;tubulin-GAL4/TM3,5b, and resulting progeny was analyzed for the presence of Aorc6/
Aorc6,GFP-orc6/tubulin-GAL4 adults. tubulin-GAL4 fly strain was obtained from
Bloomington Stock Center.

Mitotic Chromosome Preparation

Preparation of mitoses was described previously [Lebedeva et al., 2000]. Briefly, third instar
larval neural ganglia were incubated in 0.075M KCI for 5 min, fixed in methanol with acetic
acid (3:1) for 20 min and then dispersed in a drop of 50% propionic acid on a slide. Slides
were dried and stained with 5% Giemsa’s solution.

Immunoprecipitation (IP)

Ten fresh dissected ovaries or 20 salivary glands were crushed with glass homogenizer in
100 pl of high salt IP buffer (25 mM Hepes pH 7.6, 12.5 mM MgCl,, 100 mM KCI, 0.1 mM
EDTA, 450 mM NacCl, 0.01% Triton X100) and extracted for 1 hr at 4°C with continuous
rotation. Extracts were centrifuged at 15,000¢ for 15 min and supernatants were diluted
threefold with low salt IP buffer (25 mM Hepes pH 7.6, 12.5 mM MgCl,, 100 mM KClI, 0.1
mM EDTA, 0.01% Triton X100). Protein A-Sepharose (Bio Vision Cat.6501-5) and rabbit
polyclonal Orc2 antibodies were incubated with supernatant for 3 hr, washed 3 times with IP
buffer and diluted in 10 ml of IP buffer. Samples were separated with SDS-PAGE and
analyzed with Western blot. GFP-Orc6 fusion proteins were detected with anti-GFP
monoclonal antibody (Clontech Laboratories).

Western Blot of Larval Neural Ganglia

Neural ganglia of third instar larvae were dissected and imaginal discs removed. Soluble
fraction of MCM2-7 was extracted with 450 mM NaCl, 0.5% NP-40 in PBS for 1 hr.
Insoluble proteins were pelleted, the pellet washed three times, and pellets from 8 to 10
ganglia per lane were loaded onto a SDS-PAGE gel. Mcm5 was detected by Western blotting
with Mcmb rabbit polyclonal antibodies (gift from Dr. Michael Botchan).

BrdU Labeling and Immunostaining of Polytene Chromosomes

Larval neural ganglia or testes were incubated with 1 pM BrdU in PBS for 30 min at 25°C.
BrdU incorporation was detected by monoclonal antibodies (Becton Dickinson) following
manufacturer recommendations. Polytene chromosomes of the salivary glands from third
instar larvae were squashed in 45% acetic acid, frozen in liquid nitrogen and immunostained
according to previously described protocol [Sullivan et al., 2000; Balasov et al., 2009].

RESULTS AND DISCUSSION

In our previous work we generated a deletion of the orc6 gene in Drosophila using the
method of P element imprecise excision. Lethal alleles of orcé are defective in DNA
replication and also show abnormal chromosome condensation and segregation [Balasov et
al., 2009]. Further sequence analyses of metazoan Orc6s revealed extremely conserved
motifs within C-terminal domain of the protein including amino acids D224/Y 225 and
W228/K229. Mutations of these residues to alanines resulted in reduced DNA replication,
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chromosomal abnormalities, and lethality [Balasov et al., 2009; Bleichert et al., 2013].
Corresponding amino acids in humans are localized at position D231/Y232 and W235/
K236. Sequence analysis of genes encoding for Orc6 from individuals with MGS identified
a pathogenic missense mutation resulting in the substitution of tyrosine at position 232 to
serine (Y232S) referred further as MGS mutation. To create Drosophilamodel of MGS we
mutated tyrosine at position 225 to serine (Y225S) in C-terminus of Drosophila Orc6
protein. The resulting mutant transgene was introduced into orcé-deleted background and a
fly strain expressing mutant protein was created. We compared the effect of the Orc6
carrying MGS mutation (Orc6-Y225S) with earlier reported orcé transgenes carrying
knockout mutations Orc6-D224A/Y225A, Orc6-W228A/K229A (described in detail in
[Balasov et al., 2009; Bleichert et al., 2013]), Orc6-Y225F and Orc6-200 deletion missing
whole C-terminal domain. Mutant orcé transgenes used in this study are presented in Figure
1. All transgenic constructs contained GFP fused to N-terminus of Orc6 which did not affect
normal Orc6 function [Balasov et al., 2009].

