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ABBREVIATIONS

3'-UTR the three prime untranslated region

5-UTR the five prime untranslated region

Arg arginine

ATP adenosine triphosphate

bp base pair

C12o0rf10 chromosome 12 open reading frame 10

cDNA complementary DNA

CI confidence interval

CMV cytomegalovirus

C-terminal carboxyl-terminal

CT cycle threshold (in qRT-PCR)

DNA deoxyribonucleic acid

E embryonic day

ESC embryonic stem cells

FRAP fluorescence recovery after photobleaching

Gln glutamine

GO Gene Ontology

HEK?293 human embryonic kidney 293 cell line

HMVEC human microvascular endothelial cell culture

HPA-axis hypothalamic-pituitary-adrenal axis

Hprtl Hypoxanthine guanine phosphoribosyl transferase 1 gene

HRP horseradish peroxidase

Hsp90 Heat shock protein of 90 kDa

P immunoprecipitation

kb kilobase(s); one thousand nucleotide bases or base pairs

kDa kilodalton (molecular size)

LD linkage disequilibrium

LPS lipopolysaccharide

Ix lux (unit of illuminance)

Mb megabase(s); one million nucleotide bases or base pairs

MHC major histocompatibility complex

mRNA messenger ribonucleic acid

MTS mitochondrial targeting signal

Mygl Melanocyte proliferating gene I gene in any species other than
human

MYGI Melanocyte proliferating gene I gene in human

Mygl protein encoded by Melanocyte proliferating gene 1 gene

NK natural killer

NLS nuclear localization signal

N-terminal amino-terminal

OR odds ratio

P post-natal day

p the short arm of the chromosome



q
qRT-PCR
RER
RMA
RNA
siRNA
SNP

Th

UPF
WD-repeat
YFP

YPD
YPE

the long arm of the chromosome

quantitative real-time polymerase chain reaction
respiratory exchange rate (formula CO,/O5,)
robust multiarray average

ribonucleic acid

short interfering RNA

single nucleotide polymorphism

T helper

uncharacterized protein family
tryptophan-aspartate repeat

yellow fluorescent protein

yeast extract-peptone-dextrose (rich media for growing yeast)
yeast extract-peptone-ethanol medium
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INTRODUCTION

This study characterizes Mygl (Melanocyte proliferating gene 1) gene and pro-
vides data about this novel gene and protein. Approximately 9,334 (37%) of
human genes have no publications, documenting their function. Furthermore,
for reasons not clear, the entry of new gene names into the literature has slowed
down in recent years (Wren, 2009). Basic studies elucidating the functions of
the remaining one-third of the genes that have unknown function are important
for better understanding of human/mammalian biology and completing of the
catalog of human gene function.

Our research team first identified Myg/ as a most extensively up-regulated
gene in the amygdaloid area of rats after cat odour-induced anxiety (Koks et al,
2004). Studies linked to the current dissertation were designed to shed light on
the function of the Myg/ gene that had previously been cited in only one scien-
tific abstract (Smicun, 2000) describing Myg/ as a highly expressed gene in
freely proliferating melanocytes and downregulated in malignant melanoma
cells.

Our initial hypothesis was that Myg/ could be a melanocyte specific gene as
suggested by Smicun (2000). Therefore one of the aims of the present study was
to study Myg! in relation with vitiligo, an acquired pigmentary disorder charac-
terized by areas of depigmented skin resulting from loss of epidermal melano-
cytes (Zhang et al, 2005). Vitiligo involves complex interaction of environ-
mental and genetic factors that ultimately contribute to melanocyte destruction,
resulting in characteristic depigmented lesions (Spritz, 2007). First we showed
an elevated expression of MYGI/ mRNA in both uninvolved and involved skin
of vitiligo patients. Our later studies, however, have indicated that Myg/ is not a
melanocyte or skin-specific gene, but has a rather ubiquitous and homogenous
expression and serves a more general function in the organism level. Therefore
we propose that elevated expression of MYGI in the skin of vitiligo patients is
rather indicative of systemic deviations in immune response or cellular meta-
bolism.

The purpose of our studies was to considerably extend the existing know-
ledge about the functional role of Mygl gene and protein. Although our theories
about the real functions of Mygl in the cell and organism are still merely
hypothetical, the data presented here shed light on the role of Mygl in the
complicated cellular machinery as we now know its expression patterns in adult
and developing tissues, subcellular location, the effect of knock-down in cell
culture and the impact of gene knock-out in in vivo mouse model.
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REVIEW OF LITERATURE
I. Phylogenesis of Mygl| gene

Mygl (Melanocyte proliferating gene 1, also known as C120rf10 in human and
Gamml in plants) is a recently identified gene. Mygl is the only member of an
uncharacterized protein family UPF0160 (PF03690) with no described para-
logues in any organism. According to sequence homology, UPF0160 domain
contains a number of metal binding residues and is predicted to possess metal-
dependent protein hydrolase activity. Mygl protein is highly conserved and
present in all eukaryotes from yeast to human (Nepomuceno-Silva et al, 2004).
Orthologues have even been found in plants (Heazlewood et al, 2004) and in
protozoan parasites. For example, Trypanosoma cruzi orthologue shares 56%
similarity with human Mygl on a 359 amino acid stretch (Nepomuceno-Silva et
al, 2004).

The high conservation rate of Mygl throughout evolution has been con-
firmed by a study that identified 398 genes that are conserved at least in all 17
species out of 18 that were studied and Myg/ orthologue was missing only in P.
falciparum (Lee et al, 2008). However; P. falciparum is a parasite whose
lifestyle and biological processes deviate from those of other organisms: less
than 20% of the genes from P. falciparum can be grouped with genes from
other species; various ATP synthases, many mitochondria-related genes and
members of proteasome are missing in P. falciparum (Lee et al, 2008). There-
fore Mygl is present in all studied species with conventional biological proces-
ses and metabolism. Figure 1 represents multiple sequence alignment between
six eukaryotic organisms: human (Homo sapiens), chimpanzee (Pan troglo-
dytes), mouse (Mus musculus), frog (Xenopus tropicalis), thale cress (a model
organism in plant genetics, Arabidopsis thaliana) and baker’s yeast (Saccharo-
myces cerevisiae). The conservation in amino acid level is high between human
and chimpanzee (99.2%) and mouse (85.6%); somewhat lower between human
and frog (60.9%) and moderate between human and Arabidopsis thaliana (43%)
and Saccharomyces cerevisiae (39%). Nevertheless, there are several areas in
the Mygl protein that are conserved from human to plant and yeast (columns
with black shading on Figure 1), indicating crucial domains for Mygl function.
Red shading in Figure 1 points to the conserved DHH (Asp-His-His) motif
around amino acids 106-108 suggesting putative phosphoesterase activity
(Aravind & Koonin, 1998). Despite high conservation, Mygl gene still seems to
be under selection: Myg/ is found to be among 154 genes that underwent posi-
tive selection in human evolution compared to chimpanzee evolution (Bakewell
et al, 2007). Therefore Mygl can be one of the genes that are responsible for the
differences between humans and chimpanzees.

12
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Figure 1. Multiple sequence alignment of Myg1 orthologues in different eukaryotic
organisms. Sequences have been obtained from ncbi.org database and aligned by
Crustal W program (1.81). A star (*) and black shading indicates an entirely conserved
column; a colon (:) and dark grey shading indicates columns where all the residues have
roughly the same size and the same hydropathy; and period () with light gray
shading indicates columns where the size or the hydropathy has been preserved in the
course of evolution. Red shading points to the conserved DHH motif suggesting
putative phosphoesterase activity.

2. Conserved genomic neighbourhood of Mygl gene

In most vertebrates with sequenced genomes, Mygl gene is comprised of seven
exons that span 7.5, 6.4 and 6.7 kb of genomic DNA in human, mouse and Xenopus
tropicalis, respectively. The Mygl locus reveals a high degree of conservation with
respect to the neighboring genes Prefoldin5 (PFDN5, NM_002624 in human) and
AAAS (NM_015665 in human), that lie upstream and downstream, respectively, of
Mygl in all primates, most mammals and Xenopus tropicalis (Figure 2). The closest
neighbours of Mygl are of interest, because it is likely that genes that lie in close
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proximity may be co-regulated due to enhancer sharing or open chromatin
conformation (Little, 2005). The closest upstream neighbour PFDNSJ is separated
from Mygl only by 248 bp in human and by 222 bp in mouse genome. PFDN5 is
enoding subunit 5 for heterohexameric chaperone protein, Prefoldin (Vainberg et al,
1998); alternatively PFDN5 is known as MM-1 or c-Myc-binding protein that is
found to be a candidate for a tumor suppressor in leukemia/lymphoma and tongue
cancer (Kimura et al, 2007). The intergenic area between Myg! and closest down-
stream neighbour 44A4S is 281 bp in human and only 118 bp in mouse genome.
AAAS gene encodes WD-repeat protein ALADIN that localizes to nuclear pore
complex (Huebner er al, 2006). Mutations in 44A4S are linked with triple A
syndrome (OMIM #231550) that is a rare human autosomal recessive disorder
characterized by the clinical triad of achalasia of the cardia (increased tone of the
lower esophagus sphincter), alacrima (deficiency of tear production), and adreno-
corticotropic hormone (ACTH)-resistant adrenal insufficiency. In addition to the
three main symptoms, patients suffer from a variety of progressive neurological
symptoms that indicate an involvement of the central, peripheral, and
autonomic nervous systems (Huebner er al, 2006, Koehler et al, 2008). The
conserved region around Myg/ gene is wider: according to MSOAR database
(http://msoar.cs.ucr.edu) human MYGI in chromosome 12 is located inside
19.54 Mb syntenic chromosome block that corresponds to 13.43 Mb conserved
block in the mouse chromosome 15 F1-F3. This conserved chromosomal fragment
includes full type II keratin cluster that is lying in 12q13.3 in human (Rogers et al,
2005), 346 kb upstream from MYGI and HOX C locus located 631 kb downstream
of MYGI1. The HOX genes constitute a network of homeobox transcription factors
controlling embryonic development and play an important role in crucial adult
eukaryotic cell functions (Cantile et al/, 2003). Taken together, in human, mouse
and several other vertebrates, Mygl gene is tightly surrounded by its closest
neighbours and is located in a highly conserved chromosomal region between type
II keratin cluster and HOX C locus.

ESPL1 EPFDNSE:“E:";‘: MYG1 §||§ AAAS §| SP7
gﬁlirl;:gs_‘Lc;Ei S l—\l“ e = “:“ = 9 =
Espli é Pfdn5 & d Myg1l %lg Aaas §| sp7
e Mt ey el e
Espl1 dpfdnse 3 Mygl & g Aaas g
é::fgcg);f;ﬁ Tropicalis - > : !EPfdn;?I & l) | 2 — E!_| (SP—T

(1 Mb 1 1 I 1 1

Figure 2. Schematic structure of Mygl genomic neighbourhood in human, mouse
and Xenopus tropicalis. The Mygl locus reveals a high degree of conservation with
respect to the neighbouring genes Espll (Extra spindle poles-like 1), Prefoldind
(PFDNY5), AAAS (achalasia, adrenocortical insufficiency, alacrimia; triple-A), Sp7 (zinc
finger transcription factor of the SP gene family) that lie upstream and downstream of
Mygl in all primates, most mammals and Xenopus tropicalis.
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3. Dynamic expression of Mygl transcript
during development

Developmentally dynamic expression of Mygl has been detected in various spe-
cies from human (Chan et al, 2006), rat (Weng et al, 2006 ) mouse (Dorrell et
al, 2004) to zebrafish (Mathavan et al, 2005). According to global expression
analyses, Mygl tends to be up-regulated in undifferentiated and pluripotent
cells. Mygl is specifically upregulated in mouse two- to four-cell embryos (Sha-
rov et al, 2003). In E (embryonic day) 3.5 blastocyst, Myg!/ expression is higher
in pluripotent inner cell mass than in differentiated trophectoderm (Tanaka et al,
2002). Similarly, MYGI expression is significantly higher in embryonic and
hematopoietic stem cells compared with differentiated hematopoietic cells
(Golan-Mashiach et al, 2005). Additionally, Mygl has fluctuating expression
level in both prenatal and postnatal development in various tissues and organ
types: during spermatogenesis (Chan et al, 2006), myogenesis (Tomczak et al,
2004), adipogenesis (Hackl et al, 2005), and during development of fetal lung
(Weng et al, 2006) and postnatal retina (Dorrell et al, 2004). There are some
functional hints of how Mygl is involved in pluripotency: based on genomic
sequence analysis or mouse embryonic stem cell (ESC) chromatin immuno-
precipitation (ChIP) data, Mygl has a putative Oct4 binding site (Loh er al,
2006) suggesting that Mygl is a candidate target gene of Oct4 (Octamer-4, also
Pou5fl, NM 013633.2). Oct4 is an ESC pluripotency regulator and is often
used as a marker for undifferentiated cells. Furthermore, Myg! is down-regu-
lated in Oct4 knockdown embryos (Foygel et al, 2008). Moreover, Mygl can
also be implicated in adult stem cells: expression of Myg! is down-regulated 60
minutes after conditional knockout of 7LX (also Nr2el, NM 152229) gene that
regulates adult neural stem proliferation by controlling cell proliferation and
growth (Zhang et al, 2008). Mygl involvement in the cellular pathways related
with Oct4 and TLX can explain dynamic expression of Myg/ during prenatal
and postnatal development; however, the precise function of Mygl in deve-
loping cells needs further research.

4. Expression changes of Mygl transcript induced
by stress and immune response

Mygl expression in adult tissues is rather homogenous and ubiquitous (Su et al,
2004) and seems to be regulated mainly as a response to stress. A screen for
genes involved in the anxiety response identified an upregulation of Myg! in the
amygdaloid area of rats after exposure to cat odour (Kdoks et al, 2004). Other
studies have reported alterations in Mygl mRNA expression in response to
stress/illness conditions in human (Hawse et al, 2003; Liang et al, 2008; Saaf et
al, 2008), rodent tissues (Rickhag et al/, 2006) and in cell culture experiments
(Li et al, 2009). Certain cellular stress conditions such as cytotoxicity,
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starvation and degeneration tend to induce down-regulation of Myg/. In yeast,
the expression of Mygl orthologue decreases in response to oxidative stress,
heavy metal stress, heat shock, osmotic stress and DNA damage (Chen et al,
2003). Similarly, Mygl expression is down-regulated in cytotoxicity induced by
nickel ions (L et al, 2009). Stress-repressed genes are generally involved in
energy-consumption and -balance, oxidative stress, RNA processing, transcrip-
tion, translation, protein folding, biosynthesis of ribosomal subunits and nucleo-
tides, membrane transport, cellular structure, and cell cycle control (Chen et al,
2003; Hawse et al, 2003). There is additional data suggesting that Mygl/ is
repressed in restricted energy conditions and degeneration: Mygl is rapidly
degraded during starvation-induced autophagy (Kristensen et al, 2008) and the
expression level of MYGI is 6-fold decreased in human age-related cataract
lenses relative to clear lenses (Hawse et a/, 2003). Additionally, Myg1 is down-
regulated in the entorhinal cortex and hippocampus of Alzheimer patients
(Liang et al, 2008). Taken together, Mygl expression can be increased or de-
creased depending on the nature of cellular stress, but restricted cellular
metabolism seems to correlate with decreased expression of Myg! transcript.

In some studies Myg! transcript has been reported to change specifically
after immune system activation or repression. Mygl expression has been as-
sociated with immunological response in several cell culture and mouse models:
MYGI expression is 2.78-fold decreased 24 hours after human microvascular
endothelial cell culture (HMVEC) was infected with Trypanosoma cruzi para-
site (Costales et al, 2009). Additionally, Mygl expression is up-regulated in
lungs of mice infected with Mycobacterium tuberculosis and treated with gene-
tic vaccine immunotherapy that was able to boost T helper (Th)l immune
response (Zarate-Bladés et al, 2009). Furthermore, Mygl mRNA expression is
decreased in CD8" cytotoxic T-lymphocytes after interleukin-12 induced activa-
tion in a mouse mammary carcinoma model (Cao et al, 2004) and in response to
in vitro treatment of peripheral blood cells with IFN-alpha (Taylor et al, 2004).
IFN-alpha and IL-12 are macrophage-derived immunostimulatory cytokines
that enhance innate and cell-mediated (Th1-type) immune responses (Lehtonen
et al, 2003). Finally, up-regulation of Myg/ mRNA has been reported in a
methylcholanthrene-induced sarcoma tumour model following treatment with
anti-inflammatory COX-inhibitor indomethacin (Axelsson et al, 2007).

5. Mygl in cell cycle and cancer

There is no data that Mygl could be directly involved in the regulation of cell
cycle. On the contrary, a genome-wide study in Schizosaccharomyces pombe
demonstrates that Myg! orthologue is not periodically expressed during cell
cycle (Rustici et al, 2004), suggesting that the function of Myg] is not related to
cell cycle. Still, as Mygl seems to be involved in basic cellular functions, it is
not suprising that there are global expression reports that link Mygl with
cancer-related cellular alterations. As cited above, Myg/ has been found to
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change in response to immune therapies in cancer models: Myg! is induced in
response to interleukin-12 treatment in mammary carcinoma (Cao et al, 2004)
and reduced in response to COX-inhibitor in sarcoma tumour model (Axelsson
et al, 2007). As cancer cells are highly reactive to changes in the immune
system and several cancer therapies directly manipulate immune reactions, it is
most probable that these changes in Myg! transcript are related with influence
on immune reaction. Furthermore, MYGI is upregulated in oncocytomas that
are large cell tumours characterized by an abnormal proliferation of mito-
chondria (Baris et al, 2004). Baris et al (2004) also found coordinated up-regu-
lation of oxidative metabolism genes in thyroid oncocytic tumors; here again
Mygl transcript can be induced by other cellular changes and not by malignan-
cy. However, some evidence suggests that Mygl can be directly involved in the
cellular malignancy: Mygl is upregulated after knockdown of both DNMT1 and
DNMT3b DNA methyltransferases in malignant glioma cell line. DNA methyl-
transferases regulate and maintain promoter methylation and are overexpressed
in human cancer (Foltz et al, 2009), therefore Mygl can be suppressed in
malignant tumours by methylation. Another paper reports that MYG/ is down-
regulated in metastatic prostate tumours compared with primary prostate
tumours (Chandran et al, 2007). Finally, the first scientific abstract about Mygl
(Smicun, 2000) showed that Mygl mRNA is downregulated in mouse mela-
noma cells compared with normal melanocytes. In conclusion, changes of Myg!
transcript in tumour cells can be related with changes in cell’s immune response
or metabolism, but there is evidence that Mygl tends to be down-regulated in
malignant tumours.

6. Vitiligo genetics and candidate genes

We have been interested in MYG/ as a putative candidate gene in vitiligo gene-
tics, because according to our initial hypothesis Mygl was a melanocyte speci-
fic gene or have specific functions in melanocytes as suggested by Smicun
(2000) who initially named the gene as Melanocyte proliferating gene 1 or
Mygl. Vitiligo is an acquired pigmentary disorder characterized by areas of
depigmented skin resulting from loss of epidermal melanocytes (Zhang et al,
2005). Considered the most common pigmentary disorder, vitiligo occurs with a
frequency of 0.1-2.0% in various populations (Alkhateeb et al, 2003). Vitiligo
involves complex interaction of environmental and genetic factors that ultima-
tely contribute to melanocyte destruction, resulting in characteristic depig-
mented lesions (Spritz et al, 2007). Strong evidence from twin and family
studies indicates the importance of genetic factors in the development of vitiligo
(Zhang et al, 2005). Nevertheless, the concordance of vitiligo in monozygotic
twins has been reported to be only 23%, indicating that a non-genetic com-
ponent also plays an important role (Alkhateeb et al, 2003). Attempts to identify
genes involved in susceptibility to generalized vitiligo have involved gene
expression studies, genetic association studies of candidate genes, and genome-
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wide linkage analyses to discover new genes (Spritz et a/, 2007). However, the
search is complicated, because the genetics of vitiligo is characterized by in-
complete penetrance, non-Mendelian pattern, multiple susceptibility loci and
genetic heterogeneity (Zhang et al, 2005).

For at least three decades, separate investigators have been defending their
favourite theory — such as the autoimmune theory, the cytotoxic metabolites
theory, the neural theory and the genetic theory. Recently, some other theories
have been added, e.g. the hydrogen peroxide theory, the growth factor theory
and the chronic pressure theory (Schallreuter et al/, 2008). Besides immunologi-
cal approach, the study of the metabolic deregulations leading to toxic damage
of the melanocytes appears to be more and more relevant (Dell’Anna & Picar-
do, 2006). Among these hypotheses about vitiligo pathogenesis, only autoim-
mune theory has gained support from repeatable association studies. In general,
there are not many genes, which involvement has been proved in replication
studies. Namely, the involvement of PTPN22 (1pl13), MHC gene cluster
(6p21.3) and NALP (SLEV1; 17p13) have been repeatedly associated with
vitiligo according to two most comprehensive reviews about vitiligo genetics in
recent years (Zhang et al/, 2005 and Spritz et al, 2007). These genes are directly
related with the regulation of immune response. PTPN22 encodes lymphoid
protein tyrosine phosphatase, which is important in the negative control of T
lymphocyte activation (Canton et al, 2005); NALPI encodes NACHT leucine-
rich-repeat protein 1, a regulator of the innate immune system (Jin et al, 2007).
Finally, the major histocompatibility complex (MHC) is a dense region of
immune genes, which variation is a key determinant of susceptibility and resis-
tance to a large number of infectious, autoimmune and other diseases (Traherne,
2008).

Vitiligo is indeed strongly related with autoimmune disorders: overall, about
30% patients with generalized vitiligo have been reported to be affected with at
least one additional autoimmune disease (Alkhateeb et al, 2003). However,
there is evidence that autoimmunity related loci are separable from other loci
that are not related with autoimmunity. Spritz et a/ (2004) found evidence for
linkage at most loci: AIS1 (1p31), AIS2 (7q) and SLEV1, was mainly from the
autoimmunity-associated families, on the other hand, the linkage effect of AIS3
locus (8p) was primarily from the families with no autoimmune diseases, sug-
gesting that vitiligo might be divided into at least two distinct phenotypic sub-
categories that involve different disease loci or alleles. Moreover, there is other
evidence that vitiligo can be divided into different genetic subgroups: for
example, there is little overlap between the linkage findings of Chinese and
Caucasian populations (Chen et al, 2005) suggesting that vitiligo is associated
with a strong genetic heterogeneity and might involve different genetic risk
factors in different ethnic populations. Taken together, vitiligo is a highly
heterogenous disease and many genetic factors that mediate pathogenesis of
vitiligo are currently unknown. Therefore studies investigating new gene candi-
dates are important to provide new targets for understanding, preventing and
treatment of vitiligo.
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CONCLUDING REMARKS

Mygl is one of the most conserved genes that have been evolutionarily crucial
to maintain from protozoans to humans. Despite that, Mygl has not been as-
sociated with any remarkable disease conditions or fundamental cellular pro-
cesses. Global expression analysis suggests that Mygl is altered in diverse
cellular conditions: development, cell cycle and various stress responses. The
purpose of the present study was to perform a comprehensive investigation
about Mygl in DNA, mRNA, protein, cell culture and organism level in order
to get more information about the function of this highly conserved gene and
protein. We investigated Myg/ transcript, expression dynamics during develop-
ment and adulthood and subcellular location of Mygl protein. Additionally we
performed in vitro Mygl knockdown experiment followed by global expression
profiling and created a mouse line with targeted deletion of Myg/ gene followed
by comprehensive phenotyping that covered a multitude of behavioural, cogni-
tive, neurological, physiological and stress-related functions. Finally, we ex-
plored functional polymorphisms of human MYGI gene and studied MYGI
expression and polymorphisms in relation to an acquired pigmentary disorder —
vitiligo.
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AIMS OF THE STUDY

The general goal of present study was to collect comprehensive experimental
data about the function of Mygl gene and protein. More specific aims of the
present study were as follows:

1. To characterize the expression pattern of Myg/ mRNA in human and mouse
tissues using real-time quantitative PCR, northern blotting and in situ RNA
hybridization (Studies I, II, III).

2. To identify subcellular distribution of Mygl, to find possible interaction
partners and cellular pathways of Myg1 (Studies I and IV).

3. To create a Mygl-deficient mouse model and to characterize behavioural,
cognitive, neurological, physiological and stress-related responses in MygI-
deficient mice (Study II).

4. To confirm a possible involvement of Mygl in the acquired pigmentary dis-
order — vitiligo. To characterize functional MYGI SNPs and MYGI mRNA
levels in the skin biopsies of vitiligo patients (Studies III and 1V).
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MATERIALS AND METHODS

|I. Expression of Mygl mRNA
I.1. Northern blot analysis (Study I)

Ten micrograms of human total RNA from ten different tissues (BD Bioscience
Clontech, Palo Alto, CA) was denatured in glyoxal-dimethyl sulfoxide and
separated in 1.5% agarose gel, transferred to Hybond-XL membrane (Amers-
ham), and hybridized with MYGI full length cDNA probe labeled with [a-
32P]dCTP. Washed membrane was exposed to autoradiographic screen, and
hybridization signals were visualized with a Starion bioimager.

1.2. Affymetrix Genechip analysis of MYGI mRNA expression
in human total RNA samples (Study I)

MYGI mRNA levels in human total RNA samples (Clontech) from fetal brain,
adult brain, cerebellum, thymus, spleen, stomach, ileum, colon, kidney, prosta-
te, heart, liver, lung, testis, skeletal muscle, thyroid and salivary gland were
determined by Human Affymetrix Genechip (HG-U133plus2) analysis.

1.3. qRT-PCR analysis of Mygl expression
in mouse tissues (Studies | and Il)

Mygl mRNA level was determined by quantitative real-time PCR (qRT-PCR)
in 10 brain regions and 9 non-neural tissues from 3 wild-type mice from 129Sv
strain. All reactions were performed by using qPCR™ Core Kit for SYBR"
Green [ Master Mix (Eurogentec, Belgium). RNA extraction, cDNA synthesis,
gRT-PCR and data analysis was performed as described earlier (Areda et al,
2006). Embryonic cDNAs from MTC™ Panell (Clontech) that provide a cDNA
pool of 200 mouse embryos were used for analyzing E7, E11, E15 and E17
embryonic stages. Two primer-pairs were used for detecting Myg/ mRNA:
primers 1 and 2 (see Table 1 for primer sequences) specific to exons 2 and 3 of
Mygl mRNA; and primers 3 and 4 specific to exons 3 and 4 of Myg/ mRNA.
Hypoxanthine guanine phosphoribosyl transferase (Hprtl) was used as endo-
genous reference gene (primers 7 and 8). Specific primers were designed to
detect the short splice variant of mouse Myg/ mRNA that was incidentially
cloned from mouse testis mRNA pool. As short variant lacks exons 5 and 6 (Fi-
gure 6C), a reverse primer was designed on the junction of exons 4 and 7
(primer 5). Primers 5 and 6 were used to generate a 100 bp amplicon for
quantitative measurements of Myg/ short splice variant. To confirm that primer
5 is annealing the unique junction site of exons 4 and 7, we used primer 5 with

21



different forward primers from Mygl cDNA (Figure 6A) to achieve 207 bp
amplicon (primers 3 and 5) and 341 bp amplicon (primers 1 and 5) (Figure 6D).
gRT-PCR data in Figure 5C and 5D and 20A—-20C is presented on a linear scale,
calculated as 2T, where ACT is the difference in cycle threshold (CT)
between the target gene (Mygl) and housekeeper gene (Hprtl).

|.4. qRT-PCR analysis of MYG| expression in human skin biopsies
(Studies 11l and 1V)

Gene expression level of MYGI was detected applying TagMan Assay-On-
Demand (Hs000222208 m1, FAM-labelled MGB-probe) gene expression assay
mix (20X, Applied Biosystems, Foster City, CA, USA) and TagMan® Univer-
sal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) in the ABI
Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City,
CA, USA). Reactions were carried out in 10 pl reaction volumes in four repli-
cates. Data is presented as 2" calculated in relation to the HPRTI (primers 9
and 10 and VIC-TAMRA-labelled probe were used) (Kingo et al, 2008) and
unpaired Student’s t-test and one-way ANOVA were used to test for differences
between the groups.

1.5. In situ RNA hybridization analysis (Studies | and II)

Mouse Myg! full-length cDNA was cloned from a cDNA pool from wild-type
mice testis using primers 15 and 16 and inserted into pGEM7-Zf(+) vector
(Promega) for creating an in situ probe. Gadl RZPD cDNA clone (accession:
BC027059) was used to synthesize positive control RNA probe. Whole mouse
embryos were hybridized with digoxigenin-UTP (Roche) labeled RNA probes
according to Wilkinson (1993), recorded, and cut into 45 pm slices with
vibratome. The embryos were dissected from timed matings and the stages were
confirmed according to Kaufman (1995). RNA in situ hybridization on free-
floating PFA-fixed 40 um mouse brain cryosections using digoxigenin-UTP
(Roche) labelled Mygl sense and antisense RNA probes was performed
according to Braissant & Wahli (1998). As a major modification, active DEPC
treatment was avoided and 0.25% TritonX-100 was added into PBS to improve
probe penetration. The stained sections were transferred onto slides in 0.5%
gelatine and air dried, mounted with Pertex (Histolab, Malmo, Sweden).
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2. Cell culture experiments

2.1. Cell culture, immunocytochemistry and fluorescence
microscopy (Studies | and 1V)

All cell culture experiments were performed with HeLa cells. MYGI cDNA
constructs were transfected into HeLa cells using FuGENE 6 Transfection
Reagent (Roche, USA). For immunocytochemistry, cells expressing FLAG-
tagged constructs were fixed with 4% paraformaldehyde for 15 min at room
temperature and permeabilized with 0.1% Triton X-100 in PBS for 3 min. After
blocking with 1% bovine serum albumin (BSA) in PBS for 1 h at room tempe-
rature, cells were incubated with primary anti-FLAG antibody (Sigma-Aldrich,
Denmark, diluted 1:5,000) in 1% BSA PBS overnight at 4°C, washed 3x5 min
in PBS and incubated with Alexa Fluor 488-conjugated anti-mouse secondary
antibody (Molecular Probes, USA, diluted 1:1,000). Mitochondria were visua-
lized by using MitoTracker Red CMXRos (Molecular Probes, USA).
MitoTracker (final concentration 100 nm) was applied to the cells 45 min be-
fore examination. Prior to photo-bleaching (FRAP) experiments, cells were
incubated 2 hours with cyclohexamide (40 pg/ml) to block protein synthesis. In
a FRAP experiment a region (mitochondria or nucleus) of the YFP-Mygl
transfected cell was briefly illuminated with a high-intensity laser beam with a
wavelength near the excitation peak of a fluorophore. Consequently, most of the
YFP-Mygl molecules inside that region lost their fluorescence irreversibly, a
phenomenon known as photobleaching. Recovery of fluorescence inside the
bleached region was considered to reflect the mobility of YFP-Mygl fusion-
molecules. Images were aquired with a Zeiss LSM 510 confocal laser-scanning
microscope.

2.2. Mutant and wild-type MYGI cDNA constructs for subcellular
localization (Studies | and 1V)

Human MYG]1 full-length cDNA was cloned from HeLa cell line using primers
17 and 18 and inserted into pEYFP-N1 and pEYFP-C1 vectors (Clontech, Palo
Alto, USA) for N- and C-terminal fluorescent tagging, and into pQM-FLAGCTag
(Quattromed, Estonia) vector for C-terminal affinity tagging. Mygl signal-
sequence deletion constructs were generated by deletion of cDNA fragments
corresponding to aminoacids 1-20 (Figure 9B; NoMTS Mygl, primers 18 and
19), aminoacids 33-39 (Figure 9B; NoNLS Mygl, primers 17, 18, 20, 21) or
aminoacids 1-39 (Figure 9B; NoSignal Mygl, primers 18 and 22) of Mygl
protein. All deletion mutants were inserted into pEYP-N1 and pQM-FLAGCTag
vectors. Full-length human MYG/ cDNA with both variants for Mygl Arg4Gln
polymorphism were inserted into pEYFP-N1 vector (Clontech, Palo Alto, USA)
by using Nhel and Sacll restriction sites. Mygl 4Arg cDNA was cloned by using
primers 18 and 23 and Mygl 4Gln cDNA with primers 18 and 24.
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2.3. Preparation of FLAG-transfected cells for
Western Blot analysis (unpublished data)

Four million HeLa cells in 4 ml cell culture dishes were transfected with 6 pg
Mygl-FLAG DNA plasmids (wild-type, NoMTS or NoNLS). Cells were
washed 48 hours after transfections (2x with PBS) and collected by suspending
in 350 pl 2x SDS buffer. Cell samples and biotinylated protein ladder (#7727,
Cell Signaling Technology) were separated in 10% SDS-polyacrylamide gel
and transferred to Hybond-P membranes (Amersham Biosciences). Membrane
was incubated overnight with primary mouse monoclonal anti-FLAG antibody
(Sigma-Aldrich, Denmark, diluted 1:20,000) followed by horseradish peroxi-
dase (HRP)-conjugated horse anti-mouse IgG antibody (#7076; Cell Signaling
Technology; diluted 1:3,000) and anti-biotin HRP-linked antibody (1:1,000).
Immunoreactive proteins were detected with SuperSignal chemiluminescence
reagents (Pierce) and captured with LAS-1000 luminescence imager (Fuji)
using Image Gauge 4.0 software (Fuji).

2.4. Human MYGI promoter DNA constructs (Study 1V)

For MYGI promoter analysis, fragments from MYGI promoter area were cloned
into pGL3-Basic Vector (Promega) by using Kpnl and HindIII restriction sites.
Genomic DNA from two control subjects was used to make reporter gene
constructs and all fragments were sequenced to verify genotype and lack of
additional mutations in the constructs. Short promoter fragment that includes a
291 bp genomic sequence before MYGI coding ATG was amplified by using
primers 25 and 27. Long, 1 kb promoter fragment was amplified with primers 26
and 27. Both long and short promoter fragments were created in two variants with
respect of MYG1 promoter polymorphism C/G -119bp. Two different lengths of
promoter fragments were used because of lack of information how long promoter
area is needed to trigger maximum promoter activity for MYGI gene. 291 bp
fragment was used, because it is the maximum MYGI unique promoter area that
is not overlapped with 3’-UTR of closest neighbour gene PFDN5.

2.5. Luciferase assay (Study 1V)

For luciferase assay 200,000 cells per well were plated into six-well cell-culture
dishes 24 h prior transfections and five replicas were created for each plasmid,
with two different DNA preparations of the same clone. For each well 1 pg of the
construct was transfected along with 1pug of pRLO renilla luciferase reporter
vector as the control for transfection efficiency. Luciferase gene with CMV
promoter was used as positive control and empty pGL3-Basic vector as negative
control. The cells were harvested 24 h after transfection, and the activity of firefly
and renilla luciferase was measured with GloMax 96 Luminometer (Promega).
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The normalized luciferase data (renilla/firefly) were used to perform statistical
analysis (t-test) and are expressed relative to empty pGL3-Basic vector.

2.6. RNAi-mediated knockdown of MYGI mRNA in HelLa cells and
Affymetrix Genechip analysis (Study I)

We tested 3 predesigned short interfering RNAs (siRNAs) from Qiagen: siRNA
1 (target sequence CACCCTCTATGACAAGATGTA around junction of exons
3 and 4) and siRNA 3 (target sequence CCCACAAATCTCCTAGTCTAA in
the end of exon 7). Different siRNAs were used in order to control for off-target
effects. siRNA 2 was excluded from the experiment because of deviant appea-
rance of treated cells that was not related with more effective knockdown of
MYGI mRNA. siRNA-induced effect on MYGI mRNA expression in Hela
cells was determined by quantitative RT-PCR using primers 11 and 12 and
beta-actin as an endogenous reference (primers 13 and 14). Six million HelLa
cells in 10 ml cell culture dishes were either mock-treated or transfected with
siRNA 1 or siRNA 3 by using Oligofectamine reagent (Invitrogen, USA). All
three treatments were carried out in six replicas. The cells were harvested 72 h
after transfection, RNA was extracted with Trizol reagent (Invitrogen) and
pooled in a set of two. siRNA-mediated down-regulation of MYGI mRNA was
confirmed by qRT-PCR. Nine samples of cRNA (all three treatments in three
replicas) were hybridized to Affymetrix human HG-U133plus2 arrays (Affy-
metrix, USA) containing 54,613 probe sets. The arrays were processed ac-
cording to the manufacturer’s protocol.

2.7. Analysis of Genechip data (Study I)

The .CEL files were obtained using the Affymetrix GCOS v1.4 software and
analyzed by use of BioConductor (version 1.8) (www.bioconductor.org) for the
statistical software R (version 2.3) (www.r-project.org) (http://www.r-project.org).
The germa package (version 2.4.1) and the affy package (version 1.10.0) were used
to correct for optical noise and nonspecific binding, for normalization between
arrays, and to summarize multiple probes into a single expression value. The default
settings for gcrma modeling was used, i.e. ‘background correction’, quantile
normalization’ ‘PM-only modeling’, and ‘median polish summarization’.
Expression values (natural scale) were read into dChip (build date Sep 12,
2008) (www.dChip.org) for downstream analyses and clustering (Supple-
mentary file 3). The compare samples function was used to compute fold-
changes and corresponding p-values. The p-values were calculated by Welch’
modified two-sample t-test. Differentially expressed transcripts between Mock
and siRNA treated cells were filtered using the following criteria: fold-changes
> than 1.5 using, differences of means > 25, and p-values < 0.01. Significantly
changed genes were grouped based on their biological function using the Gene
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Ontology (GO) database (www.geneontology.org), the categorization principle
was to cover all transcripts with a minimum number of clusters.

2.8. Immunoprecipitation (IP) (Study I)

C-terminally FLAG-tagged MYGI cDNA construct was used for immuno-
precipitation experiments. FLAG-Ergl construct was used as a negative control.
3.5 million HeLa cells were seeded on fibronectin-coated 12.5 cm® flasks 24 h
prior to transfection. FLAG-tagged MYGI cDNA construct was transfected
using FuGENE 6 Transfection Reagent (Roche). Cells were harvested 48 h after
transfection at 90% confluency. 120 million cells were used for each purifi-
cation. Immunoprecipitations were performed as previously described (Jonson
et al, 2007). Specifically, the proteins were extracted by resuspending the cells
in lysis buffer consisting of 50 mM tris-HCI pH 7.4, 150 mM NacCl, 1% Triton
X-100, 0.5 mM phenylmethanesulphonylfluoride (PMSF) and 5 ul/ml Inhibitor
cocktail (Sigma), followed by sonication. The lysis buffer was used both for
extraction and IP. Protein extraction from 120 million HeLa cells in 3 ml lysis
buffer, followed by removal of the post-mitochondrial fraction by centrifugation
yielded approximately 20 pg protein per pl lysis buffer, based on quantification
of total protein content using BCA protein assay kit (Pierce). After IP, the IP
proteins were washed in wash buffer (50 mM tris-HCI pH 7.4, 150 mM NacCl,
0.5 mM phenylmethanesulphonylfluoride (PMSF) and 5 ul/ml Inhibitor cocktail
(Sigma)). Immunoprecipitated samples were separated on a 10% SDS-poly-
acrylamide gel and silver-stained using Silverquest (Invitrogen) according to
manufacturer's instructions. Western blot analysis (see section 2.3. for technical
details) was performed to detect possible Hsp90 immunoreactivity in different
phases of IP experiment (in cell lysate, in fraction that is not bound to anti-
FLAG beads, in the solution of FLAG binding beads and in the eluate of beads)
by using mouse monoclonal antibody (ab1429, Abcam).

3. Generation and phenotyping
of Mygl-deficient mice (Study Il)

3.1. Generation, breeding and genotyping
of mice lacking Mygl! (-/-)

Mygl knockout targeting construct was created by PCR amplification genomic
arms from wild-type 129/SvEvVTACfBr mouse genomic DNA. The 5' genomic
arm (1.6 kb) included a sequence from the upstream neighbour gene Pfdn5
Mygl promoter sequence, and the 3' genomic arm (3.6 kb) included a sequence
from the downstream neighbour gene Aaas. A LacZ-NEO cassette was inserted
immediately after the Myg/ promoter; as a result of homologous recombination,
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LacZ transgene replaced all seven exons of Mygl gene spanning in genomic
area of 6.1 kb (Figure 3A). pGEM-11Zf(+) cloning plasmid (Promega) was
used as a backbone during cloning, and a pgk-TK negative selection cassette
was cloned upstream of the 5' genomic arm. Notl-linearized targeting construct
was electroporated into W4/129S6 embryonic stem (ES) cells (Taconic) which
were selected for resistance to Neomycin and Gancyclovir. ES cell colonies
were tested for homologous recombination by PCR using recombination-
specific primer pair (primers 28 and 29) 2.3 kb PCR-product was sequenced to
verify the integration site. ES cell clone 8 A1 was injected into C57/B16 blasto-
cysts. Mygl F1 (+/-) founder animals were produced by mating male chimeras
with C57/Bl6 female mice. F2 generation Myg! (+/+) and their (-/-) littermates
were obtained by mating heterozygous (+/-) founder animals. Multiplex
genotyping reaction (primers 29, 30 and 31) was used for all tree genotypes
(+/+, +/-, -/-) (Figure 3B).
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Figure 3. Targeted disruption of the Myg! gene. (A) Restriction enzyme recognition
site map surrounding Myg/ wild-type allele indicates the region of homology selected
for construction of the targeting vector and location of targeted homologous recombi-
nation event that replaced all seven exons of Myg/ gene with LacZ-NEO transgene.
Arrowheads represent locations and directions of genotyping primers (WT-Rev, WT-
Fw and LacZ-Rev). (B) A multiplex-PCR-based genotyping assay (primer locations
shown in (A)) amplifies 995-bp fragment from the endogenous allele and a 430-bp frag-
ment from the targeted allele and is used for genotyping mice with all three genotypes:
Mygl -/- (lanel), Mygl +/- (lane 2) and Mygl +/+ (lane 3). GeneRuler 100bp DNA
Ladder Plus (Fermentas) was used as a fragment size marker (lane 4) (C) Whole mount
in situ hybridisation analysis with full-length Myg/ antisense probe revealed lack of
Mygl mRNA in Mygl (-/-) embryo in contrast to Mygl/ (+/+) embryo. Mygl sense
probe was used as a negative control to verify the specificity of Mygl antisense probe
staining.
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3.2. Animals

Female and male wild-type (+/+) and homozygous MygI-deficient (-/-) mice
were used in the present study (F2 hybrid). F2 hybrid Myg! (-/-) mice are vital,
fertile and lack visible abnormalities. Mice were separately housed by genotype
and sex in standard laboratory cages (425 x 266 x 155 mm) 6-9 animals per
cage. Mice were kept in the animal house at 22+1 C under a 12:12 h light/dark
cycle (lights off at 19:00 h). Tap water and food pellets were available ad /ibi-
tum. Unless stated otherwise, testing was carried out between 13:00 and 19:00
of the light phase. All animal procedures in this study were performed in accor-
dance with the European Communities Directive (86/609/EEC) and permit (No.
74, March 16, 2007) from the Estonian National Board of Animal Experiments.