First, we tested the orc6 MGS transgene for ability to rescue third instar lethality associated
with deletion of orcé6 gene. We found that the expression of orc6- Y2255 under orcé native
promoter was not enough to rescue flies to viability. In human Orc6, Y232 to S substitution
corresponds to a mild clinical appearance of MGS [Bicknell et al., 2011a; de Munnik et al.,
2012], however, in Drosophila, phenotype was similar to orcé deleted mutant. Molecular and
cell analysis of tissues derived from these animals revealed significantly reduced DNA
replication judged by BrdU incorporation in either larval neural ganglia (Fig. 2A) or testes
(Fig. 2B).

As the next step, we analyzed mitotic chromosomes from neural ganglia of MGS mutant
larvae. Normal Drosophila melanogaster karyotype consists of four pairs of chromosomes
(Fig. 3A, wildtype). In cells carrying Orc6-Y225S mutation chromosomes lost parts of their
arms, appeared aberrantly condensed, fragmented, misaligned and sometimes polyploid
(Fig. 3A, lower row). In our earlier analysis of Orc6 functions in vivo, C-terminal Orc6
deletion (Orc6-200) as well as Orc6-D224A/Y 225A and Orc6-W228A/ K229A knockout
Orc6 mutations also resulted in third instar lethality associated with defects in DNA
replication and chromosome abnormalities [Balasov et al., 2009]. Similar chromosome
defects were observed for other ORC mutants in flies [Landis et al., 1997; Pinto et al., 1999;
Loupart et al., 2000; Pflumm and Botchan, 2001; Park and Asano, 2008].

The metazoan Orc6 consists of two domains, a larger N-terminal domain which carries
homology with TFIIB transcription factor and is important for DNA binding [Chesnokov et
al., 2003; Balasov et al., 2007; Liu et al., 2011] and a shorter C-terminal domain important
for the function of Orc6 in cytokinesis [Prasanth et al., 2002; Chesnokov et al., 2003;
Huijbregts et al., 2009; Bernal and Venkitaraman, 2011; Akhmetova et al., 2015]. The C-
terminal domain of Orc6 is also essential and sufficient for the interaction of Orc6 with core
ORC [Bleichert et al., 2013]. Specifically, the Y225S mutation in Drosophila Orc6 disrupted
the interaction of the protein with Orc3 and with the rest of the ORC in vitro [Bleichert et
al., 2013]. Mutating conserved D224/Y 225 and W228/K229 amino acids within C-terminus
into alanines had even more dramatic effect suggesting that these amino acids mediate Orc6
recruitment into ORC and moreover, are required for replicative helicase MCM2-7 loading
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onto chromatin [Balasov et al., 2009; Bleichert et al., 2013]. As expected, MGS mutation did
not change DNA binding ability of Orc6 and its association with chromosomes in vivo when
expressed in Drosophila salivary glands. Both GFP-Orc6 wild-type and GFP-Orc6-Y225S
mutant proteins were found on chromosomes in a similar pattern (Fig. 3B) unlike Orc6
mutants carrying mutations in the N-terminal TFIIB-like domain which is important for
DNA binding [Balasov et al., 2007; Liu et al., 2011].