3.3. Phenotyping strategy

For the present study a total of 10 batches of mice were reared, each batch
comprising 4 cages (2 genotypes X 2 sexes). The phenotyping of mutant mice
was carried out in two different testing batteries with the addition of a few tests
requiring naive animals (summarised in Table 2). The aim of the first battery
was to characterise a large variety of behavioral and physiological functions,
whereas the second battery was constructed to specifically target anxiety- and
stress-related phenotypic alterations. The testing order was chosen according to
Voikar et al (2004) with less stressful and invasive tests preceding the more
stressful tests. Testing began at age 60 days (2 months).

Table 2. Phenotyping strategy in mice lacking Myg! (-/-) and their wild-type (+/+)
littermates. The number of batches enrolled, the list and order of tests in two pheno-
typing batteries, and additional tests have been given.

Battery I Battery II Additional tests
(3 batches) (3 batches) (2 x 2 batches)
Plus-maze test Light-dark exploration General description (body
weight, blood glucose,
rectal temperature)
Locomotor activity and Marble burying test Restraint-induced
habituation corticosterone and Myg/
gene expression
Hot plate test Stress-induced
hyperthermia
Social interaction test Hyponeophagia test
Forced swim test Restraint-induced
analgesia
Rota-rod LPS-induced weight loss
Indirect calorimetry
Water maze

Sensory-motor descripiton
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The first battery of tests comprised plus-maze test (day 0), locomotor activity
and habituation (days 3—4), hot plate test (day 7), social interaction test (day
10), forced swim test (day 13), rota-rod (day 16), indirect calorimetry (days 19—
20), water maze (days 23-26) and general sensory-motor description (days 29—
30). Three batches of mice were used to carry out the first testing battery (Mygl
+/+ male n=21, Mygl +/+ female n=25, Mygl -/- male n=24, Mygl -/- female
n=26). Due to the lack of available standard opponents, however, social inter-
action test was performed with only two batches of mice.

The second battery of tests comprised light-dark exploration (day 0), marble
burying (day 7), stress-induced hyperthermia (day 14), hyponeophagia test (day
21), restraint-induced analgesia (day 28) and lipopolysaccharide (LPS)-induced
weight loss (day 35). For the second battery of tests another 3 batches of naive
mice were used (Mygl +/+ male n=21, Mygl +/+ female n=21, Mygl -/- male
n=20, Mygl -/- female n=21).

A separate group of mice (2 batches: Mygl +/+ male n=17, Mygl +/+ female
n=17, Mygl -/- male n=16, Mygl -/- female n=17) was used to measure body
weight, rectal temperature and blood glucose at 2 months of age. Mice from this
group were later used as standard opponents in the social interaction test (the
first phenotyping battery). Another separate group of naive mice (2 batches:
Mygl +/+ male n=17, Mygl +/+ female n=14, Mygl -/- male n=15, Mygl -/-
female n=17) was subjected to 30 min restraint only, followed by immediate
sacrifice to determine plasma corticosterone concentrations and Myg/ gene
expression in various brain structures.

3.4. First phenotyping battery

3.4.1. Elevated plus-maze test. The plus-maze test was carried out as described
earlier (Abramov et al, 2008) with some modifications. The apparatus consists
of two opposite open (17.5 x 5 cm) arms without sidewalls and two enclosed
arms of the same size with 14 cm high sidewalls and an end wall. The entire
plus-maze apparatus was elevated to a height of 30 cm and placed in a brightly
lit room (450 Ix in open arms). Pre-experimental social separation for 15 min
was employed in order to increase exploratory activity. Testing began by
placing a mouse on the central platform facing an open arm. Standard 5 min test
duration was used, and the maze was thoroughly cleaned with damp and dry
towels between the subjects. Test sessions were video-recorded and the video-
tapes were analysed by a trained observer unaware of testing conditions. The
following parameters were observed: number of total entries on open and closed
arms; entries on the open arms expressed as % of total entries on open and
closed arms; time spent on the open arms expressed as % of total time spent on
open and closed arms; number of stretched-attend postures (SAPs); total
number of head-dippings; number of unprotected head-dippings defined as
head-dippings made on open arms and expressed as % of total head-dippings. A
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male Mygl (-/-) mouse fell off the apparatus during testing and was con-
sequently excluded from analysis.

3.4.2. Locomotor activity and habituation. For the study of locomotor activity
the animals were placed singly into soundproof photoelectric motility boxes
(448 x 448 x 450 mm) connected to a computer (TSE, Technical & Scientific
Equipment GmbH, Germany) for 60 min on 2 consecutive days. The illumi-
nation level of the transparent test boxes was ~400 Ix. After removing the
mouse from the box, the floor was cleaned with damp towels and dried tho-
roughly. Distance travelled (m), number of rearings, number of corner entries
and distance travelled in the central area of the apparatus expressed as % of total
distance were registered. In order to characterise within-trial habituation dis-
tance travelled during the first period (0—30 min) of the first exposure to the
apparatus on day 1 was compared to distance travelled during the second period
(30-60 min) of the first exposure. To analyse between-trial habituation distance
travelled on day 1 was compared to distance travelled on day 2.

3.4.3. Hot plate test. The plate was heated to 52°C and the mouse was confined
there by Plexiglass cylinder (diameter 15 cm, height 20 cm). Latency (s) to
show hind paw response (licking or shaking) and latency (s) to jump from the
plate were measured. The cut-off time was set at 120 s.

3.4.4. Social interaction test. Social interaction test was carried out as de-
scribed previously (Shi et al, 2003) with slight modifications. Two unfamiliar
mice of the same sex and genotype were simultaneously placed in an empty
housing cage (267 x 207 x 140 mm) with cover made of transparent plexiglass.
Subjects were matched for age and body weight, and their behavior was
videotaped for 10 min. [llumination level on test arena was ~400 Ix. Active
social interaction (s) but not passive body contact was registered. No aggressive
encounters were observed in any pairs of mice.

3.4.5. Forced swim test. The mouse was placed for 6 min in the glass cylinder
(diameter 12 cm, height 24 cm, water depth 15 cm) filled with water at 25+0.5
°C. Test sessions were video-recorded and the videotapes were subsequently
analysed by a trained observer unaware of testing conditions. The time (s) of
immobility (passive floating, when the animal was motionless or doing only
slight movements with tail or one hind limb) was measured during the last 4
min of the test.

3.4.6. Rota-rod. The equipment consisted of a motor-driven drum (3 cm in
diameter) rotating at fixed speed (11 rpm). Rota-rod is one of the standard tests
to measure coordination and balance, but also procedural learning in rodents.
Every mouse was given three trials on rota-rod with 2 h inter-trial intervals. The
time of maximal performance for each trial was set at 120 s. Due to the
problems encountered in previous studies (Abramov et al, 2008), the latency (s)
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to either fall from the drum or to make first complete revolution was recorded
(see also Mcllwain et al, 2001). Also, the total number of falls and revolutions
was registered for each trial.

3.4.7. Indirect calorimetry. Open-circuit indirect calorimetry was carried out
using TSE LabMaster Calorimetry Module supplied with 3D motility frame
(TSE, Technical & Scientific Equipment GmbH, Germany). The standard pro-
tocol was shortened in order to adapt it for high-throughput testing. This proto-
col is suitable for screening for robust alterations in RER or energy expenditure.
This approach enables characterisation of metabolism in highly active animals
(the first 30 min of exposure) as well as almost inactive (habituated) animals
(the last 30 min of exposure). Calibration of oxygen (O;) and carbon dioxide
(CO») sensors was performed before each set of experiments. Measurements were
carried out between 09:00 and 19:00 of the light phase. Airflow rate was 0.5 /min
and ambient room temperature was 22°C. Mice were individually placed in
hermetically closed plexiglasss cages (250 x 150 x 240 mm) for 2 hours. Food
and water were not provided during the study period. O, consumption (ml/kg/h),
CO, production (ml/kg/h) and locomotor activity (counts) of subjects were
recorded every 15 min for 3 min per cage. LabMaster software was used to
calculate respiratory exchange rate (RER; formula CO,/O,) and heat production
(kcal/kg/h; formula (3.941x0,+1.106xC0O,)/1000).

3.4.8. Water maze. The water maze (TSE, Technical & Scientific Equipment
GmbH, Germany) consisted of a circular pool (150 cm in diameter), escape
platform (16 cm in diameter), video camera and computer. The pool was filled
with tap water (22°C) to a depth of 38 cm. The water was made opaque with the
addition of a small amount of non-toxic white putty. The escape platform,
positioned in the center of the Southwest quadrant (Q2), 20 cm from the wall,
remained in a fixed position. The water level was 1 cm above the platform,
making it invisible. Each trial, the animals were put into the water, facing the
wall, at pseudo-randomly assigned starting positions (East, North, South or
West). The acquisition phase of the experiment consisted of a series of 20
training trials, lasting up to 60 s each (5 trials per day for 4 consecutive days,
inter-trial interval 1 hour). Mice were allowed to search for the platform for a
maximum of 60 s at which time the mice were gently guided to the platform by
means of a metal sieve. Mice remained on the platform for 15 s. Posters and
furniture around the maze served as visual cues. During testing, the room was
dimly lit with diffuse white light (20 1x). The distance (m) travelled during each
trial, the latency (s) to find the submerged platform and swim velocity (cm/s)
were registered. The average value per day obtained by collapsing data on 5
trials for each animal was used. On day 4, one hour after the last training trial,
the platform was removed for a probe trial. Mice were put into the water in the
Northeast position (Q4) and were allowed to swim for 60 s. The time (s) spent
in all 4 quadrants (Q1, Q2, Q3, Q4) was measured, with time spent in target
quadrant (Q2) where the platform had been located serving as indicator of
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spatial memory. Data on one animal (Mygl +/+ female) were expelled from the
water maze analysis as the animal was subsequently found to be blind (sensory-
motor description).

3.4.9. Sensory-motor testing. The methodology was derived from Crawley
(2007). The aim of sensory-motor testing was to rule out robust deficits in
sensory or motor functions of Mygl (-/-) mice. Before sensory testing, mice
were deprived of food for 24 h in order to increase their motivation to search for
food pellets. Testing of motor abilities followed that of sensory abilities 24 h
later (food provided ad /ib, again). Time to find a visible (visual cue) or coffee-
impregnated hidden food pellet (olfactory cue), forepaw reach, pupillary reflex,
ear twitch to pen click, eye blink to air-puff, facial reaction (whisker twitch,
grimace) to light touch with von Frey filament (0.4 g), righting reflex, wirechang
and vertical pole performance were estimated by an experienced observer.

3.5. Second phenotyping battery

3.5.1. Light-dark exploration. The plexiglass box (45 % 20 x 20 cm) was
divided into two parts: two-thirds was brightly illuminated (~600 1x) by 60 W
light bulb fixed 30 cm above the floor, one-third was painted dark green,
covered by the lid and separated from the white compartment with a partition
containing an opening (13 x 5 cm) at the floor level. Mice were kept under
reduced light conditions (~20 1x) for at least 60 min before the testing (Voikar et
al, 2004). The animal was placed in the center of the light compartment facing
away from the opening, and the latency to move to the dark, the time spent in
the light compartment and the number of transitions between the two compart-
ments were measured. The duration of the test was 5 min beginning from the
first entry to the dark (the test was terminated if this time was more than
300 seconds).

3.5.2. Marble burying test. The test was adopted from Njung’e & Handley (1991).
Mice were placed individually in clear plexiglass boxes (267 x 207 x 140 mm)
containing clean sawdust (depth 50 mm) and 20 glass marbles (diameter 15 mm),
which were evenly spaced along the perimeter of the cage. For the assessment of
general locomotor activity motility frame (TSE, Technical & Scientific Equip-
ment GmbH, Germany) adjusted to the height of sawdust was used. Illumination
level was ~400 Ix. The number of marbles buried to at least two-thirds of the
depth and distance travelled (m) were registered during 30 min.

3.5.3. Stress-induced hyperthermia. The test was carried out as described by
Tasan et al (2009). Mice were transferred to experimental room and put
individually into holding cages (267 x 207 x 140 mm). After an adaptation
period of 90 min basal temperature was obtained with a rectal mouse probe
(TSE, Technical & Scientific Equipment GmbH, Germany). The tip of the
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probe was 1.7 mm in diameter and inserted 19 mm into the mouse rectum,
while the animal was gently restrained manually. Before insertion the probe was
dipped into vaseline and maintained in the rectum until stable values were
obtained. Temperature was measured to the nearest 0.1°C. After 10 min the
second value was determined to calculate the stress-induced hyperthermia
(AT=T2-T1).

3.5.4. Hyponeophagia test. Mice were deprived of food for 24 h prior to testing
(Voikar et al, 2005). The test was performed in a square plexiglass box (448 x
448 x 450 mm) with clear walls. Illumination level was ~400 1x. The animal
was placed in the center of the arena facing a standard food pellet. Maximum
duration of the test was 6 min. The latency to start eating (s) was registered.

3.5.5. Restraint-induced analgesia. Restraint stress was induced by placing a
mouse in 50 ml plastic tube for 30 min (Abramov et al/, 2008). Adequate
ventilation was provided by means of holes on the tip and the sides of the tube.
Remaining space in the tube was filled with soft clean paper towel swab to
restrict animal’s movements. Every effort was made to spare animals of any
stress but restraint itself. The nociceptive threshold was determined using
radiant heat tail flick system (Ugo Basile, Italy) immediately after termination
of the procedure. Unstressed control group comprised undisturbed animals
taken from their home cage immediately before tail-flick measurement. Cut-off
time was set at 15 s to avoid tissue damage.

3.5.6. Lipopolysaccharide (LPS)-induced weight loss. Animals from each
genotype and sex were randomly assigned to receive lipopolysaccharide (LPS;
Escherichia coli serotype 0111:B4, Sigma-Aldrich, Finland) diluted in sterile
saline at dose 50 pug/kg (i.p.) or an equal volume of sterile saline. Animals were
weighed immediately before injection, marked with non-toxic marker and
weighed again 24 h later. Weight loss was expressed as % change of the initial
weight (weight2-weight1l/weight1x100%).

3.6. Additional tests

3.6.1. Body weight, rectal temperature and blood glucose determination. A
group of naive mice was used to determine body weight, rectal temperature and
tail-vein blood glucose concentration at 2 months of age. Rectal temperature
was measured using a TSE thermometer (TSE Technical & Scientific Equip-
ment GmbH, Germany) to the nearest 0.1°C in hand-held mice by inserting
lubricated rectal probe (tip diameter 1.7 mm) 19 mm into the rectum. For the
measurement of blood glucose mice were restrained shortly and blood was
collected from a small incision to the right lateral tail vein. Glucose concent-
rations were determined using Accu-Check GO portable glucometer (Roche,
Mannheim, Germany).

34



3.6.2. Restraint-induced corticosterone elevation and Mygl expression in
brain structures of wild-type (+/+) mice. Another group of naive mice was
used for this experiment. 30 min restraint was carried out as described in the
restraint-induced analgesia section. Undisturbed animals from home cage ser-
ved as unstressed controls. Immediately after restraint animals were decapitated,
brains were quickly dissected into three parts (the prefrontal cortex, mesolimbic
area and temporal lobe) and frozen in liquid nitrogen. Blood from the trunk of
the body (mixed arterial and venous blood) was collected into heparinized tubes
and centrifuged for 10 min at 1500 x g. Sera were stored at -20°C until the
assay using corticosterone HS ELISA kit Octeia from Immunodiagnostic
Systems (U.K.) according to manufacturer's instructions (described in detail in
Luuk et al, 2009). Changes in Mygl/ gene expression in response to restraint-
stress were determined in wild-type (+/+) animals by means of qRT-PCR (see
section 1.3).

3.7. Statistical analysis for behavioural studies

Results are expressed as mean values + S.E.M. Statistica for Windows 7.0
software was used for statistical analysis. The results of the plus-maze,
locomotor activity, hot plate, social interaction, forced swim test, visible and
hidden food finding, body weight, blood glucose, rectal temperature, light-dark
exploration, marble burying, stress-induced hyperthermia and hyponeophagia
were analysed using two-way independent-groups ANOVA (genotype X sex).
The probe trial of the water maze, restraint-induced analgesia, restraint-induced
corticosterone elevation and LPS-induced weight loss were analysed using
three-way independent-groups ANOVA (genotype x sex x quadrant or restraint
or LPS). Within-trial and between-trial habituation to the locomotor activity
cages, rota-rod, indirect calorimetry measurements and the acquisition phase of
the water maze were analysed using mixed design three-way ANOVA with 2
between-subjects variables (genotype x sex) and 1 within-subjects variable
(period, day, trial, 15 min time period and day, respectively). Data on Mygl
gene expression in response to restraint-stress in wild-type (+/+) mice were
analysed by two-way independent-groups ANOVA (sex x stress). Post hoc
comparisons between individual groups were performed by means of Newman-
Keuls test.
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4. Human MYGI gene polymorphisms and MYGI
expression levels in healthy controls and vitiligo patients
(Studies Il and 1V)

4.1. Characteristics of study participants

Unrelated Caucasian patients living in Estonia with a clear clinical diagnosis of
vitiligo were enrolled at the Department of Dermatology, University of Tartu,
Estonia. The control group consisted of healthy unrelated Caucasians without a
personal or family history of vitiligo. The total number of individuals, sex
distribution, age range and mean age of onset of vitiligo are shown in Table 3.

Table 3. Characteristics of study participants in MYGI expression and association
studies.

Total Age Mean age
number of range  of onset of
individuals Females Males (years) vitiligo
MYG1 Vitiligo
expression patients 32 22 10 2275 30.4 years
(Study III)  Healthy
controls 27 17 10 21-67
MYGI1 Vitiligo
association  patients 124 88 36 18-82  27.8 years
(Study IV) Healthy
controls 325 180 145  18-71

The diagnosis of vitiligo was based on such clinical signs as characteristic skin
depigmentation with typical localization and white colour on the skin lesions
under Woods lamp. Two skin biopsies (0 4 mm) were obtained from the central
part of involved and from non sun-exposed uninvolved skin from patients with
vitiligo. One skin biopsy () 4 mm) from non sun-exposed skin was taken from
healthy control subjects. Based on the stage of progression of the disorder,
patients were divided into two subgroups: patients with progressive vitiligo
(active vitiligo) in which new areas of depigmentation or enlargement of depig-
mentation were observed during the previous 3 months (n=86 in association
study; n=23 in expression study) and patients with stable vitiligo (inactive
vitiligo) in which no new depigmentation or enlargement of depigmentation had
been observed for more than 3 months (n=38 in association study; n=9 in
expression study). Patients were also divided into four subgroups based on the
extent of the skin lesion: less than 10% (n=65); 10-50% (n=37); 51-90%
(n=15) and more than 90% (n=3). The Ethics Review Committee on Human
Research of the University of Tartu approved the study and written informed
consent was obtained from all participants.
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4.2. Selection of MYGI polymorphisms

In human, MYGI gene (also known as C120rf10) is composed of seven exons
that span 7.5 kb of genomic DNA in chromosomal region 12q13. According to
NCBI’s dbSNP database (www.ncbi.nlm.nih.gov/SNP/) MYGI gene contains
10 polymorphisms that are defined as single nucleotide polymorphisms (SNPs).
None of the MYGI polymorphisms have been previously studied in association
analysis, but two polymorphisms are potentially functional. SNP rs1465073 is
located 119 bp upstream of MYG/ translation start site (ATG) and we hereafter
designate this SNP as MYGI promoter polymorphism (-119C/G). Another poly-
morphism involves nucleotides 11-12 (rs1534284-rs1534283) downstream
from translation start ATG. As it becomes evident from EST and genomic DNA
sequence analysis, these polymorphisms are not real SNPs because they always
appear as couple AA or GC (Table 4) in human populations. These nucleotides
are coding second and third position of amino acid four in the N-terminus of
Mygl protein (CAA and CGC, respectively) and the polymorphism is poten-
tially functional, since it changes basic amino acid into polar and uncharged.
CGC that is common in Caucasians codes for basic amino acid arginine (Arg);
CAA that according to HapMap database (www.hapmap.org) is highly pre-
valent in Nigerian population is coding for polar and uncharged amino acid
glutamine (Gln). We hereafter refer to rs1534283-rs1534284 polymorphism as
Mygl Arg4Gln.

Table 4. Analysis of rs1534283 and rs1534284 variants (Mygl Arg4Gln) in human
EST (mRNA) and genomic DNA sequences from NCBI and UCSC databases. First
(ATG) and fourth (CAA or CGC) amino acids are underlined.

Fourth  Accession Sequence coding eight first amino acids ~ Source
amino from MYGI initial ATG of
acid mRNA
mRNA Gln NM 021640 atgggacaccaattcctgegegge
sequences Gln CR626228.1 atgggacaccaattcetgegegge fetal
brain
Gln CR614390.1 atgggacaccaattcetgegegge neurobla
stoma
Arg BCO051871 atgggacaccgcttcetgegegge
Arg BC013956 ccgcttectgegegge
Arg AF289485 atgggacaccgcttectgegegge melanoc
ytes
Genomic Gln NT 029419 ATGGGACACCAATTCCTGCGCGGC
DNA Gln NC 000012 ATGGGACACCAATTCCTGCGCGGC
Gln UCSC ATGGGACACCAATTCCTGCGCGGC
database

Arg NW_925395.1 ATGGGACACCGCTTCCTGCGCGGC
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4.3. Detection and statistical analysis
of human MYGI gene polymorphisms

DNA was extracted from blood samples by standard salting-out method. A panel of
nine SNPs located inside and also up- and downstream of the MYGI gene was
investigated. The ID numbers from NCBI’s dbSNP database of MYGI SNPs that
were examined in this study are listed on Figure 4. For the SNPs rs2694861,
151465073, rs1534284, rs4759054, 14325348, 152279025, 151545650, and 4759281
the Applied Biosystems (Foster City, California) SNPlex assay pool was used. The
ZipCode probes were detected with an Applied Biosystems 3730 DNA Analyzer,
and data interpretation was performed with the Applied Biosystems Genemapper
v4.0 software (De La Vega et al, 2005). SNPbrowser version 3.5 was used for SNP
selection and SNPlex assay pool design. Single marker association analysis was
performed using the Haploview program (Barrett et a/, 2005). Allele frequencies
were investigated using the chi-square test. To evaluate deviation from the Hardy-
Weinberg equilibrium, observed and expected genotype frequencies were compared
by Fisher’s exact test in the examined groups (cases and controls). Pairwise linkage
disequilibrium (LD) between markers was estimated by a log-linear model and
standardized D’ characteristics were used to demonstrate the extent of disequi-
librium. Since SNPlex assay was not functional for detecting rs1534284, we used
direct sequencing for rs153484 and neighbour SNP rs1534283 in 54 subjects (24
vitiligo patients and 30 healthy controls) using ABI Genetic Analyzer 310 (Applied
Biosystems, Foster City, CA, USA). The direct sequencing of incidental DNA
samples was also performed for rs1465073 for verification of the SNPIlex results.

---r52694861 (A/C)

MYGLpromoterarea-fl  _ us5073(c/6) -119C/6

151534284 (G/A)
Exon 1i~--. -rs1534283 (C/A) }Arg4GIn

Exon 2
---r54759054(T/C)

12q13 Exon 3 Ed

---rs4325348 (G/A)

Exon 4™ - 152279025 (C/G)

Exon 5
Exon 6
Exon 70 ___rs1545650 (C/T)

]—1kb

- - 154759281 (G/A)

\/
Figure 4. Genomic localization of single nucleotide polymorphisms (SNPs) in
MYGI gene that were examined in this study. Relative positions of selected SNPs are
represented by their ID number from NCBI’s dbSNP database. Grey boxes are
representing exons and arrow indicates the direction of transcription of MYGI gene.
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For analysis of functional significance of promoter genotype in the regulation of
gene expression, we used subjects (n=52) from whom both genomic DNA and
skin biopsy was available. MYGI expression was measured from skin biopsy of
24 normal control subjects (15 female, 9 male) and 28 vitiligo patients (20
female, 8 male). The distribution of control group according to sex is shown in

Table 5.

Table S. Distribution of male and female control subjects divided according to the -
119C/G promoter genotype.

C/C C/G G/G Total number of
Promoter genotype  (low activity) (high activity)  individuals
Number of males 0 6 3 9
Number of females 5 9 1 15
Total 5 15 4 24
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RESULTS

|I. Expression of Mygl/IMYGI mRNA
1.1. MyglIMYG] mRNA expression in human and mouse tissues

We examined human MYG/ and mouse Mygl expression in different tissues.
The Northern analysis of human total RNA samples showed that all tissues
express a 1.3 kb transcript corresponding to full length MYGI mRNA (Figure
5A). Both Northern and Affymetrix Genechip analyses of human tissue samples
(Figure 5B) and quantitative real-time PCR (qRT-PCR) analysis of mouse
tissues revealed persistently highest MYGI expression in testis. Above-average
expression in human adult brain led to a more detailed analysis of mouse brain
(Figure 5D) but Mygl expression measured in ten different brain areas of mouse
appeared to be at the same level as in non-neural tissues. No significant inter-
mouse differences were detected.

While the full-length transcript of Mygl is approximately 1.3 kb long, we
also detected a short (693 bp) splice variant that is consistently expressed in all
mouse tissues investigated (see Figure 6D, where 9 tissues are shown), albeit at
an approximately 50-fold lower level (data not shown). This short splice variant
lacks partly exon 4, completely exons 5 and 6 and partly the beginning of exon
9, but the reading frame is maintained. Another alternative mRNA variant was
found in human testis. According to Northern hybridization there is around 1.5
kb strongly expressed alternative transcript present in the human testis besides
1.3 kb mRNA that is present in all tissues (Figure 6B). Expression of FLAG-
tagged full length Mygl in cell culture consistently resulted in two separate
FLAG-immunoreactive bands on the Western blot membrane (Figure 6A). We
hypothesized that the lower band could be a mitochondrial protein variant
resulting from the cleavage of the mitochondrial signal after the protein has
been transported into mitochondria (Cameron et al, 2005). However, it seems
not to be the case because the size of the Mygl protein without the mito-
chondrial signal (NoMito Mygl-FLAG) on the Western membrane does not
correspond to the smaller fragment obtained after expressing the full length
Mygl.
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Figure 5. Human and mouse MYGI/Mygl mRNA expression levels in different
tissues. (A) Northern blot analysis with MYGI cDNA probe in human total RNA
samples identified a 1.3 kb target sequence. (B) MYGI/ mRNA expression level in
human tissues according to Affymetrix GeneChip analysis. (C) Myg/ mRNA level in
mouse embryonic cDNA pool according to qRT-PCR analysis. (D) Myg/ mRNA level
in mouse tissues according to qRT-PCR analysis. (E) Whole mount RNA in situ
hybridization analysis on mouse embryos. “E11.5 sense” represents negative control,
hybridized with Myg! sense probe. Embryos E8.5, E10.5 and E11.75, hybridized with
Mygl antisense probe, are illustrating gradual changes in Mygl expression. Levels of
the transverse vibratome sections 1, 2 and 3, are shown on the E11.75 embryo, sec-
tioning was performed from the same specimen. Abbreviations: IIlv: third ventricle; 1v:
lens vesicle; ov: optic vesicle; tv: telencephalic vesicle. Scale bars 100 pm.
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Figure 6. Alternative forms of Mygl mRNA and protein. (A) Expression of FLAG-
tagged full length Mygl and FLAG-tagged Myg1 with either only nuclear or only mito-
chondrial localization resulted in different FLAG-immunoreactive bands on western
blot. (B) Northern blot reveals alternative 1.5 kb MYG]I transcript in human testis be-
sides 1.3 kb MYGI mRNA that is present in all tissues. (C) Schematic structure of the
short alternative splice variant and location of primers that were used for its detection.
(D) A short (693 bp) alternative splice variant was consistently expressed in all mouse
tissues investigated.

1.2. Mygl expression during embryonic development

During development we found a more than five-fold upregulation of Mygl
during a period from E7 to E11. By embryonic stages E15 and E17 expression
level had decreased but remained higher than in stage E7 (Figure 5C). Whole
mount in situ RNA hybridization showed that at E8.5 (Figure 5E; E8.5 anti-
sense) Mygl expression is widespread whereas from E10.5 (Figure 5E; E10.5
antisense) a more differential expression pattern begins to appear. Further
analysis revealed that upregulation of Myg/ around E11.75 is related to a spe-
cific expression pattern that is the most intensive in the developing forebrain,
midbrain, limb buds and tail region. Vibratome sectioning of E11.75 embryo
demonstrated that Mygl expression was the strongest in the ectoderm-derived
areas as illustrated by pictures of the developing neuroepithelium (Figure 5E;
sections 1 and 2). Strong expression was also detected in the developing eye,
both in the lens vesicle as well as in the outermost region of the optic vesicle
(Figure 5E; section 3).
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Figure 7. Developmental decline of Myg!I expression in the mouse brain and lack of
Mygl transcript in the brain of adult Mygl (-/-) mouse. /n situ RNA hybridisation
with full-length Myg! antisense riboprobe on 40 um coronal cryoslices from forebrain
(A-D) at the level of rostral hippocampus and caudate putamen (striatum) (E-H) and at
the level of posterior thalamic nuclei (I-L) in mice at three different developmental
stages (PO, P16, and adult P60). Comparable brain slices from adult Myg (-/~) mouse (D,
H, L) indicate absence of Myg/ transcript in adult Myg/ (-/-) brain. Abbreviations: Fr:
frontal cortex; CPu: caudate putamen; MHb: medial habenular nucleus; VPM: ventral
posteromedial thalamic nucleus; Po: Posterior thalamic nuclear group. Scale bars
represent 1 mm.

1.3. Mygl expression in postnatal and adult mouse brain

In the postnatal brain the expression of Mygl/ was ubiquitous (Figures 7, 8).
While the spatial expression of Mygl/ was similar both in the developing and
adult brain, remarkable difference was observed in its expression level. Namely,
the signal of the expression of Mygl was stronger at birth (Figures 7A, 7E, 71),
fading gradually at subsequent stages (compare with Figures 7B, 7F, 7J), and
achieving relatively moderate adult level (Figures 7C, 7G, 7K) by the third
postnatal week (not shown). We confirmed these results also by RT-PCR,
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which revealed 2.7-fold mRNA level differences between newborn forebrain
and adult forebrain structures (data not shown). In order to confirm the
specificity of the broad hybridization signal of Myg/ antisense RNA probe, the
Mpygl mutant (-/-) brain sections were used as negative control; as expected, no
signal was seen in the mutant brain (Figures 7D, 7H, 7L). In the adult brain, the
hybridisation signal appeared strongest in the ependymal layer of the ventricular
system (Figures 7B, 8), in the hippocampal formation, medial habenular
nucleus, subfornical organ, hypothalamic nuclei, nucleus arcuatus and cerebel-
lum (Figures 7F, 7G, 7J, 7K, 8, and data not shown).

Figure 8. Mygl expression in adult mouse brain by in situ RNA hybridization. In
situ RNA hybridisation with full-length Myg/ antisense riboprobe on 40 pm coronal
cryoslices from (A-B) adult rostral hippocampal area; (C) magnification of distinct cells
with intensive Mygl signal from B; (D) arcuate hypothalamic nucleus; (E) paraventri-
cular and suprachiasmatic hypothalamic nuclei; (F) lateral ventricle; (G) aqueduct and
(H) cerebellum. Abbreviations: DG: dentate gyrus; Sfo: subfornical organ, MHb: me-
dial habenular nucleus; Arc: arcuate hypothalamic nucleus; Pa: paraventricular hypo-
thelemic nucleus; SCh: suprachiasmatic nucleus; LV: lateral ventricle; Aq: aqueduct;
Pu: purkinje cell layer of cerebellum. Scale bars represent 0.5 mm.
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2. Cell culture experiments
2.1. Subcellular localization of Mygl protein

To characterize the subcellular localization of Mygl, we expressed FLAG- and
YFP-tagged Mygl in HeLa cells. Preliminary experiments indicated that N-
terminal fusion of Mygl protein with YFP resulted in exclusively nuclear locali-
zation, whereas C-terminal fusion produced a more widespread distribution. We
hypothesized that this discrepancy resulted from the masking of endogenous N-
terminal signal sequences by the N-terminal tag and, therefore, all consequent
experiments were carried out with C-terminally tagged Mygl1 constructs.

Both C-terminally FLAG- and YFP-tagged Mygl localized to the nucleus
and mitochondria (Figure 9C, Full-length Mygl). To predict putative signal
peptides in Mygl, we used PSORT II software (Nakai & Horton, 1999), which
identified a conserved Pat7 type nuclear localization signal (NLS) around amino
acid 35 and a possible cleavage site between aminoacids 20 and 21 in several
mammalian species (Figure 9A). We hypothesized, that the putative cleavage
site could designate the presence of an N-terminal leader sequence, characte-
ristic for proteins destined to the mitochondria (Cameron et al, 2005). Con-
sistent with our expectation, deletion of the first 20 amino acids of Mygl
protein (Figure 9B, NoMTS Mygl) produced exclusively nuclear localization
pattern (Figure 9C, NoMTS Mygl), deletion of seven amino acids from position
33-39 (Figure 9B, NoNLS Mygl) produced exclusively mitochondrial
localization (Figure 9C, NoNLS Mygl), and deletion of the first 39 amino acids
(Figure 9B, NoSignal Mygl) produced a homogenous distribution characteristic
of cytoplasmic localization (Figure 9C, NoSignal Mygl). Based on the above
results, we concluded that Mygl protein harbors a mitochondrial targeting
sequence in the region between amino acids 1-20 and a nuclear localization
signal in the region between amino acids 33—39 with no other subcellular locali-
zation signals being detectable. We also tested the possibility that Myg1 locali-
zation is dependent on the cell cycle. HeLa cells, arrested in S-phase by double-
thymidine method, were released into a synchronous cell cycle and sampled
every 2 hours during the whole cell cycle. Both in case of YFP- and FLAG-
tagged Mygl protein, Mygl distribution in the nucleus and mitochondria was
not dependent on the phase of the cell cycle. Comparison of subcellular locali-
zation signals of five mammalian species is shown in Figure 9A. Expressing
mouse Mygl protein in human HeLa cells revealed that mouse Mygl is also
distributed in the nucleus and mitochondria (Figure 10), which indicates high
functional conservation of these signals.
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Figure 9. Subcellular targeting signal sequences in the N-terminus of Mygl pro-
tein. (A) Location of signal sequences in Mygl orthologues in different mammalian
species. (B) Schematic design of mutant cDNA constructs with signal deletions. (C)
Subcellular localization of YFP and FLAG fusion constructs of full-length Mygl pro-
tein and cellular targeting signal deletion mutants. Scale bars represent 10 pm.
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Figure 10. Subcellular localization of YFP-tagged mouse Myg1 protein.

The secondary structure prediction database SOSUI (Hirokawa et al, 1998) indi-
cates that human Mygl is a soluble protein with an average hydrophobicity of —0.4.
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In order to examine the spatiotemporal dynamics of Mygl, a bleaching experiment
was performed in living cells transformed with YFP-tagged Mygl protein. A
distinct area of fluorescence was photo-bleached both in the mitochondria and
nucleus. The bleached area in the nucleus was directionally filled with fluorescence
from the neighbouring unbleached areas indicating fast diffusion of Mygl in the
nucleus (Figure 11A). The recovery of fluorescence in mitochondria was not
uniformly interpretable; therefore the precise properties of Mygl in the mito-
chondria remain to be elucidated in future studies. We also investigated the
possibility that there was active shuttling of Mygl protein between the nucleus and
mitochondria by bleaching only the nucleus or only the mitochondria in cells where
protein synthesis had been blocked by cyclohexamide (Figure 11B: Before bleach).
During the 40 min follow up period, no transposition of fluorescence from the
unbleached nucleus to the bleached mitochondria or from the unbleached
mitochondria to the bleached nucleus was observed (Figure 11B).

Figure 11. Photo-bleaching experiments to investigate dynamics of YFP-tagged
Mygl inside nucleus and between nucleus and mitochondria. (A) Photo-bleaching
series of YFP-Mygl in the nucleus. Red square depict area that was bleached thereafter;
the cells were followed for 21.5 seconds. (B) Photo-bleaching series following possible
shuttling of Myg1 between the nucleus and mitochondria in HeL A cells treated with the
protein synthesis inhibitor cyclohexamide. Red, yellow and white lines depict areas that
were bleached thereafter: the whole cell, only mitochondria or only nucleus, accor-
dingly. The cells were followed for 40 minutes. Scale bars represent 10 pm.
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2.2. Mygl protein interactions

Previously, two independent studies have reported a physical interaction of
Mygl with Heat shock protein 90 (Hsp90) (Falsone et al, 2005; Millson et al,
2005). In order to confirm these results and to identify new potential interaction
partners, we immunoprecipitated C-terminally FLAG-tagged Mygl from HeLa
cells. Silver staining revealed a strong band of approximately 42 kDa (Figure
12A) that corresponded to the predicted molecular weight of Mygl, but no
unique protein bands compared with FLAG-Ergl negative control (Figure
12A). Additionally, western blot analyses of the immunoprecipitated samples
were negative for Hsp90 immunoreactivity (Figure 12B). Thus, we could not
identify any Mygl co-precipitated proteins. One of the many functions of
Hsp90 is transportation of proteins into the mitochondria (Ellis, 2003). We
therefore tested the possibility that the subcellular localization of Mygl was
dependent on Hsp90 activity by using Hsp90 inhibitor geldanamycine. At doses
(1 UM in cell medium) that are known to inhibit Hsp90 activity (Picard, 2006),
Mygl protein was still transported both into the mitochondria and nucleus in
HeLa cells (data not shown).
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Figure 12. Immunoprecipitation experiment. (A) Immunoprecipitated samples on
silver staining gel: FLAG-ERG (line 1) and FLAG-Mygl (line 2). (B) Western blot
analysis demonstrating Hsp90 immunoreactivity in different phases of immunopreci-
pitation experiment. Hsp90 immunoreactivity is present in cell lysate and in fraction
that is not bound to anti-FLAG beads. Hsp90 signal is lost in the solution of FLAG1
binding beads and in the eluate of beads. Two additional control-samples that were
included are positive for Hsp90 signal.
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2.3. MYGI knockdown and global expression profiling

To identify molecular pathways related to Mygl function, we performed a
siRNA (short interfering RNAs) induced knockdown of MYGI mRNA in HeLa
cells followed by global expression profiling with the Affymetrix GeneChip
U133 Plus 2.0 Array, that covers most of the coding human trascriptome. We
used two different siRNAs, both of which induced an approximately 10-fold
reduction in MYGI mRNA relative to mock-treated or scrambled siRNA-treated
cells, without producing any obvious changes in the appearance of the cells.
The list of 39 probesets corresponding to 30 different transcripts with at least
1.5-fold significant (p<0.01) change in expression levels after treatment with
both siRNAs is shown in Table 6. Functional clustering according to Gene On-
tology (GO) database (www.geneontology.org) enabled us to divide 22 tran-
scripts into 5 functional groups. The function of 8 transcripts is currently un-
known. Functional clusters and their numerical GO references are: “1. Nucleus/
Nucleic acid binding (GO:0005634)”; “2. Immune response (GO:0006955);
“3. Developmental process (GO:0032502)”; “4. Metabolic process (GO:
0008152)” and “5. Establishment of localization/ Transport (GO:0051234)”.