However, the association with core ORC was disrupted for Orc6 carrying Y225S MGS
mutation as is shown in Figure 3C. In a positive control experiment with flies carrying wild-
type GFP-orc6, ORC was immunoprecipitated with the anti-Orc2 antibody from ovary
extract and, as expected, “pulled down” material contained Orc5 and GFP-Orc6 wild-type
subunits (Fig. 3C, lanes 7 and 8). In a negative control experiment with flies carrying GFP-
orc6-D224A/ Y225A transgene, the amount of GFP-Orc6-D224A/Y225A mutant
immunoprecipitated with the anti-Orc2 antibody was significantly diminished compared to
wild-type GFP-Orc6, as shown by Western blotting (Fig. 3C, lanes 5 and 6; and [Bleichert
et al., 2013]). Similarly, in flies carrying the GFP-orc6-Y2255 MGS transgene, the amount
of immunoprecipitated Orcé mutant protein was greatly reduced (Fig. 3C, lanes 3 and 4),
indicating that this mutation impedes Orc6 binding to core ORC.

Low amounts of hexameric ORC on DNA are expected to lead to impaired pre-RC
formation. Therefore, next, we analyzed chromatin association of a member of the MCM2-7
complex, Mcmb5, in Drosophilalarval neural ganglia expressing either wild-type or mutant
GFP-orc6 transgenes (Fig. 3D). Wild-type GFP-Orc6 and mutantGFP-Orc6-D224A/

Y 225Awereusedaspositiveandnegative controls. After salt extraction of larval neural ganglia
extracts, the amount of Mcmb5 in the pellet fraction was greatly decreased when GFP-orc6-
Y2255 (Fig. 3D, lane 3) or GFP-orc6-D224A/Y225A (Fig. 3D, lane 5) transgene was
expressed as the sole source of Orc6 compared to larval neural ganglia expressing the wild-
type GFP-orc6 (Fig. 3D, lane 1). Thus, a MGS mutation within Orc6 not only disrupts
hexameric ORC formation but also prevents MCM loading onto chromatin, explaining the
reduced DNA synthesis observed in mutant flies (Fig. 2 and [Balasov et al., 2009]).

Next, we tried to create less defective mutation for conserved tyrosine 225 within Orc6.
Therefore, in addition to GFP-Orc6-Y225S with MGS mutation we also tested GFP-Orc6-
Y225F construct where tyrosine (also known as 4-hydroxy-phenylalanine) at position 225
was replaced with phenylalanine which lacks the specific —OH group at carbon 4. Obtained
transgene orc6-Y225F was introduced into orcé deletion background and tested for viability.
We found that the expression of orc6-Y225F restores viability of orcé deletion and rescued
flies have a phenotype indistinguishable from wild-type. Consistent with this result GFP-
Orc6-Y225F protein was detected in IP with anti-Orc2 antibodies indicating that the
interaction with core ORC was not affected (Fig. 3C, lanes 9 and 10). It is interesting to note
that two organisms evolutionally distant from Drosophila such as D. discoideum and
Ppallidum (slime molds) also contain phenylalanine instead of tyrosine at this position
[Bleichert et al., 2013].

A single amino acid human MGS mutation in Orc6 resulted in a mild clinical appearance
[Bicknell et al., 2011a; de Munnik et al., 2012], whereas the Drosophila Orcé-Y225S MGS
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mutation is lethal. We hypothesized that elevated level of expression of mutant Orc6 could
improve survival rate of adult flies. We used the GAL4-UAS system to boost the expression
of transgenes under a constitutive ubiquitous fwbulin promoter [Brand and Perrimon, 1993;
Duffy, 2002]. Percentage of rescued flies was calculated based on expected segregation of
phenotypes (Table ). Under the native promoter GFP-orc6 wild-type rescued 92% of
expected progeny to adult stage based on a total of 989 analyzed flies. GFP-orc6-Y225F
rescued 50% (total progeny 214). Other mutant transgenes GFP-orc6-Y225S (total 515),
GFP-0rc6-D224A/Y225A (total 617), GFP-orc6-W228A/K229A (total 713), GFP-orc6-200
(total 820) did not rescue any flies to viability. However, when expressed under the strong
tubulin promoter, GFP-orc6-Y225S rescued 16% of adults (total progeny 1281), GFP-orc6-
D224A/Y225A rescued 20% (total 838) and GFP-orc6 wild-type rescued 91% of adults
(total 704). GFP-orc6-W228A/K229A, and GFP-orc6-200did not rescue any adult flies.