Table 6. Significantly changed genes after MYG1 knockdown. The list of 39 probesets
corresponding to 30 different transcripts with at least 1.5-fold significant (p<0.01) up- or
downregulation after treatment with both siRNAs. Titles that separate six gene groups
present names of functional gene clusters according Gene Ontology (GO) database
(www.geneontology.org); GO reference ID numbers are given in brackets.

siRNA 1 siRNA 3 Combined

Accession Gene fold  p-value fold  p-value fold  p-value
change change change

1. Nucleus/Nucleic acid binding (GO:0005634)

Al638279 Bromodomain and WD repeat domain -1.7 0.001 -2.12 0.001 -1.88 0.000
containing 1

AJ224167 SNHG4 Small nucleolar RNA host gene -2.13 0.006 -1.67 0.009 -1.88 0.001

BG230758  Mediator of RNA polymerase II 1.66 0.008 1.64 0.002 1.65 0.000
transcription, subunit 8 homolog

BG230758  Mediator of RNA polymerase 11 1.52  0.006 1.5 0.005 1.51 0.000

transcription, subunit 8 homolog
CA442932  POLRIB: polymerase (RNA) I polypeptide  -1.67 0.000 -1.65 0.000 -1.66 0.000

B, 128kDa

Al754423 VGLL3: vestigial like 3 (Drosophila) -2.04 0.003 -1.62 0.007 -1.81 0.002

2. Immune response (G0O:0006955)

BF983379 CD59 molecule, complement regulatory 1.6 0.003 1.64 0.001 1.62 0.000
protein

X16447 CD59 molecule, complement regulatory 1.76 0.001 1.58 0.001 1.67 0.000
protein

NM_000611 CD59 molecule, complement regulatory 1.78 0.003 1.54 0.001 1.66 0.000
protein

BC002666  GBPI: guanylate binding protein 1, 348 0.000 2.34 0.002 291 0.001

interferon-inducible, 67kDa
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siRNA 1 siRNA 3 Combined
Accession Gene fold  p-value fold  p-value fold  p-value
change change change

AWO014593  GBP1: guanylate binding protein 1, 3.08 0.004 2.09 0.000 2.59 0.001
interferon-inducible, 67kDa

NM_004120 GBP2: guanylate binding protein 2, 2.1 0.002  2.07 0.001 2.08 0.002
interferon-inducible

NM 025217 ULBP2: UL16 binding protein 2 1.86 0.008 1.85 0.006 1.85 0.000

3. Developmental process (G0:0032502)

AC004010  AMIGO2: adhesion molecule with Ig-like -1.71 0.001 -1.99 0.000 -1.84 0.000
domain 2

M73554 CCNDI: cyclin D1 -1.71 0.006 -1.56 0.005 -1.63 0.006

AF138300  DCN: decorin 2.06 0.001 242 0.001 2.24 0.000

AF138303  DCN: decorin 1.96 0.001 2.28 0.008 2.12 0.000

AF138302  DCN: decorin 1.91 0.001 238 0.000 2.15 0.000

M27968 FGF2: fibroblast growth factor 2 (basic) -1.56 0.005 -1.55 0.003 -1.55 0.000

AA634272  Signal transducer and activator of 1.61 0.000 1.77 0.000 1.69 0.000
transcription 3

BC000627  Signal transducer and activator of 1.54 0.007 1.83 0.000 1.69 0.000
transcription 3

4. Metabolic process (GO:0008152)

AI922855 CPE: carboxypeptidase E 1.5 0.009 177 0.005 1.63 0.000

UB4246 NEUL: sialidase 1 (lysosomal sialidase) 246 0.001 1.92 0.004 2.19 0.000

J05594 Prostaglandin dehydrogenase 1 1.83 0.006 1.56 0.005 1.7 0.000

AA722878  PRR6: proline rich 6 -1.63 0.008 -1.61 0.000 -1.62 0.000

5. Establishment of localization/ Transport (GO:0051234)

BE502030  RAB27A: RAB27A, member RAS 1.61 0.008 1.71 0.009 1.66 0.000
oncogene family

U38654 RAB27A: RAB27A, member RAS 2.03 0.001 1.77 0.003 1.9 0.000
oncogene family

BES535746  REEPI: receptor accessory protein 1 1.55 0.003 1.56 0.000 1.56 0.000

AW235061  Solute carrier family 1 (glutamate 1.67 0.001 1.56 0.002 1.61 0.001
transporter), member 1

AF047033 Solute carrier family 4, sodium bicarbonate  -1.61 0.003 -2.3 0.003 -1.9 0.000
cotransporter, member 7

6. Unknown

U90548 Butyrophilin, subfamily 3, member A3 1.75 0.005 2.03 0.000 1.89 0.000

BF002121 CDNA clone IMAGE:4816860 -1.53 0.008 -2.15 0.001 -1.79 0.000

AF070569 Chromosome 17 open reading frame 91 1.66 0.004 1.65 0.006 1.66 0.000

AI300571 Full-length cDNA clone CSODJ002YF02 of  1.86 0.002 1.9 0.009 1.78 0.001
T cells

AI709406 Homo sapiens, clone IMAGE:5547644, -1.61 0.005 -1.64 0.003 -1.63 0.000
mRNA

AI870473 LOC221710: Hypothetical protein -2.05 0.008 -1.58 0.010 -1.78 0.002
LOC221710

NM_007083 Nudix (nucleoside diphosphate linked 1.59 0.004 1.74 0.006 1.66 0.000
moiety X)-type motif 6

AI580268 Nudix (nucleoside diphosphate linked 1.54 0.007 1.78 0.008 1.66 0.000
moiety X)-type motif 6

BG288115  TMEMG65: transmembrane protein 65 -1.99 0.000 -2.19 0.000 -2.09 0.000
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3. Phenotyping MygI-deficient mice
3.1. General characteristics of Mygl-deficient mice

Successful deletion of Myg! gene was confirmed by absence of Mygl/ mRNA
specific signal in MygI-deficient (-/-) embryos (Figure 3C) and in brain sections
from MygI-deficient adult mice (Figure 7). In situ RNA hybridization on whole
mouse embryos Gadl RNA probe that was used as a positive control revealed
similar patterning of the signal in both wild-type and Myg/ mutant (-/-) mice
(data not shown). We could not detect major aberrations during the embryonic
development of Myg/ mutant (-/-) mouse (Figure 3C). As a result of homo-
logous recombination LacZ-NEO cassette was inserted immediately after the
Mygl promoter and LacZ transgene replaced all seven exons of Mygl gene.
Therefore we expected that Mygl promoter triggers promoter-specific [-
galactosidase staining similarly with Wfs/-deficient mice described by Luuk et
al (2008). However, X-Gal staining of Mygl (-/-) tissues was negative for -
galactosidase (data not shown). Sequencing genomic DNA around Myg!/ gene
locus in Mygl (-/-) mouse revealed that insertion of BamHI restriction site
(GGATCC) immediately after mouse Mygl promoter (ends with AT-nucleo-
tides) introduced a new ATG-codon 20 bp before ATG for B-galactosidase.
Therefore endogenous Mygl promoter triggers expression of a six-aminoacid
peptide that is terminated by premature stop-codon TGA that is partly over-
lapping with non-functional ATG-codon for [B-galactosidase. In conclusion,
mouse Mygl promoter was completely invalidated after targeted disruption
event and no Mygl or B-galactosidase transcripts could not be triggered. Addi-
tionally, sequencing genomic DNA around Mygl gene in Mygl (-/-) mouse
confirmed that no mutations were unpurposely introduced inside coding regions
of closest upstream neighbour gene Pfdn5 (a gene that was overlapped with the
5' genomic arm) and closest downstream neighbour gene Aaas (a gene that was
overlapped with the 3' genomic arm of MygI-targeting construct).

3.2. First phenotyping battery

3.2.1. Elevated plus-maze test. Significant effect of genotype (F(1,91)=6.76
p<0.05) and genotype X sex interaction (F(1,91)=4.50 p<0.05) was observed in
the stretched-attend postures. Significant effect of sex was observed in the %
open entries (F(1,91)=10.16 p<0.005), % open arm time (F(1,91)=6.54 p<0.05),
number of head-dippings (F(1,91)=5.33 p<0.05) and % unprotected head-
dippings (F(1,91)=5.10 p<0.05). Although male mutant mice (-/-) were less
anxious as indicated by the lower number of SAPs (p<0.01) and the higher % of
unprotected head-dippings (p<0.05) when compared to their wild-type litter-
mates (Figure 13D, 13F), the main behavioural difference was revealed between
male and female wild-type (+/+) mice. Compared to their male counterparts
female wild-type mice showed significantly higher % open entries (p<0.05),
higher % open arm time (p<0.05), lower number of SAPs (p<0.05), higher num-
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ber of head-dippings (p<0.05) as well as higher % unprotected head-dippings
(p<0.05). Such difference suggests lower anxiety level in female wild-type
(+/+) mice. A similar sex-related behavioural difference was absent in mice
lacking Myg1 gene (-/-).
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Figure 13. Elevated plus-maze test in mice lacking Myg! (-/-) and their wild-type
(+/4) littermates. (A) total number of arm entries; (B) % open entries; (C) % open arm
time; (D) number of stretched-attend postures (SAPs); (E) number of head-dippings; (F)
% unprotected head-dippings. ~ p<0.05, " p<0.01: mice lacking MygI (-/-) compared to
their wild-type littermates (+/+) of the same sex; @ p<0.05: female mice compared to
male mice of the same genotype.

3.2.2. Locomotor activity and habituation. Locomotor activity was signifi-
cantly affected by both sex and genotype X sex interaction: distance (sex:
(F(1,92)=4.43 p<0.05); genotype x sex interaction (F(1,92)=7.52 p<0.01)),
number of rearings (sex: (F(1,92)=4.01 p<0.05); genotype X sex interaction
(F(1,92)=4.67 p<0.05), number of corner entries (sex: (F(1,92)=9.59 p<0.005);
genotype x sex interaction (F(1,92)=4.87 p<0.05)), % center distance (sex:
(F(1,92)=8.32 p<0.005); genotype X sex interaction (F(1,92)=5.85 p<0.05).
Exceptionally, % center distance was significantly affected by genotype only as
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Figure 14. Locomotor activity test and habituation in mice lacking Myg!I (-/-) and
their wild-type (+/+) littermates. (A) distance travelled; (B) number of rearings; (C)
number of corner entries; (D) % centre distance; (E) distance travelled during the first
and the second 30 min period of testing on day 1 (within-trial habituation); (F) distance
travelled during 60 min testing on two consecutive days (between-trial habituation). *
p<0.05, ™" p<0.005: mice lacking Myg!l (-/-) compared to their wild-type littermates
(+/+) of the same sex; @ p<0.05, ®© p<0.01, ®“® p<0.005: female mice compared to
male mice of the same genotype (and during the same period in panel E); * p<0.05, "
p<0.005: comparison between distances travelled during different periods (panel E) or
days (panel F) of respective group.
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well (F(1,92)=4.48 p<0.05). Female wild-type mice (+/+) were significantly
more active than female mutant mice (-/-) in terms of distance travelled
(p<0.05), number of rearings (p<0.05) and number of corner entries (p<0.05)
(Figure 14A-C). Also, female wild-type mice travelled significantly larger
proportion of distance in the center of the arena as compared to their female
mutant littermates (p<0.005) (Figure 14D), suggesting higher level of trait
anxiety in female mice lacking MyglI (-/-). It should be noted, that in wild-type
(+/+), but not MygI-deficient mice (-/-), significant sex-dependent behavioural
differences were observed with females being significantly more active
(distance: p<0.01; number of rearings: p<0.05; number of corner entries:
p<0.005) and less anxious (% center distance: p<0.005). Within-trial habitua-
tion was significantly influenced by period of exposure (F(1,92)=290.13
p<0.005), sex (F(1,92)=4.39 p<0.05) and genotype * sex interaction (F(1,92)=
7.49 p<0.01), whereas between-trial habituation was affected by day (F(1,92)=
99.06 p<0.05), day x sex interaction (F(1,92)=5.21 p<0.05) and day X genotype
x sex interaction (F(1,92)=4.83 p<0.05). Both within- and between-trial
habituation, defined as a significant reduction in distance travelled over time,
were evident in all groups (Figure 14E-F). However, in female wild-type mice
(+/+) locomotor activity remained significantly higher during the second period
of the first exposure on day 1 when compared to male wild-type mice (p<0.05)
(Figure 14E). Such sex-specific difference was, again, not observed in mice
lacking Mygl gene.

3.2.3. Hot plate test. No differences between genotypes or sexes were found in
either latency to shake or lick hind paw, or latency to jump in the hot plate test
(Figure 15A, 15B).

3.2.4. Social interaction test. Significant effects of sex (F(1,60)=16.16
p<0.005) and genotype x sex interaction (F(1,60)=5.06 p<0.05) were revealed.
Male mutant (-/-) mice spent substantially more time in active social interaction
than male wild-type (+/+) mice (p<0.05) and female mutant (-/-) mice
(P<0.005) (Figure 15C). No behavioural difference was observed between male
and female wild-type (+/+) mice.
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3.2.5. Forced swim test. Immobility time in the forced swim test was in-
fluenced by neither genotype nor sex (Figure 15D).
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Figure 15. Hot plate test, social interaction and forced swim test. (A) hot plate test:
latency to lick or shake hind paw; (B) hot plate test: latency to jump; (C) social
interaction time; (D) forced swim test: immobility time. = p<0.05: mice lacking Myg!
(-/-) compared to their wild-type littermates of the same sex; ““® p<0.005: female mice
compared to male mice of the same genotype.
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3.2.6. Rota-rod. Both the latency to fall or revolve, and the number of falls or
revolutions were significantly affected by trial (F(2,184)=80.14 p<0.005, and
F(2,184)=85.01 p<0.005, respectively) and sex (F(1,92)=5.58 p<0.05, and
F(1,92)=7.55 p<0.01, respectively). Rota-rod performance in mice lacking
Mygl (-/-) was comparable to that of wild-type mice, and substantial improve-
ment of performance across trials (procedural learning) was evident in all
groups (Figure 16A, 16B).
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Figure 16. Rota-rod and water maze. (A) Rota-rod: latency to fall or revolve; (B)
rota-rod: number of falls or revolutions; (C) water maze: distance travelled; (D) water
maze: latency to locate platform; (E) water maze: swim velocity; (F) water maze: time
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chance (15 s). © p<0.005: performance on trial 1 compared to the following trials
(rota-rod) or performance on day 1 compared to the following days (water maze) of
respective group; *** p<0.005: time in target quadrant Q2 compared to time in any other
quadrant of respective group.

3.2.7. Indirect calorimetry. The body weights of male and female mice were
significantly different (p<0.005) in this experiment, whereas no differences
were detected between the body weights of wild-type (+/+) and MygI-deficient
(-/-) mice (Figure 17A). Locomotor activity did not significantly differ between
genotypes or sexes. Habituation occurred in all groups and more or less stable
low values were achieved during last 45 min of the test (Figure 17B). RER was
significantly affected by time (F(7,644)=27.53 p<0.005), but not by genotype or
sex. O, consumption was significantly affected by sex (F(1,92)=11.89 p<0.005),
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time (F(7,644)=178.29 p<0.005), time x sex interaction (F(7,644)=4.08
p<0.005) and time x genotype interaction (F(7,644)=3.63 p<0.005). Similarily,
CO, production was affected by sex (F(1,92)=12.31 p<0.005), time (F(7,644)=
212.40 p<0.005), time x sex interaction (F(7,644)=2.60 p<0.05) and time X
genotype interaction (F(7,644)=2.44 p<0.05). Accordingly, significant effects of
sex (F(1,92)=12.11 p<0.005), time (F(7,644)=187.22 p<0.005), time X sex
interaction (F(7,644)=3.82 p<0.005) and time x genotype interaction (F(7,644)=
3.43 p<0.005) on heat production were observed. Despite comparable levels of
locomotor activity during the last 45 min of testing (Figure 17B), O, con-
sumption, CO, production and heat production remained somewhat elevated in
female mutant (-/-) mice (Figure 17D-F). However, this elevation was not
statistically significant when compared to respective time point in female wild-
type (+/+) mice.
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Figure 17. Indirect calorimetry in mice lacking Myg1 (-/-) and their wild-type (+/+)
littermates. (A) body weight (pre-test); (B) locomotor activity; (C) respiratory ex-
change rate; (D) oxygen O, consumption; (E) carbon dioxide CO, production; (F) heat
production. ®®® p<0.005: female mice compared to male mice of the same genotype.
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3.2.8. Water maze. In the acquisition phase of the water maze, the distance
travelled and latency to find the submerged platform were both affected by trial
(F(3,273)=233.81 p<0.005, and F(3,273)=277.12 p<0.005, respectively) and sex
x trial interaction (F(3,273)=3.77 p<0.05, and F(3,273)=2.90 p<0.05, respecti-
vely). Swim velocity was affected by trial only (F(3,273)=7.44 p<0.005).
Spatial learning, defined as significant reduction of distance and latency to find
the submerged platform across days, clearly occurred in all groups. Neither
genotype nor sex significantly modified the acquisition phase of the water maze
(Figure 16C-E). In the probe trial, significant effect of quadrant was established
(F(3,364)=321.11 p<0.005). All groups clearly demonstrated preference for the
target quadrant Q2 (Figure 16F). Again, the invalidation of Myg/ gene failed to
affect the performance of mice in the probe trial, indicating unaltered spatial
learning and memory in Myg!-deficient (-/-) mice (Figure 16F).

3.2.9. Sensory-motor description. No significant sensory or motor anomalies
were found in Mygl (-/-) mice (Table 7).

Table 7. Sensory-motor description in mice lacking Mygl (-/-) and their wild-type
(+/+) littermates. No differences between groups were detected.

Parameter Mygl +/+ Mygl +/+ Mygl-I- Mygl-/-
male female male female
Latency to find visible food pellet (s) 70+9 102+ 16 70+ 11 67+12
Latency to find hidden food pellet (s) 212 +30 235+ 36 235+25 295+£35
Forepaw reach (%) 100 96 96 100
Pupillary reflex (%) 100 100 100 100
Ear twitch (%) 100 96 100 100
Eye blink (%) 100 100 100 100
Facial reaction to tactile stimulus (%) 91 92 96 96
Righting reflex (%) 100 100 100 100
Wirehang (s) 58+2 60+0 60£0 60£0
Maximum vertical pole performance (%) 57 80 67 85

3.3. Second phenotyping battery

3.3.1.Light-dark exploration. No significant differences between genotypes or
sexes were revealed in the light-dark exploration (Figure 18A, 18B).

3.3.2. Marble burying test. The number of marbles buried was not affected by
either genotype or sex (Figure 18C). Although the main effect of sex was
established in the distance travelled (F(1,79)=7.94 p<0.01), post hoc com-
parison did not reveal any significant differences between the groups (data not
shown).
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Figure 18. Light-dark exploration, marble burying test, stress-induced
hyperthermia, hyponeophagia test and LPS-induced weight loss. (A) light-dark
exploration: number of transitions; (B) light-dark exploration: time spent in the light
compartment; (C) marble burying test: number of marbles buried; (D) stress-induced
hyperthermia: change in temperature (AT); (E) hyponeophagia test: latency to start
eating; (F) LPS (50 pg/kg) induced weight loss. © p<0.05: female mice compared to
male mice of the same genotype; ' p<0.005: LPS-treated group compared to saline-
treated group of respective genotype and sex.
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3.3.3. Stress-induced hyperthermia. Significant effect of sex was observed
(F(1,79)=11.19 p<0.005). Repeated measurement of rectal temperature pro-
duced significantly stronger hyperthermia in male mice compared to their
female counterparts (p<0.05), and this difference was not modified by genotype
(Figure 18D).

3.3.4. Hyponeophagia test. The latency to start eating was significantly af-
fected by sex (F(1,79)=7.51 p<0.01). Female wild-type (+/+) mice
demonstrated significantly shorter latencies than male wild-type (+/4) mice.
However, no such difference was found between male and female mice lacking
Mygl (-/-) (Figure 18E).

3.3.5. Restraint-induced analgesia. Significant effect of restraint (F(1,74)=
36.30 p<0.005) was established. When compared to their unstressed controls,
restraint produced significantly longer tail-flick latencies (analgesia) in female
wild-type (+/+) mice (p<0.05), male mutant (-/-) mice (p<0.05) and female
mutant (-/-) mice (p<0.01). In male wild-type (+/+) mice, a tendency to in-
creased tail-flick latency was observed in the restraint-group (p<0.10) (Figure
19A). No genotype- or sex-dependent differences were established.

3.3.6. LPS-induced weight loss. LPS administration induced a highly signifi-
cant weight loss in all groups (F(1,74)=323.72 p<0.005), but this effect was not
modified by either genotype or sex (Figure 18F).

3.4. Additional tests

3.4.1. Body weight, rectal temperature and blood glucose. Body weights at 2
months of age were significantly affected by sex (F(1,63)=135.63 p<0.005).
Female mice weighed significantly less than their male counterparts (p<0.005).
Body weight was not altered by the invalidation of Mygl. Rectal temperatures
did not differ between groups. Blood glucose concentrations were significantly
affected by sex (F(1,63)=38.09 p<0.005), with female mice showing signifi-
cantly lower values than male mice (p<0.005), independent of genotype. Data
are summarised in Table 8.

Table 8. Body weight, rectal temperature and blood glucose concentration at 2
months. ““® p<0.005: a significant difference between male and female mice of the
same genotype.

Parameter Mygl +/+Mygl +/+ female Mygl -/- male  Mygl -/- female
male

Body weight (g) 29.1+0.6  20.8+0.7““®  293+0.8 21.0+0.7 @@@

Rectal temperature (C°) 37.8 0.2 37.8+0.1 37.7+£0.2 382+0.2

Blood glucose (mmol/l) 7.75+£02 67002 %%®  809+0.2 6.57+0.2 @@@
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3.4.2. Restraint-induced corticosterone elevation. Significant effects of sex
(F(1,55)=12.69 p<0.005), stress (F(1,55)=285.25 p<0.005) and genotype X
stress interaction (F(1,55)=7.27 p<0.01) were revealed. Corticosterone values in
unstressed animals were not affected by genotype or sex. Restraint produced a
robust increase in plasma corticosterone concentrations in all groups (p<0.005).
However, in female wild-type (+/+) mice restraint-induced corticosterone
elevation was significantly higher than in male wild-type (+/+) mice (p<0.005)
and female MygI-deficient (-/-) mice (p<0.005) (Figure 19B). The sex-specific
difference observed in restrained wild-type (+/+) mice was not found in
restrained mutant (-/-) mice.
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Figure 19. Restraint-induced analgesia and plasma corticosterone elevation. (A)
restraint-induced analgesia: tail-flick latency; (B) restraint-induced plasma corticoste-
rone elevation. ~ p<0.005: mice lacking Mygl (-/-) compared to their wild-type
littermates (+/+) of the same sex and treatment condition; ““® p<0.005: female mice
compared to male mice of the same genotype and treatment condition; ~ p<0.05, ™
p<0.01, " p<0.005: restrained group compared to unstressed group of respective geno-
type and sex.

3.4.3. Restraint-induced Mygl expression in brain structures of wild-type
(+/+) mice. In the prefrontal cortex a significant effect of restraint on Mygl
expression was established (F(1,27)=11.17 p<0.005). Post hoc comparison
showed that restraint reduced Mygl expression in female mice (p<0.05), and a
similar tendency was observed in male mice (Figure 20A). Neither sex nor
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restraint had any effect on Mygl expression in the mesolimbic area or temporal
lobe (Figures 20B, 20C).
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Figure 20. Changes in Mygl gene expression in restrained wild-type (+/+) mice. (A)
prefrontal cortex; (B) mesolimbic area; (C) temporal lobe. ~ p<0.05: restrained group
compared to unstressed group of respective sex.

4. Implication of MYGI in vitiligo and functional
polymorphisms in human MYGI

4.1. MYGI genotypes in vitiligo patients and normal controls

From the initial set of SNPs, we failed to genotype rs1534284 and rs4759054
with SNPlex platform. Moreover, four SNPs (rs2694861, rs4325348,
rs2279025, and 4759281) were monogenic in Estonian population with only
major alleles being present. Sequencing genomic DNA of 54 subjects (30
controls and 24 vitiligo patients) revealed that rs1534284/rs1534283 double-
polymorphism is likewise prevalently monogenic in Estonian population with
only Mygl 4Arg allele being present. The polymorphic SNPs in our study were
rs1465073 in MYGI promoter (-119C/G) and rs1545650 (C/T) located in short
281 bp intergenic area between MYGI and AAAS (accession: NM_015665)
gene. Direct sequencing of rs1465073 polymorphism in 40 incidental subjects
completely overlapped with SNPlex results. The minor allele (G) of the
rs1465073 was more frequent in the vitiligo group compared to the control
group (47.1% versus 39.3%, p=0.0385; OR 1.37, 95%CI 1.02—1.85) consistent
with a susceptibility effect. Analysis based on the stage of progression of the
vitiligo revealed that the increased frequency of the minor allele (G) of
rs1465073 occurred prevalently in the group of patients with active vitiligo
(n=86) compared to the control group (48.2% versus 39.3%, p=0.0398; OR
1.44, 95%CI 1.02-2.03). There was no statistically significant effect in the
distribution of the minor allele of rs1465073 between patients with stable
vitiligo (n=38) and control group (44.6% versus 39.3%, p=0.378; OR 1.24,
95%CI 0.76-2.02). The average age, mean onset and duration of vitiligo did not
differ between patients with active versus stable vitiligo. Although minor allele
(T) of rs1545650 was more prevalent in patients than in control individuals
(3.3% versus 1.6%, respectively), the difference remained not significant
(p=0.172; OR 2.08; 95% CI 0.71-6.07). LD analysis (solid spine algorithm)
indicated that the rs1465073 polymorphism, which is located in the promoter of
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the MYG1 gene, was not in strong LD with the MYGI rs1545650 polymorphism
located 7.7 kb downstream (‘ D’| 0.23). No significant effects in the distribution
of the MYGI gene allele frequencies were found when patients with different
clinical subtypes of vitiligo were analysed separately or when analysis was
performed regarding the extent of the skin lesion.

4.2. MYGI expression in the skin
of vitiligo patients compared with healthy controls

A statistically significant increase in MYGI expression was observed in both
lesional (2°"=4.3, p<0.01) and nonlesional (2= 4.5, p<0.001) skin of
vitiligo patients compared to the skin of healthy control subjects (2°"=3.2)
(Figure 21A). No significant difference was detected in lesional and nonlesional
skin between male and female vitiligo patients (data not shown). mRNA expres-
sion of tyrosinase, an essential marker for melanogenesis, was determined in the
skin samples of the same patients to ensure that the samples faithfully represent
melanocyte specific differences between lesional and nonlesional skin. Down-
regulation of tyrosinase mRNA expression has been documented in lesional
skin of vitiligo patients (Machado Filho et al, 2005). Accordingly, a statistically
significant decrease in tyrosinase expression was observed in lesional skin of
vitiligo patients (2“"=0.2) compared to nonlesional skin of vitiligo patients (2
ACT=) 8) and healthy control subjects (2““"=1.7, both p<0.0001). MYGI
expression level was lower in healthy male (2“"=2.2) than female subjects (2°
ACT= 3.7, p<0.01) (Figure 21B). In male patients, MYGI expression level was
higher both in nonlesional (2°“"=4.8, p<0.0001) and lesional skin (2*“"=4.2,
p<0.0001) (Figure 21C). In female patients the increase in MYGI expression
was also evident (unaffected skin 24CT=4 3 p=0.19; affected skin 28T=4 3,
p=0.18), although it did not strictly meet the requirements of statistical
significance (Figure 21D). No differences in the expression of MYGI were
detected between different subgroups of vitiligo based on the extent of involve-
ment of the disease. In general, MYGI mRNA expression was increased in each
subgroup of vitiligo and was not dependent on whether the biopsy had been
taken from lesional or unaffected skin. Exceptionally, we observed no diffe-
rence in MYGI expression between nonlesional skin of nonactive subtype of
vitiligo (n=9; 3 males and 6 females) and healthy control subjects.
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Figure 21. MYG1 mRNA expression in vitiligo patients and healthy controls. (A)
MYGI1 mRNA expression level in nonlesional (NL)vitiligo skin, lesional (L) vitiligo
skin and non sun-exposed skin of healthy control (HC) subjects; *** p < 0.001, **
p<0.01. (B) MYG! mRNA expression level in the skin of healthy female (FHC) and
male (MHC) subjects; ** p<0.01. (C) MYG! mRNA expression level in nonlesional
(MNL) and lesional (ML) skin of male vitiligo patients compared with healthy male
(MHC) subjects (*** p<0.0001) and (D) MYGI mRNA expression level in nonlesional
(FNL) and lesional (FL) skin of female vitiligo patients and in the skin of healthy
female (FHC) subjects. Data are expressed as mean 2“7 value relative to HPRT.

4.3. The impact of promoter genotype on
MYGI expression in healthy controls

MYGI mRNA levels in the skin of healthy controls correlated with -119C/G
polymorphism (Figure 22A, healthy controls). MYGI mRNA expression of G
homozygous subjects (2°“"=3.87+0.67) was significantly (p=0.01) higher than
in subjects who had homozygous C in the same position (2°“"=2.64+0.39). The
expression value of heterozygous subjects remained in between (27°¢=3.43+
1.29), but due to relatively high deviation, it was not statistically different from
either homozygous groups. In vitiligo patients we could not detect a similar
difference and there were no statistically significant differences in MYGI
mRNA levels between the groups divided according to -119C/G genotypes
(Figure 22A, vitiligo patients).

Our finding that MYGI expression level in control subjects is dependent on -
119C/G promoter polymorphism was independent from the sex effect (See
Table 5 for distribution of male and female controls divided according to
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promoter genotype). Higher expression of MYG/ in the skin biopsies of controls
with G/G genotype was not derived from generally higher MYGI expression of
female controls because mostly males represented this group. Similarly, lower
expression of MYGI with C/C genotype was not derived from generally lower
MYGI expression of male controls because only females represented this group.
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Figure 22. Impact of MYG1 promoter SNP (-119C/G) on MYGI mRNA expression.
(A) MYGI mRNA expression levels in the skin biopsies of healthy subjects and vitiligo
patients; n indicates number of subjects in each group; the error bars present standard
deviation of the mean. Abbreviations: HS — healthy skin; LS — lesioned skin. (B) MYG1
promoter activity in luciferase assay. Data is shown relative to the activity of empty
pGL3-Basic. Pattern codes corresponding to three genotypes for both (A) and (B) are
shown on the right.* p<0.05; ** p<0.01

4.4. Promoter genotype in cell culture

Additionally we performed luciferase reporter assay in the cell culture to
measure the influence of -119C/G polymorphism in the in vitro system with
minimum interacting factors. In luciferase assay both short and long promoter
fragment with -119G allele had more than 2.5 fold higher activity than -119C
allele (Figure 22B). Comparison of 291 bp promoter fragments showed that -
119G allele had 2.66 times higher activity (p<0.01) and comparison of 1 kb
promoter fragments revealed that -119G allele had 2.89 times higher activity
(p<0.01). Additionally our results demonstrate that 291 bp MYGI promoter
fragment is sufficient to trigger maximum activity of MYG/ gene. The CMV
promoter that we used as a positive control induces high-level constitutive
expression in a variety of mammalian cell lines (Fitzsimons et al, 2002). In
general MYGI promoter was 4-8 times less active than CMV promoter
depending on the promoter allele (data not shown).
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4.5. Arg4GIn polymorphism

As we found in study I, amino-acid four is a part of a mitochondrial targeting
signal. Because Mygl Arg4Gln polymorphism changes basic amino acid (Arg)
into polar and uncharged (Gln), we studied if ArgdGIln has an influence on
subcellular localization of Mygl. We have previously shown that full-length
Mygl 4Arg genotype that is common among Caucasians localizes into the
nucleus and mitochondria. The same localization was confirmed in the current
study (Figure 23A). Mygl 4Gln variant was completely unable to enter mito-
chondria. We could detect YFP signal in the nucleus and slight homogenous
signal in the cytoplasm, but there were no cells where Mygl 4GIn-YFP signal
would be overlapped with MitoTracker (Figure 23B).

A. Myg1 4Arg

YFP-green channel

MitoTrackerRed

Merge

Figure 23. Subcellular localization of human MYGI cDNA with both variants for
Mygl Arg4Gln polymorphism. Mitochondrial localization YFP tagged MYGI! cDNA
with arginine in the position amino acid four (A) is completely eliminated if arginine is
replaced with glutamine (B). Scale bars represent 10um.
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DISCUSSION

I. Highly conserved ubiquitous gene with mild phenotype
in knockdown and knockout studies

Mygl gene was initially found to be highly expressed in freely proliferating
melanocytes (Smicun, 2000). We came to be interested in Mygl after it was
identified as a most up-regulated gene in response to cat odour exposure in the
amygdaloid area of rats (Koks et al/, 2004). Comparing sequences from different
species revealed that Myg! is a highly conserved gene, but there were no other
publications available about this gene. Therefore, the current study was
designed to investigate Mygl comprehensively in mRNA, protein, cell culture
and organism level. We found that MYGI is ubiquitously expressed and
localizes to the nucleus and mitochondria. siRNA mediated 90% knockdown of
MYGI mRNA did not cause any visible changes in HeLa cells. However,
expression of immune system related genes were up-regulated and several
transcripts encoding developmental factors were significantly altered after
MYGI knockdown in cell culture. Data about effects of Mygl-deficiency in
yeast and Caenorhabditis elegans is available from genome-wide studies that
have been established in these species. Deletion of the MYGI orthologue in
yeast or suppression of its expression in Caenorhabditis elegans (Kamath et al,
2003) has not revealed an obvious phenotype although their fitness is reduced in
some conditions. In Saccharomyces cerevisiae, the organism remains viable
after deletion of the MYGI orthologue, but fitness is reduced in rich medium
(YPD) (Deutschbauer et al, 2005) and growth defect can be detected if ethanol
(YPE) is used as the carbon source (Steinmetz et al, 2002). Nevertheless, we
expected that deletion of conserved factor such as Mygl in more complex
organism as mouse could produce remarkable phenotype. Surprisingly, the
initial phenotyping of MygI-deficent mice have revealed that despite ubiquitous
and developmentally regulated expression of Mygl transcript; Mygl-deficient
mice are vital, fertile and display no gross abnormalities. Mygl deficiency
caused only moderate alterations in anxiety related behaviour and stress-
reactions in mice but also remarkable reduction of sex-dependent behavioural
variations.

2. Expression and characteristics of Mygl promoter and
transcript

The full length transcript of Mygl is 1.3 kb long and it is expressed in all organs
and major brain structures in adult mouse and human tissues. In agreement with
the widespread expression, the short intervening promoter region is GC rich and
lacks a TATA box similar to many other constitutive promoters (Yang et al,
2007). Only 291 bp promoter fragment that also included short 5'-UTR of
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MYGI gene was needed to trigger maximum activity of luciferase expression in
our in vitro assay. 291 bp fragment has been used, because this is the maximum
of MYGI unique promoter area that is not overlapped with 3'-UTR of closest
upstream neighbour gene Prefoldin 5. In this study we found several isoforms
of Mygl mRNA and protein that appeared to be either ubiquitous, tissue
specific or specific to cellular localization. We identified ubiquitous but scantly
expressed short alternative splice form of mouse Mygl transcript. Another
alternative mRNA variant was found in human testis: besides 1.3 kb mRNA that
is present in all other tissues, there is additional strongly expressed 1.5 kb
fragment in the testis. As our northern probe covered full length of MYGI
mRNA, it is not clear whether this additional 200 bp could be an extra exon, an
alternative poly-A tail or anything else. We also detected two variants of wild-
type Mygl in protein gel and excluded the possibility that smaller variant is
resulted from cleavage of mitochondrial targeting signal indicating that smaller
variant is most likely caused by another post-translational proteolytic cleavage.
Therefore Mygl expression seems to be regulated by various alternative
splicing and post-translational modifications.

3. Dynamic expression of Mygl transcript during
development

Growing data suggest that Mygl is involved in developmental processes. At
first Mygl tends to be up-regulated in pluripotent cells (Sharov et al, 2003;
Golan-Mashiach et al, 2005) compared with differentiated cells, furthermore,
Mygl expression is dynamic during embryonic (Mathavan et al, 2005; Weng et
al, 2006) and postnatal development (Dorrell et al, 2004). We detected dynamic
expression of Mygl during embryogenesis and also in the post-natal brain of
mouse. During embryogenesis a strong up-regulation was observed from
embryonic days E7 and E11. At E11.75 expression was particularly prominent
in developing brain, limb buds and tail region and in the eye. During the early
stages from E8.5 to E10.5 Mygl expression appeared to be remarkably more
uniform, but in E11.75 embryo Mygl expression was strongest in ectoderm-
derived areas including developing neuro-epithelium and eye. Pre-natal strong
expression level of Mygl is retained until birth, when the major part of
neurogenesis and neuronal migration has occurred in mice. These results
suggest for specific requirement of Mygl in the course of brain maturation,
however not specifically in cell proliferation and migration since no anatomical
abnormalities were detected in Myg! mutant (-/-) mice.

Experimental data suggest putative protein interactions of Mygl that can
explain developmentally regulated expression of Mygl transcript. Mygl is
down-regulated in Oct4 (Pou5f1) knockdown embryos (Foygel et al, 2008) and
also down-regulated after conditional knockout of TLX (Nr2el) (Zhang et al,
2008). Oct4 is an embryonic stem cell (ESC) pluripotency regulator and TLX
regulates proliferation of adult neural stem cells. As Mygl expression is reduced
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after knockdown of regulatory proteins in stem cells, it could be possible that
Mygl is induced by factors that regulate pluripotency. This hypothesis is even
more supported by the finding that Myg/ has a putative Oct4 binding site
suggesting that Mygl is a candidate target gene of Oct4 (Zhou et al, 2007;
Foygel et al, 2008). Remarkable similarities can be noted between cellular
effects of Mygl and Oct4: overexpression of Oct4 mRNA induces develop-
mental arrest in a dose dependent manner (Foygel et al, 2008). Interestingly,
according to our preliminary experimental data, over-expression of Mygl also
induces arrest in cell division. We noticed it unexpectedly when trying to make
photo-series of Mygl-transfected cells that were about to divide (unpublished
data). Despite numerous trials we could not follow cell-division in Mygl
transfected cells that was not the case in the cells transfected with other
expression constructs. However this initial notion needs further quantitative
studies. Mygl involvement in the cellular pathways related with Oct4 and TLX
can explain dynamic expression of Mygl during prenatal and postnatal
development. The expression levels of Oct4 or TLX were not changed in
response to Mygl knockdown in cell culture, but there were several develop-
mental factors that showed remarkable change: the most upregulated transcript
in this group, Decorin, is a member of the small leucine-rich proteoglycan
superfamily and plays important biological roles through its ability to bind other
extracellular matrix proteins and certain growth factors (Grant et al, 2002).
Basic fibroblast growth factor (FGF2), that is downregulated after MYGI
knockdown is a wide-spectrum mitogenic, angiogenic, and neurotrophic factor
that has been implicated in a multitude of physiological and pathological
processes, including limb development, angiogenesis, wound healing, and
tumor growth (Ortega et al, 1998). Therefore, the developmental impact of
Mygl may be mediated in conjuction of factors like Decorin and FGF2. The
factors that are related with growth and development are also related with cell
division and deviations in growth factor pathways may lead to cancer. There-
fore it is not suprising that Mygl has been found to have altered expression in
cancer tissues (Baris et al, 2004; Chandran et al, 2007; Foltz et al, 2009). It is
remarkable that global array data that Mygl tends to be upregulated in
pluripotent cells (Sharov et al, 2003; Golan-Mashiach ez a/, 2005) together with
data that Mygl is rather down-regulated in malignant tumors (Chandran et al,
2007; Foltz et al, 2009) lends further support to our preliminary experimental
data that Mygl can establish inhibitory effect on cell division. Taken together,
Mygl seems to be a cellular factor implicated in pluripotency, development and
possibly differentiation. However, Mygl properties in cell cycle regulation are
object for further research in order to get more insight of how Myg] is involved
in cell pluripotency and malignancy.
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4. Mygl| is ubiquitously expressed in adult brain

Our quantitative RT-PCR and in situ analysis of Mygl mRNA confirm that
Mygl is a ubiquitously expressed gene in the adult brain and other tissues. Our
in situ analysis of Myg] transcript in adult mouse brain is similar with Myg/ in
situ data from Allen Brain Atlas (http://mouse.brain-map.org/welcome.do).
Additionally, Myg! in situ staining in Allen Brain Atlas is highly similar with
that of a ubiquitous gene Hprtl that we also use as a housekeeper gene. Mygl
specific in situ staining is also remarkably similar with Nissl staining that can be
found in Mouse Brain Atlas (Paxinos & Watson, 2000). Therefore, in most
cases, the extensively stained areas specific to Mygl! in situ probe most probably
reflect adult mouse brain areas with denser cell groups (such as medial
habenular nucleus, hippocampus, several hypothalamic nuclei etc). Co-staining
with known ubiquitous gene specific probe is needed to tell if there are areas in
adult mouse brain where basal Mygl expression is more or less extensive.
However, there are distinct cells that have intensive Myg! specific staining, for
example in the ependymal layer of the ventricular system, in the CA3 region of
hippocampus and in the Purkinje cell layer of cerebellum (Figure 8). Distinct
extensively stained single cells can be seen also in cerebral cortex and other
brain areas (data not shown) and it would be interesting to study what is specific
about these cells by co-stainings with different cellular markers.

Remarkable evidence indicates that despite ubiquitous expression in the
brain and other tissues, Mygl is obviously not a housekeeper gene and its
expression can extensively change in response to intercellular or environmental
stimuli. Besides our initial finding that Myg/ is a most up-regulated gene in the
amygdaloid area of rats exposed to predator (cat) odour (Koks et al, 2004),
other studies have indicated that Myg! is relevant in the brain or even harbours
specific functions in the brain: MYG! is down-regulated in the entorhinal cortex
and hippocampus of Alzheimer’s patients (Liang et al, 2008); furthermore,
Mygl mRNA expression has been shown to increase in the mouse cerebral
cortex in response to chronic administration of simvastatin that has been
reported to prevent Alzheimer’s disease (Johnson-Anuna et al, 2005). In
primary cortical neuron culture Myg/ mRNA is increasing with expression peak
three hours after glutamatergic NMDA receptor activation; therefore Myg/ can
be involved in long-lasting synaptic changes (Hong et al, 2004). Finally, Mygl
expression in the rat’s cingulate cortex is more than 3-fold up-regulated
specifically 9 hours after experimental ischemic stroke (middle cerebral artery
occlusion) (Rickhag et al, 2006).