Rescue to viability also correlated with a restoration of normal karyotype as larval mitotic
chromosomes from animals with boosted expression of GFP-orc6-Y225S and GFP-orc6-
D224A/ Y225A were normal as compared to the wild-type chromosomes (Fig. 4A). Mitotic
chromosomes from cells with elevated expression of GFP-orc6-W228A/K229A or GFP-
orc6-200 remained fragmented and misaligned indicating that severe defects caused by these
particular mutations cannot be relieved by over-expression. The recently published structure
of Drosophila ORC revealed fine details about protein-protein interactions between Orc6 C-
terminus and core ORC, showing the importance of Orc6 amino acids Y225, W228, M232,
and A236 for hydrophobic binding site in Orc3 [Bleichert et al., 2015]. Orc6 W228 residue
is localized in the core of Orc6-Orc3 binding site. This might explain the more severe
phenotype associated with W228A/K229A mutations observed in our study.

The elevated expression of GFP-orc6-Y2255 and GFP-orc6-D224A/Y225A allowed
detection of mutant Orc6 proteins when immunoprecipitated with anti-Orc2 antibodies (Fig.
4B) indicating that increasing the level of expression of Orc6 mutants was enough to force
the equilibrium toward the formation of six-subunit ORC. C-terminus of both Drosophila
and human Orc6s contains conservative motifs responsible for association with ORC
complex. Both flies and humans with C-terminal truncations do not survive to adult stage
[Balasov et al., 2009; Shalev et al., 2015]. However, point mutation in human (Y232S)
demonstrates mild postnatal phenotype [Bicknell et al., 2011a; de Munnik et al., 2012],
while the Drosophila Y225S MGS mutation shows no difference from lethal orcé6 deletion.
Importantly, human Orc6 is loosely associated with the core ORC [Vashee et al., 2001,
2003; Ranjan and Gossen, 2006], whereas Drosophila Orcé associates with other ORC
subunits more tightly [Gossen et al., 1995; Chesnokov et al., 1999, 2001]. This might
explain why the Y225S MGS mutation has more dramatic effect for survival of Drosophila
than in humans. In this study we found that elevated expression of mutant protein rescues
third instar lethality, restores normal karyotype and allows detection of Orc6 on DNA with
the rest of ORC complex. It would be interesting to test if patients with a Y2255 MGS
mutation have an increased level of mutant Orc6 expression, resulting in reduced growth
retardation and milder clinical manifestation of symptoms.

Figure 5 shows phenotype of the MGS model flies overexpressing GFP-orc6-Y225S as a
sole source of Orc6. The surviving flies carrying this MGS mutation were shorter as
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compared to the flies carrying a copy of the wild-type orcétransgene driven by tubulin-
GAL4 (Fig. 5A). Measurements of head, thorax and abdomen lengths reveal that MGS flies
have slightly longer heads (0.47 = 0.05 mm vs. 0.40 + 0.03 mm, P < 0.05) and shorter
abdomens (1.38 £ 0.12 mm versus 1.50 £ 0.10 mm, £< 0.05). Mutant flies are not able to
fly and all have upheld wing posture (Fig. 5A and compare Video MGS and Video WT). A
similar flightless phenotype is a characteristic of muscle-defective mutations such as Mhc-
myosin heavy chain [Homyk and Emerson, 1988] suggesting possible defects in muscle
development. Other phenotypes include the loss of posterior scutellar bristles (Fig. 5B), the
appearance of rough eyes spots (Fig. 5C) as well as irregular disoriented hairs on an
abdomen (Fig. 5D). All these observed phenotypes are consistent with planar cell polarity
defects [Devenport, 2014; Galic and Matis, 2015]. Genetic studies in Drosophila have
identified two signaling systems, the Frizzled and Fat/Dachsous system, which are both
required for PCP establishment in many different tissues and are conserved in metazoan
species [Bosveld et al., 2012; Singh and Mlodzik, 2012]. The Fat/Dachsous cadherin system
is known to control tissue size and shape in animals [Lawrence et al., 2008; Goodrich and
Strutt, 2011]. How animal cells cooperate to build tissues of particular forms remains a
fundamental unsolved problem in biology. It will be interesting to test how MGS mutation in
Orc6 resulting in MGS phenotype might affect organ growth and ultimately tissue and
organism size. We think that availability of the Drosophila model of MGS will allow
thorough studies revealing crucial and conserved mechanisms of organism development and
disease pathogenesis.
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FIG. 1.
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Mutations in a conserved C-terminal helical domain of Orc6 used in this study. Black box
represents DNA binding N-terminal domain of Orc6. Conservatives amino acids of the C-

terminus are shown in insert. Mutated amino acids are colored in red. Arrow indicates