The ubiquitous maintenance of Myg/ expression throughout mouse lifespan
suggests its requirement in functioning of differentiated neurons and other adult
tissues. Nevertheless, we report that mutant mice lacking Mygl (-/-) are vital
and fertile, and they do not display any gross anatomical, sensory or motor
abnormalities. Moreover, contrary to what could be expected, the behavioural
and physiological alterations in these mice are quite modest. Myg! (-/-) mice
perform normally in the water maze (spatial learning and memory) and rota-rod
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(procedural learning), and their habituation to locomotor activity test (non-
associative learning) is not altered. Since we first identified Myg/ in a screen
for anxiety-related genes (Koks er al, 2004), we were most interested in
anxiety- and stress-related phenotype in mice lacking Myg!. The plus-maze test
revealed that male mutant mice (-/-) were significantly less anxious than their
wild-type (+/+) littermates as indicated by the higher % unprotected head-
dippings and lower number of stretched-attend postures. Additionally, increased
social exploration in male mice is indicative of reduced anxiety. However, this
alteration was not reproduced in other anxiety-related tests (i.e. spatial
distribution of locomotor activity, light-dark exploration, marble burying test,
stress-induced hyperthermia and hyponeophagia test). Moreover, the proportion
of the distance travelled in the center of the locomotor activity arena, which is
an indicator of trait anxiety, revealed increased anxiety in female mutant (-/-)
mice. Again, this difference between genotypes was not reproduced in other
tests of anxiety. Taken together, Mygl is ubiquitously expressed in the adult
brain and the expression of Myg! transcript is changed in reaction to various
stimuli in the brain. Nevertheless, Myg/-deficent mice have no deviations in
their cognitive abilities and their behaviour is only mildly altered in anxiety-
related tests.

5. Mygl and stress in cellular and organism level

As discussed above, Mygl expression in healthy adult tissues is rather homo-
genous and ubiquitous and seems to be regulated mainly in various stress/illness
conditions. On cellular level the stress response comprises an evolutionarily
highly conserved mechanism that protects cells from sudden environmental
change or frequent fluctuations in environmental factors (Kiiltz, 2003). The
evidence that Mygl is altered in reaction to basic cellular stress comes from
yeast: the expression of Mygl orthologue in yeast declines in response to
oxidative stress, heavy metal stress, heat shock, osmotic stress and DNA
damage (Chen et al, 2003). Heat shock proteins are highly conserved in many
organisms and make up one of the most abundant gene group that is induced
during many types of stress (Kiiltz, 2003). There are two reports suggesting that
Mygl interacts with Hsp90 that is one of most prevalent HSP protein. Co-
immunoprecipitation with endogenous Hsp90 identified Mygl among 39
protein interaction partners in human HEK?293 cells (Falsone et a/, 2005). In
yeast two-hybrid screen, Mygl orthologue YERI56C was identified as a
putative interaction partner of yeast Hsp90 (Millson et al, 2005). In the current
study we could not confirm the physical interaction between Mygl and Hsp90
in a direct Mygl pull-down and the putative interaction between the factors
needs further experimental support. After MYGI knock-down in cell culture,
however, we detected a mild down-regulation of Hsp90 alpha (AF028832) and
beta subunits (BG612458) (1.2- and 1.17-fold reduction, respectively; p<0.02).
Additionally, another HSP, mitochondrial chaperon Hsp60 (BF965447) was one

71



of the most down-regulated gene after MYGI knockdown. Both siRNAs
induced an approximately 2.5-fold decrease in Hsp60 mRNA, however, with
moderate statistical power considering genome-wide chip analysis (p<0.02).
Decreased expression was also found for Hsp70 subunits 1B (NM_005346) and
4 (BC002526) (1.49 and 1.27-fold, respectively; p<0.03), and Prohibitin
(NM_002634) (1.25-fold decrease, p<0.01), a chaperon known to be located,
similarly to Mygl, in both the nucleus and mitochondria (Mishra et al, 2005).
The tendency of expression change of Myg/ transcript in stress/illness
conditions, however, tends to correlate with metabolic activity of the cell: na-
mely; Mygl expression is declining during cell starvation (Kristensen et al,
2008) or degeneration for example in human age-related cataract lenses (Hawse
et al, 2003) or in the entorhinal cortex and hippocampus of Alzheimer patients
(Liang et al, 2008). On the contrary, an increase in Myg/ transcript can be noted
in activated cells: Mygl mRNA is increasing after glutamatergic NMDA
receptor activation in primary cortical neuron culture (Hong et al, 2004).
Additionally, Mygl expression in rat’s cingulate cortex is more than 3-fold up-
regulated specifically 9 hours after experimental ischemic stroke, whereas late
expressed genes are related to stress, cellular proliferation, and events as-
sociated with inflammation and regenerative processes (Rickhag et al, 2006).
Mygl was initially found as an upregulated gene in the amygdaloid area of rats
after exposure to cat odour (Koks et al, 2004). In the current study we
additionally showed that Mygl/ gene expression was significantly reduced by
restraint stress in the prefrontal cortex of female wild-type (+/+) mice. In male
mice this effect was not statistically significant. The expression of Myg/ was
not affected in other brain areas (mesolimbic area or temporal cortex including
amygdaloid area). Both cat odour and restraint stress induce strong anxiety/
stress reaction in rodents, therefore we expected similar changes in the tran-
scriptomes of relevant brain areas. Current evidence suggest that Mygl
expression is not consistent in two anxiety conditions that we have studied;
furthermore, Mygl expression in anxiety is also not correlating with neuronal
activity that couple anxiety reaction: according to a recent study, c-fos mRNA,
that is considered to be a marker of neuronal activity, is induced in prefrontal
area of rat already after 15 minutes of restraint stress application (Trneckova et
al, 2006). Therefore, if Mygl expression was correlated with brain activity, it
could be expected that if Myg/ mRNA is similarily increased. Since we
detected mild but significant decrease of Mygl mRNA, it seems that the activity
of the cell does not completely explain expressional activity of Mygl. Inte-
restingly, we also found that in addition to diverse changes in anxiety-like
behaviour in mice lacking Mygl (-/-), female mutant mice showed significantly
weaker corticosterone response to restraint stress. Therefore, Mygl-deficiency
can also interrupt stress reaction in the hormonal level. This effect could be
related to the high expression signal of Myg/ mRNA in the paraventricular
nucleus of hypothalamus, playing a role in the regulation of the hypothalamic-
pituitary-adrenal stress axis. Again, a co-staining of Mygl probe with known
markers for hypothalamic nuclei is needed to elucidate whether Mygl
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expression is specific in hypothalamus. Our finding suggests that besides
cellular level, Mygl can be implicated in stress reactions in the hormonal level.

6. Mitochondrially localized Mygl and metabolism

There is numerous evidence that Mygl expression is changing during cellular
activation, specifically, it tends to be down-regulated in restricted energy condi-
tions. However, in activated cells Mygl expression does not always correlate
with the activity of the cell and this is, therefore, most likely dependent on the
precise nature of cellular activity. Our experiments demonstrated the existence
of nuclear and mitochondrial targeting signals in the N-terminal region of
human and mouse Mygl proteins. Mitochondrial localization is in accordance
with predictions that were made by comparing human proteins with yeast
mitochondrial homologues (Cameron et al, 2005). Moreover, the Mygl ortho-
logue GAMMI protein-like (AT5G41970; Accession: NM 123562) has been
found in gel-based separations of the mitochondrial proteome in Arabidopsis
thaliana (Heazlewood et al, 2004) and YER156C; Mygl orthologue in yeast has
been associated with mitochondrial-enriched proteins that tend to be down-
regulated after copper starvation (van Bakel et al, 2005). Functional con-
servation of sub-cellular signal sequences of Mygl was reinforced by the
existence of similar sub-cellular distribution of mouse and human Mygl in
HeLa cells. We could not detect active shuttling of Mygl between the nucleus
and mitochondria, neither in steady state nor during the S-phase, indicating that
Mygl performs simultaneous tasks in the two compartments. Obviously, we can
not exclude that Mygl could, under particular conditions not employed in this
study, move from the nucleus to the mitochondria or vice versa, but the
apparent lack of common nuclear export signals indicates that a shuttling needs
to be facilitated by additional factors. The secondary structure analysis, photo-
bleaching and immunoprecipitation experiments support the notion that Myg] is
a soluble non-membrane-bound protein.

The expression level of Mygl transcript is fluctuating during embryonic
development and fades remarkably in the post-natal brain maturation, therefore
it tends to be up-regulated in actively proliferating and differentiating neural
precursors. But our in vivo knock-out model confirms that Myg/ is not essential
for proper development. Therefore one possible explanation could be that the
expression level of mitochondrially localized Mygl correlates with metabolic
activity in the cell and differential expression of Mygl during development may
at least partially be related with increased activity of cells that are dividing and
differentiating. We also anticipated that the Mygl knock-out in vivo would lead
to alterations in metabolic activity. However, no alterations were observed in
the body weight, rectal temperature or blood glucose concentrations in mice
lacking MyglI (-/-). Furthermore, indirect calorimetry indicated metabolic rate
comparable to wild-type (+/4) mice. It should be noted still, that during the last
30 min of the test, the oxygen consumption, carbon dioxide production and heat
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production remained somewhat elevated in female mutant (-/-) mice indicating
increased metabolism. Male mice showed slight tendency in same direction.
The shortened protocol that we used in this study has been validated in our
laboratory by pharmacological means and may have been relatively insensitive
as a part of a larger screening battery to detect subtle differences in genetically
manipulated animals, therefore we are currently developing more sensitive
protocol to estimate metabolic rates of MygI-deficent mice in more detail.

Intrestingly, the expression pattern of Mygl correlates with that of a single
mitochondrial gene coding a subunit of mitochondrial H+ transporting ATP synt-
hase (Atp5g2). According to the WebQTL database (http://www.genenetwork.org/)
Mygl probe (1424088 at) correlates negatively with Atp5g2 probe
(1456128 at) in several mouse brain tissues. The correlation values are -0.77 in
the nucleus accumbens (Oct 07, RMA); -0.693 in the striatum (Apr05, RMA);
-0.689 in the prefrontal cortex (Dec06, RMA); -0.6116 in the eye (Sep0S,
RMA) and -0.607 in the cerebellum (May05, RMA). Atp5g2 transcript encodes
a subunit of a protein that is essentially involved in cellular metabolism. The
mitochondrial F1IFO ATP synthase is a critical enzyme that works by coupling
the proton motive force generated by the electron transport chain via proton
transfer through the FO or proton-pore forming domain of this enzyme to release
ATP from the catalytic F1 domain (Grover et al, 2008). Atp5g2 is coding a
single subunit ¢ from FO complex (ATP synthase, H+ transporting, mito-
chondrial, subunit ¢ (subunit 9), isoform 2). The consistent negative correlation
between probes representing mRNAs of Mygl and Atp5g2 is remarkable.
However, no transcripts related with mitochondrial metabolism were signifi-
cantly changed after MYG/ siRNA knockdown and as we now know, Mygl is
also located in the cell nucleus indicating that the functional relevance on Mygl
is probably not limited to metabolism. Nevertheless, there is evidence sug-
gesting that Mygl might have a role related with metabolic activity; therefore
our next studies will be focused on MyglI-deficient mice to elucidate possible
metabolic alterations in these mutants more specifically.

7. Arg4Gin polymorphism affects mitochondrial
entrance of Mygl protein

Expression of YFP-tagged Mygl fusion proteins in HeLa cells revealed that
glutamine in fourth position (Mygl 4GIn allele) completely eliminated
mitochondrial entrance of YFP-tagged Mygl protein. Our analysis of human
ESTs and genomic sequences in NCBI and UCSC (http://genome.ucsc.edu/)
databases confirm that Mygl Argd4Gln polymorphism is present in human
populations (Table 4). According to currently available data, there can be either
arginine or glutamine in the fourth position of Mygl in humans and in the
current experiment we showed that only positively charged arginine in the
fourth position enables mitochondrial entrance. It is likely that acidic glutamine
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disturbs a common property of mitochondrial targeting sequence to form an
amphiphilic helical structure that is essential for the effective transport of a
mitochondrial protein (Shimoda-Matsubayashi et al, 1996). It has been
described earlier that single amino acid substitution can completely eliminate
the functionality of MTS: single substitution glycine 12 to glutamic acid in a
mitochondrial targeting sequence disturbs mitochondrial localization of the
human wild-type 8-oxoguanine DNA glycosylase (hOGG1) (Audebert et al,
2008). Our results provide another example of a single amino acid substitution
in mitochondrial signal that eliminates mitochondrial entrance of a protein.

We sequenced 54 Caucasian subjects for Mygl Arg4Gln and confirmed that
they were all homozygous for Mygl 4Arg allele that corresponds to previous
HapMap data for 60 Caucasian subjects (Utah residents with ancestry from
Northern and Western Europe). According to HapMap database heterozygosity
for Mygl Arg4Gln polymorphism (rs1534284) has been currently detected only
in YRI (Yoruba in Ibadan) population from Nigeria. Among 57 subjects from
YRI population who were genotyped for HapMap project 20 subjects (35.1%)
were heterozygous for Mygl Arg4Gln polymorphism but there are no subjects
who are homozygous for Mygl 4Gln allele. According to currently available
data, Mygl 4Gln allele that disturbs mitochondrial entrance of Mygl has never
been detected in the homozygous state. We propose that persons with Mygl
4Gln variant do not survive or have health condition that keeps them out from
the study groups. High frequency of general heterozygosity (0.175) of Mygl
Arg4Gln can also be a target of natural selection, similarly with 9-amino acid
deletion in SLC4A1 gene that is completely lethal in homozygous state (Wilder
et al, 2009), but heterozygosity persists with a maximum frequency of 0.175
due to protective effect with respect to cerebral malaria in Southeast Asia. The
frequency of heterozygosity (Mygl Arg4Gln) in Nigeria is similar with 9-amino
acid deletion in SLC4AT1 gene in Asia (0.175). Therefore it is likely that Mygl
Arg4Gln is a target of similar selection. Considering our present subjects, we
cannot explain the relevance of our finding, but we propose that Mygl has
important functions inside mitochondria. However, our MygI-deficient mouse
model shows that the deletion of Mygl has no major effect on any crucial life
function. We also showed that mouse Myg1 protein that in amino-acid level has
85.6% similarity with human Mygl, is also located inside mitochondria and
nucleus. However, it has been shown in several cases that mouse knockout
models do not always reflect what happens in case of human mutations. For
example, deletion of the closest down-stream neighbour of Mygl, Aaas, in mice
did not produce any symptoms that are typical for triple A syndrome that will
develop in humans with mutations in A4AS gene (Huebner et al, 2006).
Therefore it would still be interesting to study the distribution and effects of
Mygl Arg4Gln polymorphism in several human populations.
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8. Implication of Mygl in immune response

Several global expression profiling reports support Mygl involvement in
immune response (Cao et al, 2004; Taylor et al, 2004; Axelsson et al, 2007,
Zarate-Blades et al, 2009). However, it seems that Myg1 can be upregulated or
downregulated in the context of immune response: MYGI expression is 2.78-
fold decreased 24 hours after infection of human endothelial cell culture with
Trypanosoma cruzi parasite (Costales et al, 2009). At the same time Myg/ is
up-regulated in the skin of patients with atopic eczema that is chronic
inflammatory skin disease and characterized by abundant up-regulation of
inflammatory genes (Saaf ef al, 2008). Therefore, the alteration of Mygl in
immune response is most likely dependent on specificity of the immune
reaction: whether it is chronic vs acute or whether it involves innate or adaptive
immune system. Immune reaction-related genes were consistently up-regulated
after siRNA mediated MYGI knockdown in HeLa cells. Two genes, guanylate
binding protein 1, interferon-inducible, 67kDa (GBP1, NM 002053) and
guanylate binding protein 2, interferon-inducible (GBP2, NM 004120) were
more than two-fold up-regulated after MYGI knockdown. GBP1 and GBP2 are
among the most abundant antiviral proteins induced by interferon-gamma that
induces the expression of many genes to orchestrate a cellular response and
establish the antiviral state of the cell (Prakash et al, 2000). Other immune
response-related genes that are up-regulated after MYG/ knockdown are CD59
molecule, complement regulatory protein (NM_000611) and UL16 binding
protein 2 (ULBP2, NM_025217). ULBP2 is part of MHC class I-related cell
surface protein family (ULBPs) (Cosman et al, 2001). ULBPs are human
ligands for NKG2D (natural killer group 2D) that is one of the major triggering
receptors of natural killer (NK) cells (Sutherland et al/, 2006). Additionally,
almost the whole family of MHC-I genes (major histocompatibility complex,
class I, A, B, C, E, F and G) was significantly up-regulated after knockdown of
MYGI transcript. However, two siRNAs induced a remarkably different
increase in MHC-I genes: siRNA1l induced on average 1.3-fold increase
(p<0.05) whereas siRNA3 induced much more extensive 1.9-fold increase in
MHC-I transcripts (p<0.01, data not shown). We could not explain the different
effect of two siRNAs as with both the Mygl knockdown effect was detected to
be equally 90%. However, the notion that the activation of immune response
related genes is specific for MYGI siRNA treatment is supported by previous
knockdown experiments where no such changes were seen for unrelated
siRNAs (Vikesa et al, 2006).

Because our siRNA knockdown of MYGI in vitro produced a robust up-
regulation of several immune reaction-related genes, we anticipated that the
Mygl knockout in vivo could lead to alterations in the response to immune
challenge. In the current study we could not get statistically significant effects
in immune reaction in Myg/-deficient mice, however, considering the simple
design of our preliminary experiment, we saw promising tendencies: both male
and female MygI-defficent mice lost more weight in response to administration
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of LPS (50 ug/ul) than wild-type males and females. These tendencies have
encouraged us to design more specific tests to detect subtle differences in mice
lacking Mygl (-/-) and further studies employing more sophisticated methods
are currently on their way.

9. Mygl in the skin: elevated expression of
MYGI gene in vitiligo and promoter genotype

Besides brain, Mygl expression can be altered in disease processes in the skin.
As cited above, Mygl gene was initially found to be highly expressed in freely
proliferating mouse melanocytes compared with melanoma cells (Smicun,
2000). The initial naming of Mygl was somewhat misleading, because the main
finding in the initial study was actually down-regulation of Myg/ transcript in
melanoma cells compared with control cells (normal melanocytes). According
to Su et al (2004), the expression level of MYGI transcript in human skin is
rather under average, compared with other human tissues. However, another
study indicates the relevance of MYGI in the skin: MYGI is up-regulated in the
skin of patients with atopic eczema that is a chronic inflammatory skin disease,
characterized by abundant up-regulation of inflammatory genes (Saif et al,
2008).

In the present study we showed that MYGI mRNA expression is elevated in
the skin of vitiligo patients (Kingo et al, 2006). Furthermore, MYG1 mRNA
levels in the skin samples of healthy controls correlate with MYGI promoter
polymorphism -119C/G and subjects with homozygous -119G allele have
significantly higher MYGI mRNA levels than subjects with homozygous -119C
allele. Higher activity of -119G promoter was confirmed by using in vitro
luciferase reporter assay. -119G promoter was on average more than 2.5 fold
more active regardless of the length of the promoter fragment. Single marker
association analysis showed that the active -119G allele was more frequent in
vitiligo patients compared to controls. Further analysis based on the stage of
progression of vitiligo revealed that the increased frequency of more active -
119G allele occurred prevalently in the group of patients with active vitiligo
compared to the control group. This finding is in line with our data of MYGI
expression in the skin of vitiligo patients, where no difference in MYGI
expression between nonlesional skin of stable subtype of vitiligo and healthy
control subjects was detected. At the same time a statistically significant
increase in MYGI expression in both lesional and nonlesional skin of patients
with active vitiligo and in lesional skin of patients with stable vitiligo was
found, raising the possibility that MYG/ is least reactive in the stable stage
unaffected vitiligo skin. According to growing evidence, the MYGI gene is pre-
dominantly implicated in actively progressing vitiligo.

Minor allele -119G was related to higher MYGI mRNA levels only in the
control group, but not in the vitiligo group. In general, MYGI mRNA is
elevated in both involved and uninvolved skin of vitiligo patients despite active

77



or less active promoter genotype. This finding suggests that increased MYGI
mRNA level in the skin of vitiligo patients is only partially dependent on
endogenous promoter activity and there are other factors besides -119C/G
polymorphism that mediate MYGI expression levels in the skin of vitiligo
patients. It is likely that part of the effect of increased MYGI expression in
vitiligo comes from higher prevalence of naturally more active -119G promoter
carriers in the vitiligo group. We propose that the elevation of MYG/ expression
in vitiligo can be both cause and effect, depending on the case. Vitiligo patients
with -119G promoter have genetic inclination for higher expression and patients
with less active promoter genotype harbour other genetic susceptibility loci, but
MYGI expression in their skin is still increased as a consequence of cellular
changes that characterize vitiligo skin. Alteration of p300 (E1A-associated
300 kDa protein) binding site is a potential reason why MYGI -119G promoter
allele is more active in normal control subjects and in vitro luciferase assay. The
analysis of binding sites in the -119 promoter region was performed by using
TRANSFAC software Consensus DNA binding sequence for p300 is 5°-
GGGAGTG-3’ (Rikitake & Moran, 1992) that corresponds 100% to the bases
from -125 to -119 of MYGI-119G allele. MYGI-119C alters the last position of
this site (5’-GGGAGTC-3’), p300 that is mostly known as histone deacetylase
can also act as a bridge or scaffold between transcription factors and the basal
transcription machinery to enhance the transcription activation (Chan & La
Thangue, 2001). However, besides p300 there can be other transcriptional or
epigenetic factors that are sensitive to MYG1-119C/G substitution.

10. Possible mechanisms that link Mygl with vitiligo

The expression pattern of Mygl is ubiquitous, but there is evidence that Mygl
function in the skin can be differential; for example, during embryonic develop-
ment, Mygl is predominantly expressed in the ectoderm derived tissues, in-
cluding epidermis, indicating that Myg]1 is involved in the development of skin,
therefore Mygl function in the skin can be specific at least in some phases of
development. Our association analysis and expression studies suggest that
MYGI is one of the genes that, in interaction with other genetic and environ-
mental factors, are responsible for the development of vitiligo. However, MYG1
expression in the skin seems to be not specific to melanocytes: according to our
preliminary results, MYGI expression in cultured melanocytes is lower than
expression in full skin biopsy and comparable or equal with MYGI expression
in cultured fibroblasts derived from the same skin (data not shown). Therefore
the precise function of MYG1 in the development of vitiligo is still unclear, but
we have two major speculations: up-regulation of several immune system-
related genes after MYG1 siRNA knockdown in cell culture suggests that Mygl
can act as a mediator in the immune processes that are disturbed in vitiligo pa-
tients. Several theories have been proposed about the mechanism of vitiligo
pathogenesis, but autoimmune hypothesis is the most popular at present
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(Westerhof & d’Ischia, 2007) and a recent comprehensive review about vitiligo
genetics (Spritz, 2007) emphasizes that genetic factors underlying autoimmune
diseases and vitiligo are often overlapping. Besides immunological approach,
the study of the metabolic deregulations leading to toxic damage of the
melanocytes appears to be more and more relevant (Dell’Anna & Pigardo,
2006). Therefore, alternatively: mitochondrially localized Mygl can be in-
volved in the regulation of altered metabolism and imbalance of antioxidants in
vitiligo. Growing amount of data provides further evidence for an altered
mitochondrial functionality of vitiligo patients (Dell’ Anna et al, 2003; Prignano
et al, 2009). Different authors suggest that oxidative stress plays a central role
in the process of melanocyte degradation (Dell’Anna et al/, 2003; Dell’Anna &
Pigardo, 2006; Maresca et al, 1997; Jimbow et al, 2001). The fact that MYGI
expression is elevated in both uninvolved and involved skin in case of vitiligo is
in line with findings that melanocytes from normally pigmented skin of vitiligo
patients also exhibit high in vitro susceptibility to chemical and physical
oxidative stress (Dell’Anna & Piqardo, 2006). Further studies will be needed to
explain the mechanisms of vitiligo pathogenesis and to understand the precise
function of Mygl in vitiligo.

I |. Sex specific regulation and expression of Mygl

During our studies we found several unexpected sex-specific differences in
Mygl knockout effects and MYGI expression levels. Mygl (-/-) mice indicate
an absence of several sex-dependent behavioural differences that are evident in
wild-type (+/+) mice. Compared to male (+/+) mice female wild-type (+/+)
mice were significantly less anxious (plus-maze test, % center distance in the
locomotor activity test, stress-induced hyperthermia, hyponeophagia test), more
active (locomotor activity test), and showed a more intense endocrine response
to restraint (corticosterone elevation). By contrast, in Myg/ (-/-) mice no sex-
dependent differences were found in the plus-maze test, locomotor activity test,
hyponeophagia test and restraint-induced corticosterone elevation. Yet, in the
stress-induced hyperthermia test sex-dependent differences were obvious in
both genotypes, whereas in the social interaction test a difference between male
and female mice observed in Myg! (-/-) mice was not noted in wild-type (+/+)
mice. Sex-dependent differences across various physiological functions in
rodents are well established. It has been found that the prevalence of sex-
specific differences is dependent on mouse strain (Rodgers & Cole, 1993). It is
possible, according to our present data, that Mygl/ is another gene that
contributes to the expression of sex-dependent behavioural differences in mice.
We also detected sex-specific differences in the skin of normal control
subjects. In our study male controls had significantly lower MYGI expression
than female controls. There are reports that vitiligo occurs twice as often in
female than in male (Westerhof & d’Ischia, 2007). Our finding that in case of
vitiligo MYGI expression is increasing is in line with naturally higher MYGI
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expression in women. For a long time, it has been suggested that estrogens may
be involved in the depigmentation process of vitiligo, because the initiation/
progression of the disease is observed at pregnancy, postpartum, in the meno-
pause or after the use of oral contraceptives/hormonal substitution (Schallreuter
et al, 2006). Cheng et al (2006) identified MYG1 as a putative estrogen receptor
alpha target gene. Therefore it is possible that Mygl can regulate hormonal
balance directly through estrogen receptor. However, most studies report no
difference in occurrence of vitiligo between males and females (Alkhateeb ef al,
2003); still, sex-specific findings in our study provide interesting data that
should be considered during planning or interpreting further experiments.

12. Concluding remarks and future prospects

Mygl is widely expressed and highly conserved factor that localizes to the nuc-
leus and the mitochondria. Mygl expression in normal adult tissues is ubiqui-
tous and homogenous but can be changed as a response to several environ-
mental stimuli affecting the cellular activity. In different embryonic phases
Mygl expression is characterized by dynamic expression intensity and specific
pattern indicating developmental impact of Mygl.

In the current study we have linked Mygl with various cellular functions.
However, these cellular processes are not completely distinctive, but inter-
twined with each other: alterations in immune response are tightly related with
cellular malignancy; cell cycle related pathways are directly implicated in pluri-
potency, differentiation and development. Finally, cellular metabolism is related
with cellular activity in every level: increased metabolism is coupled with cell
activation during immune reaction or cell division. Our suggestion is that the
function of Mygl is essentially basic because it has been crucial to maintain
Mygl gene from protozoans to humans.

To elucidate the more specific function of Mygl, it would be critical to study
Mygl in functional assays. The hypothesis that Mygl is a putative phosphoes-
terase comes from sequence homology studies. The next goal would be to target
the real substrates for Mygl. Several potential candidates have been suggested
in this study (Oct4, TLX, FGF2, Decorin, Atp5g2, Hsp90, Hsp60, GBPI,
GBP2, MHC-I related proteins, efc). Also, it would be informative to measure
the expression level of Myg/ transcript in different cell types in the skin and
testis.

One of our most promising tools in the study of Mygl function in vivo will
be Mygl-deficient mice. Tissue samples of Mygl-defficent mice could be used
as a knockout tissue model. The compensatory mechanisms will always remain
a significant problem in knockout studies (Clifton et al/, 2003), however, it
would be informative to study mild gene effects, such as Myg/-deficiency, in
another genetical background (Crawley, 2008). Based on the experiments we
still hypothesize that Mygl is needed in critical stress situations, therefore, one
of the next experiments would be to induce more severe immunological
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challenge to Mygl knockout mice than we did during the current experiments.
Additionally, we are planning to screen metabolic processes of these mice in
more detail.

If we are able to gain more information about Mygl in the cell, it could
hopefully help to explain the mechanism why MYGI has elevated expression in
the skin of vitiligo patients, how big is the implication of MYGI promoter
activity in elevated levels of the transcript and what is the specific function of
Mygl in actively progressing vitigo. Our data is currently correlative and we
have only some suggestions concerning the cellular pathways linking Mygl
with vitiligo. Finally, it would be extremely informative to solve the question
what happens with subjects who carry homozygous Mygl 4GIn genotype: a
mutation that disturbs mitochondrial entrance of Mygl in the population of
Nigeria. So far we know that HapMap only includes data from Mygl Arg4Gln
heterozygous and Mygl 4Arg homozygous subjects. There is currently no
information why Mygl 4GIn homozygous subjects are not present in HapMap
database.
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CONCLUSIONS

1. Mygl protein is a ubiquitously expressed and highly conserved factor. In
adult tissues Mygl/ mRNA expression is ubiquitous and homogenous; in
different embryonic phases Mygl expression is characterized by specific
pattern and dynamic intensity, indicating developmental impact of Mygl.

2. Mygl localizes in the nucleus and mitochondria and we also demonstrated
the existence of nuclear and mitochondrial targeting signals in the N-
terminal region of human and mouse Mygl proteins. We showed that Mygl
4GIn allele that has remarkable prevalence in the Nigerian population
disturbs mitochondrial entrance of Mygl. Because our subjects from the
Estonian population were consistently homozygous for Mygl 4Arg allele,
we cannot confirm the relevance of Mygl Arg4Gln, but our current results
suggest that Myg1 has important functions in the mitochondria. According to
our studies it is most likely that Mygl is involved in cellular pathways im-
plicated in cellular stress, immune response, development and metabolism.

3. Phenotyping of Mygl-deficient mice revealed that Myg/ (-/-) mice are vital,
fertile and display no gross abnormalities. Myg/-deficiency caused moderate
alterations in anxiety-related behaviour and stress-reactions in mice, but also
remarkable reduction of sex-dependent behavioural differences. In our
primary screen, MygI-deficient mice displayed no significant alterations in
immune response or metabolic activity, but several mild tendencies en-
courage us to study these functions further in MyglI (-/-) mice.

4. Both MYGI promoter polymorphism -119C/G and Arg4Gln polymorphism
in the mitochondrial signal of Mygl have an impact on the function of the
MYGI gene and protein. Our in vivo and in vitro promoter activity analysis
together with association analysis confirms that -119C/G polymorphism
influences MYGI mRNA levels. Our results suggest that more active -119G
is the risk-allele for the development of vitiligo and more specifically risk-
allele for the maintenance of the active progression stage of the disease.
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SUMMARY IN ESTONIAN

Mygl geeni ja valgu iseloomustamine: ekspressioonimuster,
rakusisene lokalisatsioon, geeni puudulikkusega hiir ja
funktsionaalsed poliimorfismid inimesel

Sissejuhatus

Mygl geen tuvastati algselt hiirte melanotsiiiitidest (Smicun, 2000), ning sellest
tuleneb ka geeni nimi: “Melanotsiiiite prolifereeriv geen 1” (Melanocyte prolife-
rating gene 1, Mygl). Meie laboris tuvastati Mygl esmalt geenina, mille eks-
pressioon rottide amiigdalas markimisvaarselt tdusis (1,8 kordne mRNA taseme
tous) parast seda, kui rotid puutusid 30 minuti jooksul kokku stressitekitava
kassilohnaga (Koks et al, 2004). Jarjestuse homoloogia alusel peetakse Mygl
valku oletatavalt fosfoesteraasiks ning lisaks voib andmebaasidest leida infor-
matsiooni, et tegemist on viga konserveerunud geeniga: Mygl on evolutsiooni
kdigus sdilinud koikides eukariiootides alates pdrmist inimeseni, ent esineb ka
monedes ainuraksetes algloomades (Nepomuceno-Silva et al, 2004). Kuna
spetsiifilisemad uurimused Mygl valgu kohta puudusid, siis viidi kdesolevas
to0s lébi katsed eesmirgiga iseloomustada Mygl geeni ja valku igakiilgselt,
alates ekspressioonimustrist ja rakulisest paiknemisest, geeni puudlikkusega
hiire fenotiiiibi isedrasustest ning samuti kirjeldada algselt melanotsiiiitidest
tuvastatud geeni véimalikku osalust pigmentatsioonihéire vitiliigo kujunemisel.

Eesmirgid
Kéesoleva t66 iildeesmirgiks oli koguda igakiilgset informatsiooni Myg! geeni
ja valgu kohta. Selle uurimist6o spetsiifilised eesmirgid olid jargmised:

1. Iseloomustada MYGI/Mygl geeni ekspressioonimustrit areneva ning
taisealise hiire ja inimese erinevates kudedes ja koeldikudel.

2. Kirjeldada Mygl valgu rakusisest paiknemist, leida voimalikke inter-
aktsioonipartnereid ning tuvastada rakufunktsioone, milles Mygl valk
osaleb.

3. Luua Mpygl-puudulikkusega hiiremudel ja iseloomustada selle hiire
kognitiivseid ja motoorseid vdimeid ning kéitumist ja fiisioloogilisi
reaktsioone drevuse ja stressimudelites.

4. Uurida algselt melanotsiiiitidest tuvastatud MYG/ geeni seotust pigmen-
tatsioonihdire vitiliigoga ning iseloomustada inimese potentsiaalselt
funktsionaalseid poliimorfisme MYGI geenis (-119C/G poliimorfism
promootoris ja Arg4Gln mitokondriaalses signaalis).

Meetodid

Mygl/MYG1 geeni ekspressiooni midramiseks inimesel ja hiirel kasutati
kvantitatiivset reaalaja-PCR meetodit, transkripti pikkuse médramiseks kasutati
Northern analiiiisi inimese kudedest ning ekpressioonimustri tdpsemaks selgita-
miseks kasutati in sifu hiibridisatsiooni hiire tdisembriio- ning tdisealise hiire
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ajuldikudel. Ko&ik rakukultuuri eksperimendid viidi ldbi HeLa rakukultuuris.
Mygl valgu rakusisese lokalisatsiooni madramiseks viidi normaalne ning ilma
oletatavate signaaljérjestusteta MYGI geeni cDNA YFP (pEYFP-N1) ning
FLAG (pQM-FLAGCTag) markereid sisaldavatesse vektoritesse. MYGI pro-
mootori aktiivsuse médramiseks viidi 1 kb ja 300 bp suurused MYGI pro-
mootori fragmendid lutsiferaasi geeni sisaldavasse vektorisse (pGL3-basic).
MYGI mRNA 90% allasurumise (knock-down) indutseerimiseks rakukultuuris
kasutati kahte siRNA-d (Qiagen), millest liks seondus eksonite 3 ja 4 {ihendus-
kohta ning teine ekonile 7. MYGI transkripti knock-down efekt kinnitati
kvantitatiivse reaalaja-PCR meetodil ning globaalse rakusisese geeniekspres-
siooni muutuse hindamiseks koguti rakud 72 tundi parast siRNA-de transfektee-
rimist ja viidi 1dbi geeniekspressiooni analiilis kasutades Affymetrixi geenikiipe
(HG-U133plus2 arrays). Mygl immuno-pretsipitatsioonil kasutati FLAG-
markeriga seotud FLAG-Myg] liitvalku. MygI-puudulikkusega hiire loomiseks
loodi DNA konstrukt, mis sisaldas genoomset jirjestust molemalt poolt hiire
Mygl geeni ning viidi see tiivirakkudesse, kus homoloogilise rekombinatsiooni
tulemusena asendati markergeeniga (LacZ-NEO) koik hiire Myg! geeni 7 ekso-
nit. Kiitumiskatseteks kasutati F2 pdlvkonna homosiigootseid Mygl ™ ja
MygI " isaseid ja emaseid pesakonnakaaslasi segataustal. Mutantse hiire feno-
tiilibi madramine viidi 14bi kahe erineva testipatareina. Esimeses patareis (hiirte
arv igas grupis 21-26) testiti erinevaid kéitumuslikke ja fiisioloogilisi funkt-
sioone (plusspuur, lokomotoorne aktiivsus, kuuma plaadi test, sotsiaalne inter-
aktsioon, sundujumine, rota-rod, kalorimeeter, Morrise vesipuur ning iildine
sensomotoorne kirjeldamine). Teine testipatarei (hiirte arv igas grupis 20-21)
hindas spetsiifilisemalt drevuse ning stressiga seotud reaktsioone (hele-tume
puur, kuuli matmine, stressist indutseeritud hiipertermia, hiiponeofaagia, saba
jonksatuse test immobiliseerimisest tingitud analgeesia hindamiseks ning LPS-
ist indutseeritud kaalukaotus). Lisaks mdoddeti eraldi hiirtel (hiirte arv igas
grupis 14-17) immobiliseerimise stressist tingitud kortikosterooni taseme
muutust ning Mygl ekspressioonitaseme muutust kolmes ajukoes (temporaal-
sagar, frontaalkoor, mesolimbiline piirkond). MYG! geeni osaluse méaramiseks
vitiliigo puhul vorreldi kvantitatiivse real-aja PCR meetodil méiaratud MYG/
geeni ekspressiooni taset vitiliigopatsientide (n=32) terves ning haiges nahas
MYGI ekspressioonitasemega tervete kontrollindiviidide nahas (n=27). Samuti
vorreldi MYGI geeni poliimorfismide esinemist vitiliigopatsientide (n=124) ja
kontrollgrupi (n=325) vahel. Poliimorfisme inimese MYGI geenis méérati
SNPlex genotiipeerimisplatvormil (Applied Biosystems) MYGI promootori
poliimorfismi -119C/G mdju MYGI ekspressioonile uuriti lisaks katseisikutele,
kelle puhul oli kidttesaadav nii genotiiiibi kui ekspressiooni info (n=52), ka
rakukultuuris lutsiferaasi reporteranaliiiisil.

Peamised tulemused

Mygl/MYG1 geeni ekspressioon esines koikides uuritud inimese ning hiire
kudedes, mis viitab geeni vdga laialdasele esinemisele organismis. Tuvastasime
Mygl mRNA tugeva arengulise koikumise embriionaalses eas ning Mygl
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transkripti jark-jargulise vihenemise postnataalselt hiire ajus. Tdisealises orga-
nismis on Mygl/MYGI geeni ekspressioon stabiilne ning teistest kudedest
mérkimisvédrselt korgem ekspressioon tuvastati vaid testises. Rakusiseselt
paikneb Mygl rakutuumas ning mitokondrites. Oletatavate signaaljdrjestuste
kustutamisel tegime kindlaks, et esimesed 20 aminohapet on vajalikud Mygl
transportimiseks mitokondritesse ning aminohapped 33-39 toimivad tuuma
lokalisatsiooni signaalina. Mdlema signaaljérjestuse kustutamisel lokaliseerus
Mygl valk difuusselt tsiitoplasmas. Samuti tuvastasime, et inimestel esinev
Arg4Gln poliimorfism m&jutab Mygl1 valgu transportimist mitokondritesse ning
Mygl 4Gln varianti mitokondritesse ei viida. siRNAde poolt indutseeritud
MYGI mRNA allasurumise jargselt tdusis mitmete immuunsiisteemiga seotud
ning arengus oluliste faktorite transkriptide ekspressioonitase. Myg/-puudulik-
kusega hiirtel ei esine nédhtavaid arengulisi ja anatoomilisi kdrvalekalded ning
tuvastasime vaid mdodukaid korvalekaldeid drevuse ning stressiga seotud
kaitumuslikes ja fiisioloogilistes reaktsioonides. Markimisvdirne on aga see, et
Mygl-puudulikkusega emaste ja isaste hiirte vahel ei esine mitmeid soolised
erinevused, mis on tavalised metsiktiiiipi hiirtele. MYG1I geeni ekspressioon on
tousnud vitiliigohaigete patsientide kahjustatud nahas. Aktiivse vitiliigo puhul
on MYGI tase tdusnud ka vitiliigopatsientide terves nahas. Need tulemused on
kooskdlas meie assotsiatsiooniuuringutega, kus leidsime, et —119C/G pro-
mootori poliimorfismi (rs1465073) aktiivsem alleel (G) on vitiliigo puhul
riskialleeliks, ning seda just aktiivselt progresseeruva vitiliigoga haigete grupis.

Jireldused

1. Mygl/MYG1 geen kodeerib laialdase ekspressioonimustriga transkripti,
millel on diinaamiline ekspressioonitase nii embriionaalse kui postnataalse
arengu kiigus. Tédiskasvanueas muutub Mygl/MYGI geeni ekspressioon
reaktsioonina erinevatele haigus- voi keskkonna seisunditele.

2. Mygl valk paikneb raku mitokondrites ning tuumas, kuhu valk suunatakse
N-terminuses asuvate signaaljérjestuste pohjal. Arg4dGln mutatsioon mojutab
Mygl valgu transporti mitokondritesse ning Mygl 4 Gln mitokondritesse ei
viida. Meie tulemuste kokkuvottes osaleb Mygl valk koige tdenédolisemalt
raku stressi, immuunvastuse, arengu ja metabolismiga seotud radades.

3. Arevuse ja stressiga seotud testides ilmnenud mdddukad kdorvalekalded
MygI-puudulikkusega hiirtel kinnitavad, et Mygl on vajalik stressiolu-
kordades. Véhenenud soospetsiifilised erinevused Mygl-puudulikkusega
emaste ja isaste hiirte vahel aga viitavad, et tegemist vdib olla faktoriga, mis
reguleerib soospetsiifilist kditumist ja flisioloogilisi reaktsioone.

4. -119C/G promootori poliimorfismi aktiivsem alleel (G) on vitiliigo puhul
riskialleeliks eelkdige aktiivelt progresseeruva vitiliigo haigete grupis. Toe-
ndoliselt on aktiivsema alleeli sagedasem esinemine seotud korgenenud
MYGI geeni ekspressioonitasemega vitiliigohaigete patsientide kahjustatud
nahas ning aktiivse vitiliigo puhul ka vitiliigopatsientide terves nahas.
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