Meier-Gorlin syndrome associated mutation.
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A orc6-wt orc6-Y225S

FIG. 2.
Replication defects in Drosophila MGS mutant. Both neural ganglia (A) and testes (B) of the

Orc6-Y225S mutant show significantly reduced BrdU incorporation level. Testes are smaller
and never reach normal size. Testes tips with BrdU incorporation spots are also shown in the
enlarged inserts. Scale bar 50 um.
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MGS mutations result in chromosome defects, disrupt the interaction of Orc6 with core
ORC and impair MCM chromatin association. (A) Mitotic chromosomes of the neural
ganglia from wild-type and mutant larvae. Upper row: karyotypes of orcé6 deletion mutant,
wild-type (Canton S) and orcé6 deletion rescued with orc6 wild-type transgene are shown
from left to right. Karyotypes of the MGS mutant orc6- Y2255 mutant are shown in the
lower row. Scale bar 10 mm. (B) Immunostaining of polytene chromosomes from salivary
glands expressing GFP-Orc6-wt or MGS mutant GFP-Orc6-Y225S protein. Anti-Orc6
antibodies were used. (C) Western immunoblotting analysis of ORC complexes precipitated
using anti-Orc2 antibody from extracts isolated from fly ovaries expressing different GFP-
tagged Orc6 proteins under control of native orcé promoter: GFP-Orc6-D224A/Y225A,
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GFP-0rc6-Y225S, GFP-Orc6-Y225F and GFP-Orc6-wt (wild-type). Canton Sflies without
any transgenes were used as a negative control. GFP-Orc6 fusion proteins were detected
with anti-GFP monoclonal antibody, while Orc5 subunit of ORC was detected using anti-
Orc5 antibodies. Ovary extract (In) and immunoprecipitated material (IP) are shown for each
transgene. (D) Chromatin association of Mcm5, a member of the MCM2-7 complex, is
reduced in orcé-null fly larvae expressing Orc6 mutants. Neural ganglia of homozygous,
orcé-null Drosophila larvae expressing GFP-tagged Orc6 proteins under native orcé
promoter were isolated and subjected to salt extraction to solubilize cellular proteins.
Insoluble and chromatin associated proteins were pelleted by centrifugation and analyzed by
Western blotting using Mcmb5 polyclonal antibodies. Pnut was used as a loading control.
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FIG. 4.
The elevated expression of Orc6 MGS transgenes rescues normal karyotype and restores

Orc6 association with core ORC. (A) The expression of orc6-Y225S and orc6-D224A/
Y225A transgenes under strong fubulin promoter restores normal karyotype. orc6-W228A/
K229A and orc6-200 mutants are not able to rescue chromosome defects under either
promoter. Scale bar 10 um. (B) Western immunoblotting analysis of ORC complexes
precipitated using anti-Orc2 antibody from extracts isolated from fly ovaries over-expressing
different GFP-tagged Orc6 proteins under control of strong fubulin promoter. (+), tubulin
boost; (=), no tubulinboost. In, input; IP, immunoprecipitated material.
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MGS

MGS WT
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| ‘ .
FIG.5.

Mutant phenotype of orcé deletion flies rescued by overexpression of orc6- Y2255 under
strong ubiquitous fubulin promoter. Mutant flies are not able to fly (compare Video MGS
and Video WT) and have upheld wing posture (A). Other shown phenotypes include missing
posterior scutellar bristles (B), rough spots on the eye (C) and irregular hair pattern on the
abdomen (D). A-anterior, P-posterior.
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